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Preface to ”The Retina in Health and Disease”

Vision is the most important sense in higher mammals. The retina is the first step in visual

processing and the window to the brain. It is not surprising that problems arising in the retina would

lead to moderate to severe visual impairments. According to the World Health Organization, 1.2

billion people suffer from visual impairments and blindness. Moreover, people live longer, and many

retinal diseases become more frequent. New advances in retina research offer hope to cure many

of these illnesses. In this Special Issue, we were fortunate enough to gather a number of prominent

scientists working with various retinal pathologies in humans and animal models. We present in

this volume up-to-date advances on the healthy retina (i.e. endocannabinoid system), as well as

the most common retinal diseases and potential treatments. The book is divided into five topics:

neurovisual development, diabetic retinopathy, neurodegenerative diseases, the role of glial cells,

and the molecular and physiological aspects of visual function. This collection of articles (reviews as

well as original articles) will be of interest to readers interested in vision and offers comprehensive

up-to-date information on healthy and diseased retinas.

Maurice Ptito, Joseph Bouskila

Editors
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In the course of evolution, animals have obtained the capacity to perceive and en-
code their environment via the development of sensory systems such as touch, olfaction,
audition, and vision. In many vertebrate species, vision is the most predominant sense
for accumulating and perceiving environmental information. Vision plays a pivotal role
in many interactions with the environment and with other living organisms. The eyes
have adapted to complex environments, enabling animals to effectively navigate, procreate,
forage for food, hunt for prey, or shelter from predators (reviewed in [1,2]).

The mammalian eye is composed of three concentric and distinct layers of tissue: the
sclera, the uvea, and the retina. It is a laminar tissue containing neurons and glial cells
that plays the crucial role of phototransduction, the process of converting light energy
into encoded neural signals delivered to the brain [3,4]. The retina has a complex laminar
organization and a cellular composition that are similar in all vertebrates. However, the
layout of the retina varies between species to meet their specific needs, behaviors, and
habitat (Figure 1). Humans and other primates need to identify food and predators against
cluttered environments, and consequently evolved a zone of acute vision located at the
center of the retina, namely, the macula. This area (5.5 mm in diameter) is specialized for
color and detailed vision enabled by its higher density of cones and ganglion cells [5]. At the
macular center is located the fovea, a zone with a 700 µm deep focus approximately 1.5 mm
in diameter [2], composed exclusively of cones, thus providing the highest resolution for
daytime vision. Nasally to the macula is located the optic disc; in this zone, all ganglion cell
axons converge to exit the eye en route to the visual brain via the retinofugal pathways [6].
Due to this retinal configuration with a central zone of higher visual acuity extending
over a limited field of view, humans and other higher primates have developed highly
motile eyes [7–9]. This retinal organization and associated visual behavior had significant
consequences for the evolutionary development of the occipital, frontal and prefrontal
cortical areas in the simian lineage, as vision became the most important sensory system.

The human retina is a complex mosaic (Figure 2B,C) comprised of five classes of
neurons specialised in processing the visual information received by the eye. These neuron
types are the photoreceptors, bipolar cells, ganglion cells, horizontal cells and amacrine
cells [4]. These neurons have a characteristic distribution in the ten distinct layers of the
retina, and have interconnections via two different pathways, namely, the vertical and
horizontal pathways. Their extensive interconnections enable the processing of the visual
image projected on the retina and its transmission to the brain through the optic nerve.
The vertical pathway begins with the transduction of light signals by the photoreceptors
and ends with transmission to the brain via the axons of retinal ganglion cells (RGCs).
The horizontal pathway is comprised of horizontal cells and amacrine cells that connect
laterally to provide feedback and feedforward signals between photoreceptors and bipolar
cells (for horizontal cells) and between bipolar cells and RGCs (for the amacrine cells) [10].
The horizontal pathway mediates photoreceptor convergence, motion processing and
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contextual modulation [11]. Therefore, these two pathways embody the basic characteristics
of retinal architecture and, hence, visual processing through their connections within the
retinal layers.

Figure 1. Snapshots of the habitat of different species along with their representative RGC density distribution across their
retinal surfaces. (Left) Habitat of simians (jungle) and the RGC density distribution in the human retina. (Center) example
of a typical habitat of the hawk (sky) and its retina RGC density distribution. (Right) example of a typical habitat of the
mouse (ground) and its retina RGC density distribution. D, dorsal; N, nasal; T, temporal; V, ventral. Redrawn from [1].

The ten layers of the retina (Figure 2B,C), proceeding from the innermost to the outer-
most, are traditionally named as follows: the inner limiting membrane, nerve fibre layer
(NFL), ganglion cell layer (GCL), inner plexiform layer (IPL), inner nuclear layer (INL),
outer plexiform layer (OPL), outer nuclear layer (ONL), external limiting membrane, pho-
toreceptors layer (PL), and the retinal pigment epithelium (RPE). The RPE is composed
of epithelial cells with a rich content of melanosomes and melanin granules. RPE cells
support the metabolic activity of the retina and supply the photoreceptors with nutrients
and oxygen [12–14]. The photoreceptor layer is composed of the photosensitive outer seg-
ments and inner segments of the photoreceptors, the rods and cones, which are specialized
for capturing and transducing light energy into electrochemical signals. The next layer,
the outer limiting membrane, is formed by the extensions of large glial cells, known as
the retinal Müller cells. The fourth layer is the outer nuclear layer, which contains the
photoreceptors somata and nuclei. The photoreceptors then make synaptic contact with
the bipolar and horizontal cells in the fifth layer, forming the outer plexiform layer. The
sixth layer, the inner nuclear layer, is composed of cell bodies of horizontal, amacrine and
bipolar cells. The latter cell type makes synapses with amacrine and ganglion cells in the
inner plexiform layer. Ganglion cells bodies then form the ganglion cell layer, where their
long axons run horizontally along the nerve fiber layer towards the optic disk. The tenth
and final layer, the inner limiting membrane, is formed by extensions of Müller cells.
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Figure 2. The eye and the retinal mosaic. (A) A sagittal section of the eye (created with Biorender.com)
and an Optical Coherence Tomography (OCT) scan of the central retina. The yellow arrow represents
the path of the light rays entering the eye. (B) An H&E-stained transverse section of a human retina.
Adapted from [15]. (C) Schematic organization of retinal cells from the retinal pigment epithelium to
the nerve fiber layer. (D) Density of cones and rods throughout the retinal surface. Adapted from [16].
OCT, optical coherence tomography; R, rod; C, cone; H, horizontal cells; B, bipolar cells; A, amacrine
cells; G, retinal ganglion cells; RPE, retinal pigment epithelium; PL, photoreceptor layer; ONL, outer
nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL,
ganglion cell layer; NFL, nerve fiber layer.

The vertical pathway (Figure 3) is defined by the capture and transduction of photons
by the photoreceptors and the transmission of the resulting electrical signal to RGCs via
their connections with bipolar cells. The main neurochemical involved in this pathway
is glutamate, an excitatory neurotransmitter. There are two types of photoreceptors, the
rods and cones, which both possess outer segments that are composed of stacked disks of
infolded membranes containing the visual photopigments (opsin or rhodopsin coupled to
a chromophore) [17]. Rods and cones differ not only in shape but also with respect to the
composition of their outer segment disks, light and spectral sensitivity, and convergence
towards RGCs. Rods are thinner (averaging 2 µm) and longer (averaging 50 µm) than
cones. The functional particularity of rod outer segments derives from their abundant
photopigment disks [18]. This property imparts greater light absorption capacity and, thus,
higher light sensitivity compared to cones [13]. Moreover, through the retina, rods have
a greater degree of convergence towards RGCs through their connections with bipolar
cells, which serves to provide greater signal amplification, but with lower visual acuity. As
such, rods are responsible for scotopic vision, but are saturated during the day or in other
situations of high luminosity [19].

Cones, on the other hand, are generally thicker (3 to 5 µm) and shorter (40 µm) than
rods and have a lower degree of convergence; this ratio even reaches 1 RGC for 1 cone
in the fovea. The less numerous photopigment disks of the cones float freely in their
outer segments [20,21]. Being less sensitive to low levels of light and only activated in
situations of high luminosity, cones mediate photopic vision, operating when rods are
saturated. However, both cones and rods are active in intermediate lighting conditions,
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such as daybreak and twilight [22]. Cones are also responsible for high-acuity vision, based
on their 1-to-1 ratio of convergence in the central retina. Furthermore, three types of cones
(S, L and M cones) are present in the human and nonhuman primate retina and contain the
three types of opsins with different spectral sensitivity [3,23,24].

Populations of cones and rods have different distributions throughout the retina
(Figure 2D). Typically, cones are outnumbered by rods by a ratio of 20- or 30-to-1 [3].
The human retina contains approximately 90 to 120 millions rods and 5 to 7 millions
cones [16,25]. Throughout the peripheral retina, the density of rods greatly exceeds that
of cones. However, this ratio is shifted in the fovea, where the density of cones increases
almost 200-fold [25]. In that region, the individual cones are thinner (Figure 3B), allowing
for the highest photoreceptor density recorded in the retina [13,25]. As a result, the central
retina mediates photopic vision with a high degree of resolution (or visual acuity) and color
perception, while the periphery is responsible for scotopic vision and motion sensitivity,
albeit with lower visual acuity. Both types of photoreceptors send signals to the parallel
pathways of bipolar cells (reviewed in [3]) via the release of glutamate.

Bipolar cells (Figure 3C) are the interneurons linking photoreceptors to RGCs and
amacrine cells. Morphologically, bipolar cells are recognized by their two protrusions,
one extending in the outer retina and making synaptic contact with photoreceptors and
horizontal cells, and the other protrusion extending in the inner retina as the axon that
relays signals from the photoreceptors to RGCs and amacrine cells. There are diverse
morphological types of bipolar cells, of which the axons terminate different levels, or strata,
of the inner plexiform layer. Bipolar cells thus contact different types and sets of RGCs and
amacrine cells (reviewed in [26]). There are 12 types of cone bipolar cell types, and only
one type of rod bipolar cell that relay the signals from rods at low light intensities [27–30].
Bipolar cells are divided into ON and OFF types, thus subserving the first step in encoding
visual information according to the intensity of light received by photoreceptors [26,31,32].

In the second synaptic layer of the retina, the inner plexiform layer, bipolar cells make
synaptic contact with the dendritic arborizations of the third-order neurons, namely, the
RGCs (Figure 3D). These cells have relatively large somata located in the ganglion cells
layer that give rise to long axons extending horizontally in the nerve fiber layer and exiting
the eye through the optic nerve. As such, the RGCs are the direct portal from the retina
to the brain. Numbering around 0.7 to 1.5 million in the human retina [33–35], RGCs are
separated from each other by glial processes of Müller cells. They are arranged in a single
cell layer, except at the macula, where the ganglion cell layer is about 8 to 10 cells thick and
contains 50% of all RGCs due to the far lesser photoreceptor convergence [2,36]. RGCs were
traditionally classified as ON- and OFF-center RGCs, responding to increases or decreases
in light intensity presented at the center of their receptive field [37]. However, there are
many subtypes of RGCs differentiated by morphological criteria (e.g., dendritic arborisa-
tion), functional criteria (response to different stimuli) and molecular criteria [38–40]. There
are also five types of intrinsically photosensitive RGCs (ipRGCs), which were discovered
only recently [41]. These light-sensitive cells express melanopsin, which, upon stimulation
by light, activates a signaling cascade that hyperpolarizes the neuron. ipRGCs mostly
project to the suprachiasmatic nucleus and thus contribute to the synchronization of the
circadian oscillator [40,42,43]. There are also three types of alpha RGCs [44], three types of
Local Edge Detectors RGCs [45] and three types of J-RGCs expressing junctional adhesion
molecule B [46]. Because of this high diversity of ganglion cell types, each sensitive to
different visual features, the retina is not a simple relay structure but the first center of
complex visual processing, sending preprocessed images of the external world to the brain.
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α

Figure 3. The vertical pathway of the retina. (A) Schematic organization of retinal cells. (B) Subtypes of photoreceptors
(redrawn from von Greef, 1900). (C) Subtypes of bipolar cells. Redrawn from [26]. (D) Subtypes of retinal ganglion cells
(RGCs) (redrawn from [38]). PL, photoreceptor layer; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner
nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer; NFL, nerve fiber layer; R, rod; C, cone; H, horizontal
cells; B, bipolar cells; A, amacrine cells; G, RGCs; DSRGCs, direction selective retinal ganglion cells; J-RGCs, junctional
adhesion molecule B-positive retinal ganglion cells; αRGCs, alpha RGCs; LED, local edge detector; iPRGCs, intrinsically
photosensitive RGCs.

The horizontal pathway (Figure 4) is comprised of two types of interneurons, horizon-
tal and amacrine cells, which together subserve the connectivity and complementarity of
subparts of the vertical circuitry at two different levels of the retina (OPL and IPL). This
cellular architecture establishes the interconnected mosaic that defines the vast array of
retinal image-processing functions. Indeed, horizontal and amacrine cells are essential for
the creation of the center-surround properties of RGC receptive fields, along with many
other visual functions observed in the retina, such as surround inhibition of photoreceptor
cells [3,10,33]. The main chemical involved in this pathway is gamma aminobutyric acid
(GABA), an inhibitory neurotransmitter. Horizontal cell types (Figure 4B) are distinguish-
able by morphological criteria and molecular markers [47]. The main classification is into
A-type, or axon-bearing horizontal cells, and B-type, or axon-less horizontal cells [47]. Both
subtypes are GABAergic interneurons, providing inhibitory feedback to cones or rods.

Amacrine cells mainly extend laterally (but some vertically) in the inner plexiform
layer and receive inputs from bipolar cells (Figure 4C). Amacrine cells are astonishingly
specialized interneurons that send feedforward signals to RGCs, feedback signals to bipolar
cells and even inhibitory signals to other nearby amacrine cells (reviewed in [10,33]).
Indeed, amacrine cells are inhibitory interneurons that mediate the spatial and temporal
characteristics of RGCs’ receptive fields and light responses [48,49], refine the center-
surround receptive fields of bipolar cells [50], sharpen the bipolar cell responses timing [51]
and can regulate the gain of feedforward signals [52]. Amacrine cells, similar to horizontal
cells, express the atypical endocannabinoid receptor TRPV1 [53].

The numerous subtypes of amacrine cells are all inhibitory (GABAergic or glycin-
ergic, along with a secondary neurotransmitter such as acetylcholine) and are mostly
categorized functionally into narrow-, medium- and wide-field amacrine cells, according
to the size of their dendritic arborization [10,33]. Wide-field amacrine cells are mostly
GABAergic interneurons with arborizations that extend in diameter from 100 µm (average
350 µm) to the millimeter scale [54], whereby they mediate long-range interactions as
well as inhibitory surrounds in RGCs [3,55,56]. Starburst amacrine cells are a subtype
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of GABAergic/cholinergic wide-field amacrine cells that impart direction of movement
selectivity in some RGCs [33,57]. Medium-field amacrine cells, of which there are at least
eight types, including spiny AC, secretoneurin AC are GABAergic/glycinergic, have strat-
ified dendritic arborizations extending between 100 and 500 µm. These cells gather and
distribute signals across multiple levels of the IPL [33]. Finally, narrow-field amacrine cells,
of which there are at least nine types, have dendritic arborization less than 100 µm wide
and are commonly glycinergic interneurons [58,59].

Figure 4. The retina horizontal pathway. (A) schematic organization of retinal cells. (B) Subtypes of horizontal cells.
Redrawn from [60]. (C) Subtypes of narrow-field, medium-field and wide-field amacrine cells. Redrawn from [60,61]. PL,
photoreceptor layer; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform
layer; GCL, ganglion cell layer; NFL, nerve fiber layer; R, rod; C, cone; H, horizontal cells; B, bipolar cells; A, amacrine cells;
G, retinal ganglion cells.

The intricate organization of the retina makes it the perfect window into the brain. Un-
surprisingly, vision is the dominant sense in many species, such that 30 to 55% of the brain
is devoted to vision, depending on the species [62]. As a result, any loss of retinal function
will have dire consequences, extending from various perceptual impairments to blindness
(see Table 1). Indeed, many visual problems diagnosed in patients arise due to a disorder of
the retinal mosaic. Most human retinal diseases mainly affect one of two sites in the human
retina: the photoreceptor layer and the RPE or RGC and nerve fibers layers. The RPE
and photoreceptors layers are the main locus of serious pathologies such as Age-Related
Macular Degeneration (AMD) and autosomal disorders such as Retinitis Pigmentosa (RP),
Juvenile Macular Degeneration (Stargardt’s disease and Best’s disease), achromatopsia and
retinal detachment. AMD is the most prevalent cause of visual loss in older adults around
the globe. It is characterized by the deposition of lipids and proteins (Drusen) in RPE cells,
along with the degeneration of photoreceptors, especially in the macula region (reviewed
in [63]). The onset of AMD is marked by progressive loss of acuity in the central vision
(scotoma), which impedes important visual functions such as reading and face recognition.
RP is an autosomal-dominant retinal dystrophy marked by the progressive loss of RPE cells
and apoptosis of photoreceptor cells, causing progressive vision loss, extending from the
peripheral to central vision (i.e., ring scotoma or tunnel vision). Peripheral vision loss often
leads to night blindness and challenges during locomotion, such as collisions with unseen
obstacles. Stargardt’s disease is an autosomal recessive disorder affecting photoreceptor
cells and causing vision loss at an early age, whereas Best’s disease (or vitelliform macular
dystrophy) is an autosomal dominant disorder the leads to protein/lipid deposits between
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the RPE and photoreceptor layers [64]. Furthermore, achromatopsia, or color blindness, is
an X-linked form of congenital cone dystrophy, leading to improper light transduction and
reduced perception [65]. The junction between the RPE and photoreceptor cell layers is
also a common site of retinal detachment. RGCs and their axons (GCL and NFL) are also
commonly affected in glaucoma and other retinopathies (i.e., diabetic, hypertensive and
retinopathy of prematurity) associated with micro-haemorrhages in the NFL. Glaucoma,
which usually results from increased intraocular pressure, is marked by the degeneration
of RGCs, leading to significant losses in visual field and contrast sensitivity [66].

Table 1. The most common retinal diseases, from hereditary disorders to age- or trauma-related conditions, linked to their
functional repercussions.

Pathology Glare VF Loss Scotoma
Night

Blindness
Light

Adaptation
Nystagmus

Fluctuating
Vision

Depth
Perception

Achromatopsia x x x

Albinism x x x

Coloboma x x

Diabetes x x x x x x

Glaucoma x x x x x x

Macular
degeneration

x x x x

Optic atrophy x x x x x x

Retinal
detachment

x x x

Retinopathy of
prematurity

x x x x x

Retinitis
pigmentosa

x x x x x x

Vision is undoubtedly the most important sense for humans, and visual impairments
have dire consequences for quality of life and productive activities [67–70]. The retina
contains a surprising complexity in its cellular architecture, and literally presents a window
to the brain; no other part of the central nervous system is amenable to direct observation.
Because of the importance of human vision, researchers are making a broad effort to
understand better the complex details of retinal function, even to the extent of developing
highly invasive cybernetic inputs replacing the retina, or advanced methods for behavioral
sensory substitution [71–73].

Therefore, this Special Issue of Cells is timely and brings a collection of groundbreaking
novel research on the cellular and molecular aspects of healthy and diseased retinas. We
present here 20 original articles and six reviews from the international research community,
all with the goal of advancing knowledge towards the prevention and cure of visual
pathologies, mainly AMD, RP and diabetic retinopathy. Papers in this Special Issue can be
regrouped into five major themes.

The first group of articles focuses on the neurovisual development of the retina in
rodents and birds. Laroche et al. bring interesting results on the role of L-lactate and its
receptor GPR81 on the growth of RGC axons during development in mice. They show that
treatment of axon growth cones with L-Lactate or GPR81 agonist increased the cones size
and number of filopodia. The following two papers study the role of cell death (autophagy
and apoptosis) in the postnatal development of the retina. Pesce et al. show increased
autophagy levels in the early retinal hypoxic phase and normalized levels in the mature,
fully vascularized retina, and Álvarez-Hernán et al. propose that programmed cell death
markers during early retinal development in hatched altricial birds is a potential model to
study post-natal retinal development.
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The second group of articles deals with diabetic retinopathy, its ischemic and hemor-
rhagic mechanisms, related markers and possible therapies in many species, including man.
Shaw et al. investigate the use of quantitative Optical Coherence Tomography Angiography
(OCTA) to track systemic vascular functioning and microvascular complications in black
patients with diabetes mellitus. Adeghate et al. examine the effects of early onset diabetes
on the retinal ultrastructure and cellular bioenergetics in rats. They found an increase in
incretins and antioxidant levels as well as increased oxidative phosphorylation, which are
events that may transiently preserve visual function. Kim et al. investigate the inhibition of
Drp1, its diabetes-induced overexpression being linked to mitochondrial dysfunction and
apoptosis of retinal endothelial cells, with the goal to protect the retina against vascular
lesions in diabetic retinopathy. Musayeva et al. studied the neuroprotective effects of
betulinic acid against ischemia and reperfusion injuries, often related to pathologies such as
diabetic retinopathy and glaucoma, in the mouse retina. They showed that the injection of
betulinic acid improved endothelial functioning and caused a reduction in reactive oxygen
species (ROS) levels following ischemia. Middel et al. propose a review about studies
on the zebrafish neurovascular unit in the context of diabetic retinopathy and discuss the
advantages of the zebrafish model in studying this specific pathology. As for ischemic
injuries, Agrawal et al. tested iSMC as a potential therapy for reducing inflammation and
retinal degeneration.

The third group of articles focuses on changes and markers associated with retinal
neurodegenerative diseases and on potential therapies. Hamid et al. explore the effects of
anti-VEGF drugs on different AMD genetic markers in retinal epithelial cells. Holan et al.
review the literature on mesenchymal stem cell (MSC) therapy for many retinal degenera-
tive diseases, such as AMD, RP, glaucoma and diabetic retinopathy. They provide insights
on MSCs’ therapeutic properties, such as the production of growth/neurotrophic factors.
Othman et al. propose an interesting review on the kallikrein-kinin system (KKS), its
important role in neurodegenerative diseases such as AMD and diabetic retinopathy, and
how it provides promising therapeutic targets against these diseases. The last two original
articles in this section explore changes and markers in neurodegeneration induced by light
in rodents. Riccitelli et al. investigate the time course of retinal changes (neurodegeneration
and recovery) following light exposure in rats and suggest the development of diagnostic
tools to monitor the progression of pathologies and efficacy of treatments. Park et al.
investigate the expression of stress markers in retinal degeneration induced by blue LED
stimuli. They show that these markers may serve an important role in the activation of glial
cells during degeneration of photoreceptors. Rajendran et al. underline the therapeutic
potential of RPE grafts during long-term observations in a rat model of RPE. Candadai et al.
conclude on the neuroprotective effects of Fingolimod in an in vitro model of optic neuritis.
Girol et al. demonstrate that in a case of endotoxin-induced uveitis, the inflammation can
be treated with piperlongumine and/or Annexin A1 mimetic peptide (Ac2-26).

The fourth group of articles explores the role of glial cells in retinal function. Lee et al.
investigate the response of Müller cells and microglia in retinal detachment. They found
that glial activation markers were differently expressed in intact and detached regions. Choi,
Guo and Cordeiro propose a review exploring the role and morphology of retinal microglia
as well as their activation by stress stimuli in multiple sclerosis and other neurodegenerative
diseases such as Alzheimer’s disease, Parkinson’s disease, glaucoma and RP. Finally, Yoo
et al. present an interesting review on the role of retinal astrocytes and Müller cells and
the potential molecular pathways that can induce these cells to become growth-supportive
and thus promote the survival and regeneration of RGCs in neurodegenerative diseases.

The fifth and final group of articles brings novel data on the molecular and physiologi-
cal aspects of visual function. Solanki et al. investigate the role of the motor protein MYO1C,
an unconventional myosin, and how its loss causes the mis-localization of rhodopsin in
photoreceptors, leading to impaired visual function in mice. Dao et al. bring novel data on
high-fat diets associated with the development and progression of many retinal diseases,
such as AMD and diabetic retinopathy. They show that such diets can alter the retinal
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transcriptome independently of gut microbiota. Fusz et al. investigate the variation in
gap junction connections across the mammalian (mouse, rat and cat) retina via the topo-
graphical distribution of connexin-36 (associated with electrical synapses) in ON and OFF
amacrine cells. Bouskila et al. present a review on the expression, localization and function
of endocannabinoids in the horizontal and vertical pathways of the monkey’s retina and
discuss their potential as therapeutic targets for visual pathologies such as AMD, glaucoma
and diabetic retinopathy. Piarulli et al. report a case of a patient with Charles Bonnet
syndrome, a health condition characterized by vivid visual hallucinations in individuals
with retinal vision loss. Dumitrascu et al. showed that retinal curcumin-fluorescence
imaging is a good predictor of verbal memory loss linked to abnormal retinal vasculature
and amyloid count. Finally, long exposure to short wavelength LED light causes retinal
damage that can be reduced by the use of short wavelength selective filters apposed on the
LED screens, as demonstrated by Sanchez-Ramos et al.

We sincerely hope that the papers presented in this Special Issue of Cells will contribute
to the understanding of retinal diseases and their underlying mechanisms and will lead to
the development of new pharmaceutical tools to treat visual disorders.
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Abstract: During the development of the retina and the nervous system, high levels of energy are
required by the axons of retinal ganglion cells (RGCs) to grow towards their brain targets. This
energy demand leads to an increase of glycolysis and L-lactate concentrations in the retina. L-lactate
is known to be the endogenous ligand of the GPR81 receptor. However, the role of L-lactate and its
receptor in the development of the nervous system has not been studied in depth. In the present
study, we used immunohistochemistry to show that GPR81 is localized in different retinal layers
during development, but is predominantly expressed in the RGC of the adult rodent. Treatment
of retinal explants with L-lactate or the exogenous GPR81 agonist 3,5-DHBA altered RGC growth
cone (GC) morphology (increasing in size and number of filopodia) and promoted RGC axon growth.
These GPR81-mediated modifications of GC morphology and axon growth were mediated by protein
kinases A and C, but were absent in explants from gpr81−/− transgenic mice. Living gpr81−/− mice
showed a decrease in ipsilateral projections of RGCs to the dorsal lateral geniculate nucleus (dLGN).
In conclusion, present results suggest that L-lactate and its receptor GPR81 play an important role in
the development of the visual nervous system.

Keywords: lactate; GPR81; HCAR1; retinal ganglion cells; growth cone; dLGN; retina; axon;
3,5-DHBA

1. Introduction

The physiological significance of lactic acid and its conjugate base lactate have been
a major source of controversy since their discovery in biological tissues. Lactic acid was
long considered to be simply the waste product of anaerobic glycolysis. Mainly occurring
as the L-enantiomer in physiological conditions, lactate is now known to have multiple
effects on cell homeostasis, serving as a metabolic fuel and buffering agent, while also
acting as a signaling molecule, also known as “Lactormone”. This signaling action is
obtained via the hydroxycarboxylic acid receptor 1 (HCAR1) [1,2]. Also known as GPR81,
this is a G-protein-coupled receptor activated by L-lactate and the exogenous agonist 3,5-
dihydroxybenzoic acid (3,5-DHBA) [3]. GPR81 is expressed in diverse organs, including
adipose tissues, skeletal muscle, liver, kidney, brain, and retina [4,5].

The retina and central nervous system have an inherently high energy demand due
to the continuous depolarization of neuronal membranes [6]. During the development
of the visual system, the axons of the retinal ganglion cells (RGCs) that form the optic
nerves follow chemotropic molecules to grow toward and across the optic chiasma [7].
In mammals, most of the axons cross at the optic chiasm to reach the contralateral side
of the optic tract while only axons from RGCs on the ventro-temporal side of the retina
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do not cross at the optic chiasm. Ventro-temporal RGCs specifically express the ephrin
receptor (EphB1) on their GC. When the GCs come into contact with the Ephrin-B2 ligand
secreted by radial glial cells in the midline of the optic chiasm, a chemorepulsive effect
redirects them and the axons project to the ipsilateral optic tract [8]. Following the optic
tract, some of RGC axons join the dorso-lateral geniculate nucleus (dLGN) in the thalamus,
making synapses with dLGN neurons. These neurons project their axons to the layer 4 of
the primary visual cortex [9].

The consequent high metabolic demand for ATP production is met by glycolysis,
resulting in L-lactate generation, despite a rich endowment of mitochondria for aerobic
respiration. ATP generation by oxidative phosphorylation is limited and high energy
demand leads to an increase of glycolysis filling the ATP equilibrium [2,10]. It has been
previously reported that the lactate dehydrogenase (LDH-1) subunit, which preferentially
catalyzes the conversion of L-lactate to pyruvate, is found in neurons and astrocytes [11,12].
However, LDH-5, which is more highly expressed in astrocytes, preferentially favors the
conversion of pyruvate back to L-lactate [11]; LDH-5 is also present in glycolytic tissues
such as skeletal muscles [13,14]. This cell-type distribution of LDH subunits indicates a
close link with characteristic features of L-lactate metabolism, which has implications for
neuronal development, growth, and survival [6,11].

GPR81 has been reported to mediate effects of L-lactate in diverse processes, including
wound healing, angiogenesis, neuroprotection, cancer cell survival, attenuation of inflam-
mation, and antilipolytic effects [5,15–20]. Recent studies have revealed the presence of
GPR81 in Müller cells and retinal ganglion cells (RGCs) [21]. Its activation in these cells
regulates angiogenic Wnt ligands and Norrin, which together participate in intra-retinal
vascularization. Receptors specific for other metabolic intermediates have also been shown
to govern angiogenesis and neuronal growth in the visual system. Thus, receptors for
the Krebs cycle intermediates succinate (GPR91) and α-ketoglutarate (GPR99) control
vascular and axonal growth [22,23]. Hence, there is a close link between metabolism and
cell signaling in regulating the development of vascular and neuronal systems. However,
the role of L-lactate and its cell membrane target GPR81 during the development of the
central nervous system (CNS) is yet to be explored. In this study, we built upon established
findings in the CNS to investigate the role of GPR81 during development of the visual
system. More specifically, we investigated the effects of L-lactate/GPR81 on axonal growth
guidance in the developing mouse neuro-visual system.

2. Materials and Methods
2.1. Ethics Statement and Animals

All animal procedures were performed in accordance with the Animal Care Com-
mittee of the University of Montreal following the guidelines from the Canadian Council
on Animal Care. The gpr81−/− mice were purchased from Lexicon Pharmaceuticals
(The Woodlands, TX, USA). These mice were developed by the insertion of a 4-kb IRES-
lacZ-neo cassette in the trans-membrane domain 2 coding region (100 base pairs) of the
gpr81 gene on C57BL/6J mice [20], with control studies in C57BL/6J WT control mice.
Other experiments were undertaken in golden Syrian hamsters (Charles River Laborato-
ries, Saint-Constant, QC, Canada). All animals were maintained in an environmentally
controlled room held at 21 ± 2 ◦C, and with 12 h dark/light circle. Mice and hamsters of
both sexes were used in this study. Food and water were provided ad libitum.

2.2. Genotypic Screening

Mice were genotyped by PCR using the amputated tail tip for DNA extraction. Tail
samples were immersed in 50 mM NaOH, incubated for 20 min at 95 ◦C, vortexed, and
neutralized with 1 M Tris-HCl, pH 8.0. The samples were then revortexed and centrifuged
for eight minutes at 13,000 rpm in a Fisher ScientificTM accuSpinTM Micro R centrifuge.
The supernatant was taken for DNA amplification and added to the PCR reagent mix
containing PCR Buffer, MgCl2, dNTP mix, Taq DNA polymerase, forward and reverse
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primers. PCR cycle conditions were: 5 min at 95.0 ◦C, 30 cycles of three steps (1 min
at 50.0 ◦C, 1 min at 72.0 ◦C and 1 min at 95.0 ◦C). Genotype of the Gpr81−/− mice was
confirmed using specific primers for wild-type (WT), with normal mouse DNA as a con-
trol. The primer pairs w (forward: 5′-CATCTTGTTCTGCTCGGTCA–3′ and reverse: 5′-
GAGGAAGTAGAGCCTAGCCA-3′) were used to amplify a 160 bp fragment present in
the gpr81+/+ genome but absent in the gpr81−/− mice.

2.3. Reagents

L-(+)-lactic acid, bovine serum albumin (BSA), ciliary neurotrophic factor (CNTF),
DNase, forskolin, insulin, laminin, poly-D-lysine, progesterone, selenium, putrescine,
gelatin from porcine skin, chromium(III) potassium sulfate dodecahydrate, sucrose, sodium
chloride (NaCl), PCR reagent mix, potassium chloride (KCl), hydrochloric acid (HCl), dis-
odium hydrogen phosphate (Na2HPO4), potassium phosphate monobasic (KH2PO4), gpr81
primers, mouse anti-Brn-3a (MAB1585), rabbit anti-GPR81-S296 (SAB1300790), mouse anti-
MAP2 (M9942), transferrin, trypsin, and triiodothyronine were purchased from Sigma
Aldrich (Oakville, ON, Canada). B27, N2, fetal bovine serum (FBS), neurobasal medium
(NB), penicillin-streptomycin, Minimum Essential Medium Eagle medium, Spinner Modifi-
cation (S-MEM), and sodium pyruvate were purchased from Life Technologies (Burlington,
ON, Canada). The standard goat serum, Peroxidase-AffiniPure Donkey anti-rabbit IgG, and
Peroxidase-AffiniPure Donkey anti-mouse IgG were from Jackson ImmunoResearch (West
Grove, PA, USA). N-acetyl cysteine (NAC) was acquired from EMD technologies (Saint-
Eustache, QC, Canada). 3,5-DHBA was purchased from Tocris (Oakville, ON, Canada).
Cholera toxin subunit B (CTb) recombinant conjugate with Alexa Fluor 555 (C34776) and
647 (C34778), GlutaMAX™ Supplement, green Neg-50 Frozen section medium, Hank’s 1X
Balanced Salt Solutions (HBSS), Tween 20, Triton X-100, paraformaldehyde (PFA), sucrose,
TEMED, sodium hydroxide (NaOH), Tris base, Taq DNA Polymerase, Shandon Immu-
Mount, AlexaFluor donkey anti-mouse 488, Alexa Fluor 488 goat anti-rabbit IgG (H+L),
AlexaFluor goat anti-rabbit 546, Alexa Fluor 546 goat anti-mouse, and Alexa Fluor 546 phal-
loidin were obtained from Fisher Scientific (Ottawa, ON, Canada). Rabbit anti-PKA C-α
(#4782), rabbit anti-Phospho-PKA C (Thr197) (#4781), rabbit anti-PKCα (#2056), and rabbit
anti-Phospho-PKC (pan) (βII Ser660) (#9371) were acquired from Cell Signalling Technol-
ogy (Whitby, ON, Canada). Heparin and sterile saline solution (0.9%) were purchased from
CDMV (St-Hyacinthe, QC, Canada).

2.4. Tissue Preparation for Immunohistochemistry

Adult mice and postnatal day 5 (P5) golden Syrian hamsters were euthanized by an
isoflurane overdose. A transcardial perfusion was conducted with 10 U/mL of heparin
in 60 mL of phosphate-buffered 0.9% saline (PBS; 0.1 M, 4 ◦C, pH 7.4), followed by 60 mL
phosphate-buffered 4% paraformaldehyde 4 ◦C (PFA). Following the harvesting of mouse
embryos E14-16 extraction by Cesarian, they were deeply anesthetized by hypothermia.
The orbits were removed and two small holes were made in the cornea prior to immersion
fixation in 4% PFA 4 ◦C for 60 min. The eyecups were washed in PBS, cryoprotected in 30%
sucrose overnight, embedded in Neg 50 medium, flash-frozen, and kept at −80 ◦C until
processing. Sections 14 µm-thick were cut with a cryostat (Leica Microsystems, Exton, PA,
USA) and mounted on slides coated with gelatin/chromium (double-frosted microscope
slides, Fisher Scientific, Ottawa, ON, Canada).

2.5. Immunohistochemistry

Frozen sections were thawed, washed three times for five minutes each time in 10 mM
PBS with 0.05% Tween 20(PBST), and then blocked in 1% BSA, gelatin, and 0.5% Triton
X-100 in PBS for one hour. The sections were then co-incubated overnight with rabbit
anti-GPR81 and mouse anti-Brn3a (a specific marker for RGCs). The next morning, sections
were washed three times for five each time minutes in PBST and incubated for one h
with secondary antibodies: AlexaFluor donkey anti-mouse 488 and AlexaFluor goat anti-
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rabbit 546. After three washes in PBST, the sections were slide mounted with Shandon
Immu-Mount.

2.6. L-Lactate Solution

Daily fresh solution of 100 mM L-lactate was made using 0.1 g of L-(+)-lactic acid
(MW = 90.08 g/mol) dissolved in 10 mL of NB (vehicle). The pH was adjusted to 7.4 ± 0.1
with NaOH, the volume reached 11 mL with NB, and the solution was filtered with
Corning™ PES 0.20 µm pore Syringe Filters (09-754-29). The prepared L-lactate solution
was equilibrated for at least one h at 37 ◦C in a 5% CO2 incubator before use in experiments
in vitro.

2.7. Retinal Explant Culture

The retina were isolated from E14-E16 mouse embryos, dissected into small segments
in HBSS, and plated on 12 mm diameter glass coverslips previously coated with poly-D-
Lysine (20 µg/mL) and laminin (5 µg/mL) placed in 24-well plates. The explants were
cultured in NB medium supplemented with 100 U/mL penicillin/streptomycin, 5 µg/mL
NAC, 1% B27, 40 ng/mL selenium, 16 µg/mL putrescine, 0.04 ng/mL triiodothyronine,
100 µg/mL transferrin, 60 ng/mL progesterone, 100 µg/mL BSA, 1 mM sodium pyruvate,
2 mM glutamine (glutaMAXTM), 10 ng/mL CNTF, 5 µg/mL insulin, and 10 µM forskolin at
37 ◦C and 5% CO2. At 0 DIV, starting 1 h following plating, the explants were treated for 15 h
for projection analysis or for 1 h at one day in vitro (DIV) for the growth cone morphology
analysis. Photomicrographs were taken with a Olympus IX71 microscope (Olympus,
Markham, ON, Canada) and the axonal projection and growth cone measurement analysis
were made using ImageJ software. These analyses were performed by operators blind to
the experimental condition.

2.8. Growth Cone Behavior Assay

Similarly, embryonic retinal explants were cultured in Thermo Scientific™ Nunc™
Lab-Tek™ Chambered Coverglass with a borosilicate glass bottom (Lab-Tek; Rochester, NY,
USA). After one or two DIV, explants were transferred to an incubator (Live cell chamber)
at 37 ◦C and 5% CO2, mounted on an inverted Olympus IX71 microscope (Olympus,
Markham, ON, Canada). A micropipette was positioned at a 45◦ angle about 100 µm from
the growth cone of interest, as previously described [24–26]. A micro-injector (Harvard
Apparatus, St-Laurent, QC, Canada) was used to deliver NB vehicle or L-lactate 20 mM
(pH 7.4) at a rate of 0.1 µL/min of in the NB. Measurements were performed with ImageJ
software at baseline and after 60 min of these treatments.

2.9. Primary Neuron Culture

Primary cortical neurons were used in this study because of the ease in culturing
and harvesting sufficient numbers for biochemical assays, which is technically difficult for
RGCs. C57BL/6J WT pregnant mice were used to obtain E14-16 embryo brains. The supe-
rior layer of each cerebral cortex was isolated and transferred to 2 mL S-MEM containing
2.5% trypsin and 2 mg/mL DNase and incubated at 37 ◦C for 15 min. After trituration, the
pellet was transferred to 10 mL S-MEM with 10% FBS and stored at 4 ◦C. The pellet was
again transferred in 2 mL S-MEM supplemented with 10% FBS and triturated three or four
times. The supernatant was transferred to 10 mL NB medium. Dissociated neurons were
counted under a microscope and plated at a density of 100,000 cells per well on 12 mm
glass coverslips previously coated with poly-D-lysine (20 µg/mL) for immunocytochem-
istry, or at 250,000 cells per 35 mm Petri dish for western blot analysis. Neurons were
cultured for two-four days in NB medium supplemented with 1% B-27, 100 U/mL peni-
cillin/streptomycin, 0.25% N2, and 0.5 mM of glutaMAXTM. They were then treated with
the GPR81 agonist L-lactate for 1 h to study acute effects on growth cone morphology, or
for various other intervals for identifying the activation of signaling pathways by western
blot analysis.
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2.10. Immunocytochemistry

After treatment, retinal explants and primary cortical neuron cultures were washed
with PBS (pH 7.4), fixed in 4% PFA (pH 7.4), and blocked with 2% normal goat serum (NGS)
and 2% BSA in PBS containing 0.1% Tween 20 (pH 7.4) for 30 min at room temperature.
The samples were then incubated overnight at 4 ◦C in a blocking solution containing anti-
GPR81, anti-MAP2. The following day, the samples were washed and labeled with Alexa
Fluor 488 and 546 secondary antibodies against the host species of the primary antibodies,
Hoechst 33258, or AlexaFluor Phalloidin 546. The coverslips were mounted with Shan-
don Immu-Mount and photomicrographs were taken with an Olympus IX71 microscope
(Olympus, Markham, ON, Canada) for quantitative analysis on ImageJ software.

2.11. Western Blot Analysis

Following L-lactate treatment at various time points, the primary cortical neurons
were washed with cold 4 ◦C PBS (pH 7.4) and then lysed with 125 µL of laemmli sample
buffer pre-warmed to 100 ◦C. The samples were then frozen at −20 ◦C until the day of
Western blot analysis. On that day, the samples were thawed at 4 ◦C, placed in a 100 ◦C
dry bath for 10 minutes, quickly vortexed and then centrifuged at 13,000 rpm at 4 ◦C.
Twenty microliter samples were then resolved on a 10% SDS-polyacrylamide gel along
with the trihalo compound from TGX Stain-Free Technology (Bio Rad, Mississauga, ON,
Canada). During the electrophoresis, the trihalo compound covalently modifies tryptophan
residues in the proteins to impart a fluorescence signal. Visualization of this signal was
obtained by UV excitation in a Chemidoc imaging system (Bio-Rad). After this activation,
gels were transferred onto a PVDF membrane with a TransBlot Turbo (Bio-Rad), and blots
were imaged on the Chemidoc to reveal the total protein transferred on the membrane,
which was used for later normalization of antibody signals to total protein. The blots
were then blocked with 2% BSA in TBST (Tris 10 mM and NaCl 150 mM saline with
0.1% Tween 20) for 1 h and incubated overnight with antibodies against Phospho-PKA,
PKA, Phospho-PKC, and PKC. They were then exposed to the species-appropriate HRP-
coupled secondary antibodies for two h in blocking buffer, and dected using the Chemidoc
with Clarity Max ECL substrate from Bio-Rad. The target protein expressions were then
analyzed on the Image Lab v.6.0.1 software. All procedures were completed according to
Bio-Rad protocols [27].

2.12. Eye Specific Segregation

In this in vivo experiment, gpr81+/+ and gpr81−/− adult mice under anesthesia received
an intraocular injection of 2 µL of 1% (mg/mL) CTb in 0.9% sterile saline conjugated to
AlexaFluor 555 into the left vitrious humor eye, and with CTb conjugated to AlexaFluor
647 into the right vitrious humor eye. Four days after the injections, the animals were
anesthetized and perfused transcardially, as described in the tissue preparation section
above. The brains were removed, post-fixed in PFA 4% overnight, and then cryoprotected
by immersion in gradient sucrose solutions of 10%, 20%, and 30% until the brains sank,
followed by storage at −80 ◦C. Coronal sections 40 µm thick were cut on glass slides in a
cryostat, air-dried, and mounted with Shandon Immu-Mount. Fluorescent images of entire
brain sections were taken using 561 and 640 nm laser emissions and a 4× objective on an
Fluoview FV3000 Olympus Confocal microscope to identify the three sections containing
the largest ipsilateral projection. The dorsal lateral geniculate nucleus (dLGN) was scanned
in these sections with a 20× objective and 2× amplification (total magnification of 40×). Z-
stacks of 19 images with both lasers were taken from top to bottom of the signal emissions.
The colocalization of both channels with a multi-threshold analysis was performed on
CellSens Dimension software. The percentage of ipsilateral signal overlapping with the
contralateral signal was measured for each stack. The mean for the 19 stacks in each section
was reported for each threshold, and differences evaluated by two-way ANOVA with
Tukey post hoc testing [28,29].
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2.13. Statistical Analysis

Data were imported in GraphPad Prism 8 software. Tests for normal distribution
were performed by an Anderson–Darling test (α = 0.05). Depending on parametric or
nonparametric distribution, the appropriate statistical analysis was computed. Values were
reported as the mean ± SEM.

3. Results
3.1. GPR81 Is Expressed in the Retina

We used rabbit anti-GPR81-S296 (SAB1300790) immunohistochemistry to identify
the retinal laminar distribution of GPR81. Results in retina from P5 Syrian gold hamster
pups, E16 mouse embryos, and adult mice all showed retinal GPR81 expression. GPR81
protein immunoreactivity was consistently detected in the Outer Nuclear Layer (ONL),
Inner Nuclear Layer (INL), Inner Plexiform Layer (IPL), RGCs, and the RGC fiber layer
of hamsters (Figure 1A–C). GPR81 immunoreactivity was detected in all layers of the
embryonic and adult mouse retina (Figure 1D-I). The colocalization of GPR81 with the
specific RGC marker Brn-3a showed that GPR81 is predominantly expressed in RGCs and
in the RGC fiber layer. From this result, we inferred possible involvement of GPR81 in
retinal development and in projection navigation towards brain innervation targets.

μ

Figure 1. GPR81 is Expressed in the Retina. Expression of GPR81 in RGCs of retinal sections from P5 hamster pups (A–C)
E16 WT mouse embryo (D–F), and adult mouse (G–I). ONL: outer nuclear layer, RGC: retinal ganglion cells, OPL: outer
plexiform layer, INL: inner nuclear layer, NBL: neuroblast layer, IPL: inner plexiform layer. The white arrows indicate
colocalization of GPR81 and Brn-3a. Scale bars: 50 µm.
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Primary cortical neurons and retinal explant cultures in vitro also expressed the lactate
receptor; GPR81 fluorescence signal was visualized on the neuronal soma, neurites, GC,
and filopodia (Figure 2A, Figure S1).

− − − −

μ μ

μ

− −

μ

Figure 2. L-lactate and 3-5-DHBA influence GC dynamics and increase axon growth via GPR81 agonism. (A) GPR81 is
expressed in GCs in vitro. (B) Microscopic photography of GCs following 1 h treatment with GPR81 agonists. Explants
were marked with phalloidin conjugated with Alexa fluor 546. (C) Analysis of GC surface area and filopodia number
(n = 48–147 GCs per condition). Values are presented as the means ± SEM. (D) Microscopic photography of retinal explants
following 15 h treatment with the GPR81 agonists. Explants were marked with phalloidin conjugated with Alexa fluor
546. (E) Analysis of RGC axon projections( n = 278–2572 axons per condition). Values are presented as the means ± SEM.
# Indicates significant changes compared to the control group. * Indicates significant changes p < 0.05 between gpr81+/+ and
gpr81−/− genotype. ** Indicates significant changes p < 0.01 between gpr81+/+ and gpr81−/− genotype. Statistical test used is
the Krustal–Wallis nonparametric ANOVA. White scale bar: 100 µm. Yellow scale bar 25 µm.

3.2. GPR81 Influences GC Morphology and Axon Growth

A number of GPCRs exert effects on axon guidance [22,24–26,30,31]. To determine
the implication of GPR81 in regulating GC morphology, we cultivated embryonic retinal
explants during 1 DIV. Afterwards, treatment for one h with the GPR81 agonist L-lactate
(10 mM) significantly increased the RGC GC surface area by 44.2 ± 9.6%, whereas 3,5-
DHBA (300 µM) increased surface area by 56.1 ± 12.0% compared to the vehicle control.
These same treatments increased filopodia numbers of GC by 38.1 ± 8.1% and 31.0 ± 6.5%,
respectively on retinal explants obtained from gpr81+/+ mice. The corresponding changes
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induced by GPR81 agonists were abrogated in similar retinal explants obtained from
gpr81−/− mouse embryos (Figure 2B–C).

We next measured the effect of GPR81 agonists on axon growth of RGCs on retinal
explants. Interestingly, RGCs from gpr81+/+ mice incubated with GPR81 agonists for 15 h
increased axon outgrowth by 40.7 ± 2.2% (10 mM L-lactate) and 38.7 ± 4.2% (300 µM 3,5-
DHBA) (Figure 2D–E). As expected, RGCs obtained from gpr81−/− mice did not respond
to the agonist treatment (−4.2 ± 3.7% and 4.8 ± 5.0%, respectively) (Figure 2D–E). This
impact of L-lactate on GC morphology and axon growth was confirmed with time-lapse
live cell imaging in the GC behavior assay. Here, we exposed a GC of a retinal explant
to a microgradient of L-lactate concentration to visualize any axon growth or guidance
effects. In this experiment, we measured the GC surface area, filopodia numbers, axon
length, and the angle between the GC and the micropipette at baseline (T0) and at 60 min
of drug exposure (T60). The time-dependent differences were obtained by subtraction. At
60 min, the vehicle-treated explants (NB medium) showed negligible changes in the GC
(−0.42 ± 3.03 µm2 area), 0.5 ± 0.5 filopodia, and −1.39 ± 2.78 µm axon growth; in contrast,
L-lactate-treated explants displayed mean increases of 22.8 ± 11.1 µm2 GC area, 4.0 ± 1.8
in number of filopodia, and 4.31 ± 2.14 µm in axon growth. However, we did not observe
any significant changes in the angle of orientation after the addition of lactate (−2.1 ± 2.0◦

for NB medium versus 2.5 ± 3.5◦ for 20 mM L-lactate gradient; Figure 3).
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−

−
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μ
μ

−

μ μ
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Figure 3. L-lactate influences GC morphology and axon growth, but not turning. (A) Time-lapse microscopy time of
a DIV1-2 mouse RGC growth cone before and at 60 min after the addition of L-lactate. The black arrows indicate the
microgradient direction created by a micropipette with a tip of 2 µm diameter and positioned at a 45◦ angle and around
100 µm distal to the growth cone. The blue arrows indicate the tips of the growth cone before the application of L-lactate or
vehicle (T0). The white arrows indicate the position of the growth cone 60 min later (T60). (B) Analysis of growth cone
dynamics. The values of the growth cone area, filopodia number on the growth cone, axon length, and the angle of the
growth within the L-lactate microgradient were measured before (T0) and at 60 min (T60) after the addition of L-lactate or
vehicle. Bar graphs show the means ± SEM of the effects induced by the treatments (n = 6–8 cells per condition). * Indicates
significant changes compared to the vehicle group, compared by parametric unpaired t-test (p < 0.05). Scale bar = 15 µm.

3.3. Lactate Increases PKC and PKA Phosphorylation

GPR81 is coupled to Gi, such that agonism induces Ca2+ release in CHO-K1 adipocytes,
resulting in decreased lipolysis [32]. To determine the signaling pathway resulting in GPR81
activation, we treated primary neurons obtained from mouse embryos with a GPR81
agonist (10 mM L-lactate). Interestingly, there was an increase of PKC phosphorylation
(2.1 ± 0.4 fold) after five minutes and an increase of PKA phosphorylation (1.9 ± 0.2 fold)
at 15 min after the addition of 10 mM L-lactate (Figure 4A). These data show that GPR81
agonism stimulates the PKC and the PKA signaling pathways in primary neurons.
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− −

− −

Figure 4. L-lactate increases PKC and PKA phosphorylation (A,B) Protein expression levels of P-PKC, PKC, P-PKA, PKA,
and to-tal proteins in primary neuron cultures incubated with L-lactate (10 mM) at 37 ◦C for five min (for PKC) and 15 min
(for PKA). The total protein Western blots confirmed equal loading in all lanes with TGX Stain-Free Technology. Values of
relative density to vehicule are presented as the means ± SEM (C) for P-PKC and (D) for P-PKA. * Indicates significant
changes compared to the control group, as compared by the nonparametric ANOVA Krustal Wallis (p < 0.05) with Dunn’s
post hoc correction.

3.4. GPR81 Affects Retinothalamic Projections In Vivo

We next studied the contribution of GPR81 to the development of retinothalamic pro-
jections in living transgenic gpr81−/− mice. Left and right RGC projections were visualized
with the neuron tracer CTb conjugated to Alexa fluorescent molecules. RGC projections
normally segregate through various brain structures to join dLGN [33]. Interestingly, adult
gpr81−/− mice had significantly fewer ipsilateral projections in the dLGN, irrespective of
the intensity threshold used for the analysis (Figure 5). This observation demonstrates,
for the first time, an essential role of GPR81 in the normal development of the rodent
retinothalamic pathway.

− −

− −

 

− −

Figure 5. GPR81 Affects Retinothalamic Projections in vivo. (A) Micrographs of the dorsal lateral
geniculate nucleus (dLGN) following the injection of CTb-Alexa 555 in the left eye and CTb-Alexa
647 in the right eye of gpr81+/+ and gpr81−/− mice. Controlateral and ipsilateral projections from both
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eyes RGC segregate in the dLGN. RGC projections from both eyes are shown in the merged images.
(B) Line graph shows the percentage of ipsilateral projections overlapping in the contralateral
projections expressed as the mean ± SEM. Percentage of overlapping signals is significantly lower
in gpr81−/− mice irrespective of the intensity analysis threshold. ** Indicates significant changes
between gpr81+/+ (n = 18) and gpr81−/− (n = 12) genotypes, according to two-way ANOVA with
Tukey post hoc test (p < 0.01). Scale bars: 100 µm.

4. Discussion

Lactic acid and L-lactate have drawn considerable attention since the early days of
metabolic research. Indeed, the indisputable importance of lactate in the glycolytic pathway
may have led to persisting misconceptions about the bodily functions of L-lactate [1]. The
introduction of the astrocyte-neuron Lactate shuttle hypothesis (ANLSH) [34] led to a more
mature understanding of the importance of L-lactate metabolism in the CNS. According to
this model, glucose is predominantly taken up by astrocytes during neuronal activation.
The astrocytes produce and release L-lactate, which serves as the primary metabolic fuel
for activated neurons [35]. Furthermore, glucose consumption by the outer retina forms
L-lactate by aerobic glycolysis [36,37], in metabolic support of RGCs. The recent discovery
of receptors for metabolic intermediates has brought new physiologic perspectives on the
relevance of L-lactate concentrations in tissue. We undertook in this study to explore the
localization and neural functions of GPR81 in the developing retina and its CNS projections.
We show for the first time expression of the lactate receptor GPR81 in the retina of hamsters
and mice, noting its high abundance in the RGC layer and in the RGC nerve fiber layer.
This result was confirmed by studies in vitro using retinal explants and cortical neurons of
embryonic mice, which both proved to express GPR81 on their soma, axons, GCs, and GC
filopodia. We demonstrated that specific activation of the GPR81 receptor by its agonists
modulates GC size, filopodia numbers, and axon growth of RGCs. In vitro, treatment with
L-lactate at a physiological concentration increased phosphorylation of PKC and PKA,
which are key mediators of the pathways that likely promote neurite growth effects [38].
Importantly, genetic absence of GPR81 curtailed formation of RGC projections to the dLGN,
as evident in the gpr81−/− mouse in vivo. Altogether, these results suggest an essential
involvement of L-lactate and its receptor GPR81 in the development of RGCs and their
axon projections in the CNS.

Previous findings for GPR81 impart an extra layer of complexity with regard to its
involvement in CNS development, especially for retinal projections. The colocalization of
GPR81 with glutamine synthetase, a specific marker of Müller cells, was previously estab-
lished in early postnatal mice (P8-17). GPR81 activation in Müller cells regulates Norrin
and Wnt ligands, which in turn promote angiogenesis and produce stimulate production
of neuroprotective growth factors in the retina [21]. In our present embryonic model (E15),
Müller cells have not yet been differentiated in the developing retina. Accordingly, the
mechanism responsible for axon growth at this development stage likely differs from the
retinal angiogenic effects produced by Müller cells in postnatal rodents [39].

L-lactate was long considered to be a metabolic waste of anaerobic glycolysis, but it
is now known to be a metabolic fuel of aerobic glycolysis, especially in neurons [1,11,40].
In this capacity, L-lactate is converted by LDH to pyruvate, which then enters into the
Krebs cycle for ATP generation in mitochondria [41]. In order to confirm that the present
findings of L-lactate effect are not due trivially to an increase in the energy metabolite
pool, we used 3,5-DHBA as a non-metabolized specific GPR81 agonist [3]. Activation
of GPR81 by L-lactate and 3,5-DHBA of RGCs in retinal explants from embryonic mice
positively modulated GC morphology and increased axon projection length. Interestingly,
these effects of GPR81 agonist treatment were absent in explants from gpr81−/− mice.
These findings support our claim that L-lactate and 3,5-DHBA act on RGCs through
GPR81 agonism.

RGCs in the intact organism project their axons from retina to transmit visual informa-
tion to CNS targets. GCs must detect and respond to a complex combination of chemotactic
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signals to direct their axons through the visual pathway. Our time-lapse microscopy ex-
periments confirmed that L-lactate concentration gradients modify GC morphology and
increase axon growth without having a significant effect on axon guidance per se. However,
L-lactate was without effect in explants from retinal mice genetically depleted of GPR81,
thus suggesting a crucial role for GPR81 in the retinothalamic pathway formation.

We show in this study that L-lactate activates PKC and PKA through agonism at
GPR81, as was reported previously. Indeed, PKC activation is well-known to participate
in synaptic remodeling, presynaptic plasticity, and neuronal repair [38,42,43]. Some PKC
isoforms are known to influence neurite adhesion and outgrowth in various neuronal
cell types, including RGCs [40,42–44]. Activation of these second messenger pathways
results in a reorganization of the growth cone cytoskeleton, which manifest to microscopic
examination of the filopodia, lamellipodia, and axonal growth in vitro [45–47]. Our present
results are thus also in accordance with studies showing that PKA activation increases GC
area and filopodia numbers to promote RGC axon extension during development [48].

In conclusion, as demonstrated in this study for the first time, the GPR81 L-lactate
receptors contribute critically to neuro-visual development in the rodent retina and CNS.
This study thus provides a foundation for the ongoing investigation of these actors in
broader aspects of central and peripheral nervous system development. Present results
support the formulation of new hypotheses for elaborating effective therapies targeting
the development and regeneration of the nervous system. In fact, our results suggest a
possible therapeutic role of L-lactate and other GPR81 agonists in the neuroregenerative
and neuroreparative field. First of all, L-lactate can act by itself as an efficient energy
substrate [49]. It can also protect and attenuate neuronal death induces by oxygen and
glucose deprivation following cerebral ischemia [50,51]. In traumatic brain injury model,
preconditioning with L-lactate promotes plasticity-related expression helping to reduce
neurological deficits effect via the GPR81 signaling pathway [52]. In accordance with our
findings, the utilization of L-lactate or a GPR81 agonist could stimulate axon regeneration
and prevent neuronal degeneration.
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Abstract: During retinal development, a physiologic hypoxia stimulates endothelial cell prolifer-
ation. The hypoxic milieu warrants retina vascularization and promotes the activation of several
mechanisms aimed to ensure homeostasis and energy balance of both endothelial and retinal cells.
Autophagy is an evolutionarily conserved catabolic system that contributes to cellular adaptation
to a variety of environmental changes and stresses. In association with the physiologic hypoxia,
autophagy plays a crucial role during development. Autophagy expression profile was evaluated
in the developing retina from birth to post-natal day 18 of rat pups, using qPCR, western blotting
and immunostaining methodologies. The rat post-partum developing retina displayed increased
active autophagy during the first postnatal days, correlating to the hypoxic phase. In latter stages of
development, rat retinal autophagy decreases, reaching a normalization between post-natal days
14-18, when the retina is fully vascularized and mature. Collectively, the present study elaborates on
the link between hypoxia and autophagy, and contributes to further elucidate the role of autophagy
during retinal development.

Keywords: eye; retina; development; vascularization; hypoxia; autophagy

1. Introduction

The mature retina is considered one of the highest oxygen-demanding tissues in the
body, with a considerable metabolic activity [1,2]. The heightened metabolic demand of
the retina is supplied by a structured vascular systems, including retinal vessels and the
choriocapillaris, which provide nutrients and oxygen to the inner and the outer layers
of the retina respectively [3,4]. During development of the mammalian eye, the retinal
vasculature undergoes considerable changes and reorganization [5]. In the early stages of
embryogenesis, the interior of the eye is metabolically supplied by a transient embryonic
circulatory network in the vitreous, referred to as the hyaloid system [6]. In the latter
stages of development, the hyaloid vasculature regresses and concurrently is replaced by
the retinal vasculature [7]. The physiologic hypoxia in uterus (O2 levels < 5%) drives the
proliferation of retinal blood vessels from the optic nerve to the periphery [8], through
vascular endothelial growth factor (VEGF)-mediated angiogenesis [9,10].

At this level, the developing retinal vasculature lacks a functional barrier, necessary to
maintain homeostasis into the retina and controlling vascular permeability [11,12]. Thus,
the retinal capillary endothelial cells interact with each other to create a complex network,
composed of tight junctions between transmembrane and peripheral membrane proteins.
In this manner, the retinal endothelial cells form an inner blood retinal barrier (BRB),
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which contributes to preserve neuronal environment regulating the entry of molecules
from the blood into the retina [13,14]. At these critical times in developmental events,
both retinal and endothelial cells (ECs) endure morphological changes and reorganization;
as consequence, they require mechanisms for the degradation and recycling of obsolete
cellular components [15].

Autophagy is an essential process in maintaining the normal cellular homeostasis
under physiological conditions [16]; and it plays an important role in the turnover of
damaged organelles, such as peroxisomes and endoplasmic reticulum, as well as in re-
moving unnecessary aggregated or misfolded proteins [17,18]. Previous findings indicate
that vascular remodeling in ocular development can be regulated by autophagy [19]; the
blood vessels need autophagy to balance their bioenergetic dynamic mechanisms [20].
Moreover, autophagic mechanisms seem to have a critical role in anatomical involution of
the hyaloid blood vessels [19]. Several studies have demonstrated that autophagy can be
induced by physiological hypoxia, the key stimulus for retinal angiogenesis [21–23]. At the
molecular level, hypoxia stimulates several molecules involved in different signaling path-
ways, including hypoxia-inducible factors (HIFs) that induce angiogenesis through VEGF;
and adenosine monophosphate-activated protein kinase (AMPK), a positive regulator of
autophagy [24,25]. In conditions where nutrients are scarce, such as during development,
AMPK is activated by a decreased ATP/AMP ratio and leads to phosphorylation of several
molecules, including Unc-51-like autophagy activating kinase (ULK)1 [26,27]. Activated
ULK1 is involved in the formation of multiple protein complexes that are responsible for the
initiation of autophagic mechanisms that lead to the formation of autophagosome [28,29].
Elongation and maturation of the autophagosome involve the microtubule-associated
protein I light chain 3 (LC3 I) system. LC3 I is conjugated to phosphatidylethanolamine,
converted to LC3 II and inserted into the autophagosome membrane [30]. The synthesis
and processing of LC3 II is increased during autophagy, thus acting as a key marker of lev-
els of autophagy in cells [31]. The cargo is selected by targeted ubiquitination and carried
to the autophagosome through the binding of LC3 II with sequestosome-1 (SQSTM-1), also
known as ubiquitin-binding protein p62 [32,33]. The p62 is degraded by autophagy and
a decrease in its protein levels correlates with an active autophagic flux [34]. Autophagy
ends with the fusion of the autophagosome with the lysosome, where the inner cargo is
degraded by lysosomal hydrolases.

Considering the myriad of autophagic mechanisms, the aim of the present study was
to examine the changes of expression of autophagy markers in the developing retina in
postnatal rats. Due to its postnatal development and accessibility, the rat retinal vasculature
warrants a bonafide model to assess vascular developmental autophagy mechanisms from
birth through postnatal day (P) 18 when retinal vasculature has attained its adult pattern.

2. Material and Methods
2.1. Animals and Ethics Statements

After birth, 84 Wistar rat pups were maintained with their nursing mothers through the
experimental times P7, P14 and P18 in a regulated environment (24 ± 1◦C, 50 ± 5% humidity),
with a 12 h light/dark cycle and provided with food and water. Rat pups were euthanized
with an intraperitoneal injection of 30 mg/kg of pentobarbital. All animal protocols
were in accordance with the Statement for the Use of Animals in Ophthalmic and Vision
Research (ARVO), the Italian regulation for animal care (DL 116/92), and the European
Communities Council Directive (86/609/EEC). Animal procedures were authorized by
the Ethical Committee in Animal Experiments of the University of Pisa (permit number:
133/2019-PR, 14 February 2019).

2.2. Vascular Labeling

A total of 24 rat pups of different ages (birth, P7, P14 and P18; six rats for each time
point) were used to prepare whole-mount and retina sections. Isolated retinas were fixed
in 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4 (PB), at room temperature for
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3 h. Subsequently, retinas were washed three times (5 min per wash) in PB and incubated
for 1 h at room temperature (RT) in blocking buffer (PB containing 10% donkey serum and
0.5% Triton X-100; Sigma-Aldrich, St. Louis, MO, USA) to prevent non-specific labeling.
Sequentially, retinas were incubated with fluorescein-labelled isolectin B4 (1:200; Vector
Laboratories, Burlingame, CA, USA) in blocking solution, at 4 ◦C overnight (ON). Finally,
after three washes with PB, retinas were placed onto a slide, mounted and covered with
a coverslip. Immunostaining was observed by a digital fluorescence microscope (Ni-E;
Nikon-Europe, Amsterdam, The Netherlands) and immunofluorescent images of the retinal
vasculature were acquired using a digital camera (DS-Fi1c; Nikon-Europe). The vascular
area and the total area were measured using ImageJ freeware. Vascular area was reported
as percentage of the total area.

2.3. Western Blot Analysis

Proteins were extracted from retinas of 24 rat pups at different ages (birth, P7, P14
and P18; six rats for each time point) using RIPA lysis buffer (Santa Cruz Biotechnology,
Dallas, TX, USA), supplemented with phosphatase inhibitor (Sigma-Aldrich) and protease
inhibitor (Roche, Mannheim, Germany) cocktails. Protein extracts were quantified by
the microBCA method (Thermo Fisher Scientific, Waltam, MA, USA) and 15 µg of total
proteins were separated by SDS-PAGE and transferred onto polyvinylidene difluoride
(PVDF) membranes (Bio-Rad Laboratories, Hercules, CA, United States). Membranes were
blocked either with 5% of skim milk in Tris-buffered saline (TBS-T; Bio-Rad Laboratories,
containing 0.05% Tween-20; Sigma-Aldrich) or with 4% of Bovine Serum Albumin (BSA;
Sigma-Aldrich) in TBS-T, for 1 hour at RT. Subsequently, the membranes were incubated at
4 ◦C ON with primary antibodies: anti-HIF-1α (1:500, rabbit polyclonal, cat. no. NB100479;
Novus Biologicals, Centennial, Colorado, USA); anti-pAMPKα (Thr172, 1:500, rabbit
monoclonal, cat. no. 2535S; Cell Signaling Technology); anti-AMPKα (1:1000, rabbit
monoclonal, cat. no. 5832S; Cell Signaling Technology); anti-pULK1 (Ser555; 1:500, rabbit
monoclonal, cat. no. 5869S; Cell Signaling Technology, Danvers, MA, USA); anti-ULK1
(1:1000, rabbit monoclonal, cat. no. 8054S; Cell Signaling Technology); anti-LC3 I and II
(1:1000, rabbit polyclonal, cat. no. 4108S; Cell Signaling Technology); anti-p62 (1:1000,
rabbit polyclonal, cat. no. ab-91526; Abcam, Cambridge, UK); and anti-β-actin (1:5000,
rabbit monoclonal, cat. no. SAB5600204; Sigma-Aldrich). Secondary antibody anti-rabbit-
IgG conjugated to horseradish peroxidase (1:10,000, cat. no. P044801-2; Dako, Carpinteria,
CA, USA) was incubated for 1 h at RT. Following the incubation with both primary and
secondary antibodies the membranes were washed with TBS-T, three times for 5 min.
Finally, the protein of interest was visualized using the Clarity Western ECL substrate
with a ChemiDoc XPS+ imaging system (Bio-Rad Laboratories, Hercules CA, USA). The
optical density (OD) of the bands was determined with the Image Lab 3.0 software (Bio-
Rad Laboratories). Protein levels were corrected to the β-actin loading control or non-
phosphorylated proteins.

2.4. Quantitative PCR

Total RNA was extracted and purified from retinas of 24 rat pups at different ages
(birth, P7, P14 and P18; six rats for each time point), using the Trizol® reagent (Invitrogen,
Waltam MA, USA), resuspended in RNAse-free water, and quantified by spectrophotom-
etry (BioSpectrometer basic; Eppendorf AG, Hamburg, Germany). First-strand cDNA
was generated from 1 µg of total RNA (QuantiTect Reverse Transcription Kit; Qiagen,
Hilden, Germany). Quantitative PCR was performed with a kit (SsoAdvanced Univer-
sal SYBR Green Supermix; Bio-Rad Laboratories) on a CFX96 Real Time PCR Detection
System (equipped with the CFX manager software (Bio-Rad Laboratories). Forward and
reverse sequence of primers were chosen to hybridize to unique region of the appropri-
ate gene sequence: occludin-1 (Forward: 5’-TTTCATGCCTTGGGGATTGAG-3’/Reverse:
5’-GACTTCCCAGAGTGCAGAGT-3’; Invitrogen ); zonula-occludens-1 (ZO-1; Forward: 5’-
AGTCTCGGAAAAGTGCCAGG-3’/Reverse: 5’-GGGCACCATACCAACCATCA-3′; Invit-
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rogen); VEGF-A (Forward: 5’-CAATGATGAAGCCCTGGAGTG-3’/Reverse: 5’-AGGTTTG
ATCCGCATGATCTG-3; Invitrogen) and Ribosomal Protein L13a (Rpl13a; Forward: 5′-
GGATCCCTCCACCCTATGACA-3′/Reverse: 5′-CTGGTACTTCCACCCGACCTC-3′; In-
vitrogen). Samples were compared by the threshold cycle analysis (Ct) and absolute
expression values were calculated using the 2−∆∆Ct formula, with Rpl13a as the housekeep-
ing gene.

2.5. Immunohistofluorescence

In total, 12 rat pups at different ages (birth, P7, P14 and P18; three rats for each time
point) were fixed in 4% paraformaldehyde in PB at RT for 5 days prior to immunofluores-
cence staining. Sections of 4 micrometers were processed for immunohistofluorescence in a
Bond III robotic system (Leica Biosystems, Newcastle, UK), as previously described [35].
According to the manufacturer’s instructions, antigen retrieval was performed in 10 mM
citrate buffer pH6 and sections were incubated with primary antibody step with anti-LC3
I and II (1:100) and isolectin-biotin (1:1000; cat. no. I21414; Thermo Fisher Scientific),
while secondary antibody steps included Streptavidin-Alexa 488 (1:500; cat. no. S11223,
Thermo Fisher Scientific), anti-rat-Alexa 546 (1:500; cat. no. A11081, Invitrogen) and
anti-goat-Alexa 647 (1:500; cat. no. SAB4600175, Sigma-Aldrich). Sections were mounted
by using a vector Vectashield with DAPI mounting medium (Vector Laboratories, CA,
Burlingame, USA), and visualized with an Axioscope 2 plus with the AxioVision software
(Zeiss, Gottingen, Germany).

2.6. Statistical Analysis

The statistical analyses were performed using Prism software (GraphPad software,
Inc., San Diego, CA, USA), applying one-way ANOVA with Bonferroni’s multiple com-
parisons posttest. Data were presented as mean ± standard error of mean (SEM) of n = 6;
p values < 0.05 were considered statistically significant.

3. Results
3.1. The Rat Retina Is Partially Avascular at Birth

Fluorescein-labeled isolectin B4 was used to assess the progress of retinal vascular-
ization in the rat. As previously described, rat retinal vascularization is almost completed
around P13-P16 [36]. As depicted in Figure 1A, at birth the hyaloid vasculature was
still present and the retina remained partially avascular, as determined by measuring the
vascular area as less than 50% of total area of the retina (Figure 1B). Quantitative anal-
ysis demonstrated a significant difference at P7, where the retina was 90% vascularized
(p < 0.001) and in the late stages of ocular blood vessel development, P14-P18 (p < 0.001),
where the retinas were fully vascularized (100%) as compared to birth.

3.2. Different Expression of Blood-Retina Barrier Genes during Rat Retina Development

In retinal blood vessels, ECs present tight junctions that function as a part of the
BRB, fundamental to maintain retinal homeostasis and to mediate selective diffusion of
molecules from the circulation to the retinal tissue [14,37]. Consequently, analysis of the
expression of BRB genes in the rat retinas at birth, P7, P14 and P18 was performed by qPCR
(Figure 2). Transcript expression levels of occludin-1 and ZO-1 were upregulated at P14
and P18, compared to birth and P7 (p < 0.01 both). These results confirmed that at birth
and P7 the rat retinal vasculature was still under development, presenting an incomplete
vascular network.
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Scale bar = 500 μm. 

followed by Bonferroni’s multiple comparisons test (

Figure 1. Development of the vascular network in rat retina. (A) Visualization of blood vessels by isolectin B4 staining of rat
pup retinas at birth, postnatal day (P)7, P14 and P18. Dashed circle delineates the developing retinal vasculature (inner of
the dashed circle) with the hyaloid vasculature (outer of the dashed circle). Scale bar = 500 µm. (B) Quantitative analysis of
vascular area of the retina. Data is presented as mean ± SEM. One-way ANOVA was used as statistical analysis, followed
by Bonferroni’s multiple comparisons test (n = 6; *** p < 0.001 vs. birth).

3.3. At P7 the Rat Retina Is Hypoxic

During retinal development, physiologic hypoxia induces the activation of HIF-1α,
which promotes the transcription of VEGF-A gene. This process is pivotal to induce
endothelial cell proliferation and migration to form the vasculature network [38]. In this
context, Western blotting was performed to analyze HIF-1α protein levels in the rat retina
(Figure 3A) at birth, P7, P14 and P18. Densitometric analysis showed an increase of HIF-1α
protein levels at P7 (p < 0.001) compared to birth, followed by a decrease at P14 (p < 0.01 vs.
birth; p < 0.01 vs. P7) and at P18 (p < 0.01 vs. P7; Figure 3B).

Since HIF-1α promotes the transcription of VEGF-A gene, expression analysis was
performed by qPCR in rat retinas at birth, P7, P14 and P18. As depicted in Figure 3C,
VEGF-A was upregulated at P7, (p < 0.001 vs. birth) while at P14 and P18 its levels were
comparable to those at birth, in agreement with the reduced levels of HIF-1α at the latter
postnatal days.
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Figure 2. Expression of blood-retina barrier genes during retina rat development. mRNA expression
of occludin-1 (A) and zonula occludens (ZO-1) (B) genes was evaluated by qPCR in rat retinas at
birth, P7, P14 and P18. Data is presented as mean ± SEM. One-way ANOVA was used as statistical
analysis, followed by Bonferroni’s multiple comparisons test (n = 6; ** p < 0.01 vs. birth, §§ p < 0.01
vs. P7).

1α and β

1α. 

followed by Bonferroni’s multiple comparisons test was used as statistical analysis of mean ± SEM 

α

Figure 3. Protein levels of hypoxia-inducible factor (HIF) change during rat retina development.
(A) Western blots illustrate representative immunoreactive bands of HIF-1α and β-actin (loading
control) in the retina of rat pups from birth to P18. (B) Quantitative analysis of optical density of
the immunoreactive bands of HIF-1α. (C) mRNA expression of vascular endothelial growth factor
(VEGF)-A gene evaluated with qPCR in rat retinas at birth, P7, P14 and P18. One-way ANOVA
followed by Bonferroni’s multiple comparisons test was used as statistical analysis of mean ± SEM
datasets (n = 6; * p < 0.05, ** p < 0.01, *** p < 0.001 vs. birth, §§ p < 0.01 vs. P7).
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3.4. Autophagic Mechanisms Increased during the Hypoxic Phase

During development, autophagic mechanisms support cells to adapt and respond to
several processes, including proliferation, differentiation and migration [39]. In this context,
Western blotting analysis was performed to evaluate the levels of proteins involved in
autophagy during retina development (Figure 4A). Densitometric analysis demonstrated a
significant increase of phosphorylated levels of AMPKα (p < 0.001 vs. birth; Figure 4C) and
ULK1 (p < 0.01 vs. birth; Figure 4B) as well as LC3 II (p < 0.01 vs. birth; Figure 4D) at P7. At
P14 and P18, the levels of these autophagic markers decreased then at levels comparable to
those at birth.

AMPKα / AMPKα ; LC3 II / β and p62 / β
way ANOVA followed by Bonferroni’s multiple comparisons test was used as sta-

Figure 4. Protein levels of autophagic markers during rat retinal development. (A) Western blots
depict representative immunoreactive bands of proteins involved in autophagic mechanisms in rat
retinas, from birth to P18. Quantitative analysis of optical density of the ratio of immunoreactive
bands between pSer555-Ulk1 / Ulk1 (B), p-AMPKα / AMPKα (C); LC3 II / β-actin (D) and p62
/ β-actin (E). One-way ANOVA followed by Bonferroni’s multiple comparisons test was used as
statistical analysis of mean ± SEM datasets (n = 6; ** p < 0.01, *** p < 0.001 vs. birth, § p < 0.05,
§§§ p < 0.001 vs. P7).

On the contrary, a trend to a decrease of SQSTM1/p62 protein levels, yet not statis-
tically significative, was observed at P7, followed by a substantial increase at both P14
(p < 0.001 vs. birth; p < 0.001 vs. P7) and P18 (p < 0.001 vs. birth; p < 0.001 vs. p7).
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3.5. High Expression of Autophagic Marker at P7 in Rat Retina

In rat, developing retinal cells are already organized into layers from P7, giving the
tissue its stratified feature [40,41]. The variation of autophagic flux was evaluated relative
to the retinal layers using immunostained retinal sections to visualize autophagy and
vasculature, with LC3 as an autophagic marker and isolectin B4 as a marker of endothelial
cells. The immunofluorescence demonstrated a clear variation of autophagy during retinal
development, indicating a predominant expression of the autophagic marker LC3 at P7
(Figure 5). At this specific time point, a substantial expression of LC3 was observed in
both the inner plexiform and outer plexiform layers (IPL; OPL). At birth and on latter
stages of retinal developmental, LC3 was predominantly expressed in the IPL and almost
undetectable in the OPL. In addition, heightened colocalized expression of the autophagy
and vascular markers was observed at P7, as compared to birth, P14 and P18, which could
be related to the hypoxia associated with the involution of the hyaloid blood vessels. Albeit
a positive staining for LC3 was detected in ganglion cell layer (GCL) and the photoreceptor
outer segments (OS), no changes were observed in the studied times of development.

ONL, outer nuclear layer; OS, outer segments of photoreceptors. Scale bar = 50 μm.

development of rat’s

Figure 5. Expression pattern of LC3 in the developing rat retina. Representative immunohistofluo-
rescence analysis of LC3 (red) and isolectin B4 (IB4; green) and Hoechst (Hst; blue) in retina sections
of rat pups at birth, P7, P14 and P18. Dashed squares indicate the magnification area of GCL and IPL
layers. Arrows represent colocalization of LC3 with IB4 in retinal vasculature. GCL, ganglion cell
layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer
nuclear layer; OS, outer segments of photoreceptors. Scale bar = 50 µm.
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4. Discussion

During mammalian development, cells go through proliferation, cell death and differ-
entiation, culminating in an adult organism formation. During these stages, autophagy
assures cell adaptation, by promoting rapid changes in cytosolic composition and acceler-
ating organelle and protein turnover [39,42]. The present study elaborates on the influence
of autophagy mechanisms in the development of rat’s retina from birth to P18.

In rats, the retinal vasculature develops postnatally. At birth, the retina surface is
still covered by the hyaloid vessels, and the retinal vessels have merely begun to raise
from the optic disc [43]. Previous studies have shown that the hyaloid network persists
until P7, by which time the retinal vessels have almost propagated to the periphery of the
retina [44,45]. Interestingly, in newborn rat retinas a large area lacking retinal capillary
coverage is observed, indicating the presence of hyaloid vessels, while at P7 the rat retinas
display nearly full vascularization. At this time point, the developing retina vascular
network is still immature and the BRB is not formed [11]. To form the BRB, endothelial
cells require tight junctions, essential to regulate the movement of solutes and nutrients
from the outer to the inner retinal layers [46]. Tight junctions comprise several proteins,
including occludin-1 and ZO-1, responsible for anchoring the junctional complex to the
cytoskeleton [47]. As demonstrated here, at birth and P7 the retina of rat pups presents low
transcript levels of both occludin-1 and ZO-1 genes. Reversely, mRNA levels of these genes
are increased at P14 and P18, when the retinal vasculature is covering the total surface of
retina. This suggests that retina vascularization is completed and mature around P14-P18,
in alignment with the presence of tight junctions in retinal endothelial cells.

From embryonic stages to birth, a physiological hypoxia is paramount to drive retinal
neovascularization, through the upregulation of HIF-1α and subsequently VEGF-A [9,48].
During the early postpartum retinal developmental stage in rats, the involution of the
hyaloid vasculature to the retinal vascular network results in a partially avascular and
ischemic retina, correlating to increased oxygen demand and resulting in a hypoxic stim-
ulus [10]. In the present study, a peak of HIF-1α and VEGF-A expression is determined
at P7, which decreases during latter stages when the retina is fully vascularized. The hy-
poxic environment contributes to activate essential mechanisms in adaptation and survival,
ensuring cellular homeostasis during angiogenesis [49,50]. In fact, the developing retina
exposed to changing environment and metabolic stress requires autophagy to adjust its
bioenergetic and biosynthetic demands [20,49]. In this respect, both hypoxia and energy
deprivation can promote AMPK activation, a known inducer of autophagy [22,25]. In
agreement, an increase of p-AMPKα, p-ULK1 and LC3 II protein levels are demonstrated
at P7, with a trend of decreased p62 protein levels, indicating an active autophagic flux
at this developmental stage. At P14 and P18, with the presence of a fully vascularized
retina, a decrease in p-ULK1 and LC3 II protein levels is determined concomitantly with an
increase of p62. The observed accumulation of p62 with a decrease of LC3 II protein levels
at P14 could be associated with a transition from autophagy-dependent to -independent
mechanisms of retinal homeostasis, as previously suggested in retinal pigment epithelium
cells [51,52].

To elaborate on the role of autophagy in the different cell layers during rat retinal
development, a predominant expression of LC3 is confirmed in the GCL, IPL, OPL and
OS, in agreement with previous studies in rodent retinas [53–55]. At P7, an increase of LC3
staining is denoted in the IPL and OPL, with a noticeable reduction in the autophagy marker
at P14 and P18. During the early postpartum developmental stage, the rat retinal cells are
affected by ischemia, which is correlated to the peak of expression of HIF-1α and VEGF-A,
concomitantly with LC3. Moreover, an expression of LC3 is observed in endothelial cells
at P7, suggesting that autophagy may contribute directly to the formation of the retinal
vascular network. These findings indicate that during the physiologic hypoxia in the rat
retina, HIF-mediated signaling induces the increase in VEGF-A to promote endothelial cell
proliferation, and an upregulation of autophagy markers to sustain cellular homeostasis
and cellular quality control in retinal cells.
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5. Conclusions

The present study indicates that increased autophagy is intrinsically associated with
the hypoxic phase of retinal development and critically contributes to the physiologic
development of the different cell layers of the retina during the transition from the hyaloid
to the retinal vasculature, thus allowing the normal development of the retina.
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Abstract: This study shows the distribution patterns of apoptotic cells and biomarkers of cellular
senescence during the ontogeny of the retina in the zebra finch (T. guttata). Neurogenesis in this
altricial bird species is intense in the retina at perinatal and post-hatching stages, as opposed to
precocial bird species in which retinogenesis occurs entirely during the embryonic period. Various
phases of programmed cell death (PCD) were distinguishable in the T. guttata visual system. These
included areas of PCD in the central region of the neuroretina at the stages of optic cup morphogenesis,
and in the sub-optic necrotic centers (St15–St20). A small focus of early neural PCD was detected
in the neuroblastic layer, dorsal to the optic nerve head, coinciding with the appearance of the first
differentiated neuroblasts (St24–St25). There were sparse pyknotic bodies in the non-laminated
retina between St26 and St37. An intense wave of neurotrophic PCD was detected in the laminated
retina between St42 and P8, the last post-hatching stage included in the present study. PCD was
absent from the photoreceptor layer. Phagocytic activity was also detected in Müller cells during the
wave of neurotrophic PCD. With regard to the chronotopographical staining patterns of senescence
biomarkers, there was strong parallelism between the SA-β-GAL signal and p21 immunoreactivity
in both the undifferentiated and the laminated retina, coinciding in the cell body of differentiated
neurons. In contrast, no correlation was found between SA-β-GAL activity and the distribution of
TUNEL-positive cells in the developing tissue.

Keywords: programmed cell death; cellular senescence; retinogenesis; altricial bird species; precocial
bird species; senescence-associated galactosidase activity

1. Introduction

Programmed cell death (PCD) and cellular senescence during vertebrate embryogene-
sis are transient phenomena that contribute mainly to tissue remodeling [1–3] through the
degeneration of temporary structures in the embryo. Indeed, it has been described that
PCD processes are accompanied by cell senescence in interdigital regression [4–6], heart
morphogenesis [7], pronephros and mesonephros degeneration [8–11], and degeneration
of structures in the developing otic vesicle [12–14].

The vertebrate visual system constitutes an excellent model for investigating the mech-
anisms involved in cell degeneration and the phases of PCD that affect different structures
(for a review, see [3]). Areas of intense PCD have been described in the developing visual

39



Cells 2021, 10, 504

system in fish [15–19], amphibians [20–22], reptiles [23–25], and mammals [26–31]. With
respect to birds, similar studies have been conducted in the chicken [32–38] and in the
quail [39], two precocial bird species. In these species, PCD during visual system mor-
phogenesis and retinogenesis is completely restricted to the embryonic period. During
early stages of avian eye morphogenesis, two pyknotic zones have been described in the
central region of the retinal neuroepithelium and in the dorsal rim of the optic cup [35].
Furthermore, two areas of intense PCD appear in the neuroepithelium located laterally to
the optic chiasm, in the so-called sub-optic necrotic centers (SONCs) [40,41]. With the onset
of neurogenesis in the neural retina, PCD also affects neuroepithelial cells and newborn
ganglion cell neuroblasts [33,36–38]. At later stages, coinciding with the synaptogenesis be-
tween retinal neurons, PCD affects those neurons that are unable to successfully innervate
their targets [34,37,39]. The last wave of cell death follows different gradients that resemble
the spatiotemporal patterns of cell differentiation [34,39].

With regard to developmental cellular senescence, several markers are currently
employed to identify the distribution of senescent cells in vertebrate embryos. One of
the most commonly used is the histochemical technique that detects the presence of
β-galactosidase enzymatic activity at pH 6.0 (senescence-associated β-galactosidase, SA-β-
GAL), different from that normally observed at pH 4.0 within lysosomes [42]. Increased
expression of intracellular proteins such as p21, p16, p63, and p73 and the Btg/Tob tumor
suppressor gene family also identifies cell senescence in several regions of the developing
embryo [6]. These markers have been described in different embryonic tissues, but little
is known about their distribution in the developing visual system. In this sense, we
have recently described that some of these senescence markers are detected not only in
several subpopulations of neurons in the developing retina, but also in the retinal pigment
epithelium [43,44].

Although the ontogenetic mechanisms involved in visual system development and
the basic structure of the retina are similar across bird species, the developmental rate and
the acquisition of retinal structures are highly variable. Visual system morphogenesis and
retinogenesis occur early in embryogenesis in precocial bird species [45,46], while these
ontogenetic processes are delayed in altricial birds [47–49]. This delay can reach the stage
of hatching and the first week of life, in which intense postnatal neurogenesis has been
detected in the altricial retina [50]. The timing of histogenesis and cell differentiation and
the state of retinal maturation at hatching thus differ significantly between precocial and
altricial bird species.

All these data suggest that it is necessary to study visual system development across
a broad range of avian species to conduct interspecific comparisons that can clarify the
ontogenetic patterns. In the present study, we use classical histological, histochemical,
and immunohistochemical methods (i) to describe the chronotopographical patterns of
cell death and cell senescence markers in the developing visual system of an altricial
bird species, the zebra finch (Taeniopygia guttata, Vieillot 1817), (ii) to study whether the
distribution of senescence markers correlates with the progression of cell death in the
Taeniopygia guttata retinal tissue, and (iii) to compare these results with those described in
other precocial bird species, such as Gallus gallus or Coturnix japonica, and in the rest of
the vertebrates.

2. Materials and Methods
2.1. Animal and Tissue Processing

All animals were treated according to the regulations and laws of the European Union
(EU Directive 2010/63/EU) and Spain (Royal Decree 53/2013). A total of twenty-seven
T. guttata embryos and twelve hatchlings were used in the present study (Table 1). Embryos
were obtained by incubating eggs in a rotating egg incubator (Masallés S.A., Spain) that
was maintained at 37.5 ± 1 ◦C, 80–90% humidity. The degree of development of the
embryos and hatchlings (Figure 1) was determined in accordance with the stages (St)
established by by [51]. Embryos and hatchlings were fixed with paraformaldehyde (PFA)
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4% in phosphate-buffered solution (PBS) (0.1 M, pH 7.4) overnight at 4 ◦C. For histological
analysis with toluidine blue staining, some fixed embryos were dehydrated in a graded
series of acetone and propylene oxide and embedded in Spurr’s resin. Serial frontal 3 µm
sections were cut in a Reichert Jung microtome.

For the histochemical and immunohistochemical procedures, embryos and hatchlings
were immersed overnight in a cryoprotective solution (15% sucrose in PBS) at 4 ◦C, soaked
in embedding medium, and frozen. Cryosections of 20 µm were obtained in a cryostat
microtome (Leica CM 1900, Charleston, SC, USA), thaw mounted on SuperFrost Plus slides,
air dried, and stored at 20 ◦C.

 

℃

β

β β
− ℃

−β− −

Figure 1. Stereomicroscope images of some embryos and postnatal specimens of Taeniopygia guttata

showing the external morphological changes of the eye. The embryos were staged in accordance with
the developmental stages (St) established by [51]. The optic cup was distinguishable between St15
and St23 (A–D). Pigmentation in the RPE was observed at St25 (E). At St37, the eye was completely
pigmented (F). From St42 until perinatal stages, the eyelids progressively covered the eye (G–J).
Eyelids were closed at P5 (K), but slightly open at P8 (L). Scale bars: 2 mm (A,B); 3 mm (C–E);
6 mm (F); 7 mm (G); 10 mm (H–L).
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Table 1. T. guttata embryos and hatchlings used in the present study.

Stage n Incubation Time (Approximate)

St11 2 54 h
St15 3 66 h
St16 3 3 days
St19 3 3.5 days
St20 3 3.5 days
St24 3 4.5 days
St25 3 5 days
St37 3 8 days
St42 3 11 days
St44 3 13 days
P0 3 14 days
P1 3 15 days
P5 3 19 days
P8 3 22 days

2.2. Toluidine Blue Staining

Morphological analysis of development of cell death was conducted on resin sections
stained with toluidine blue 0.5% and sodium tetraborate 0.5% solution. For this purpose,
slides were put in the colorant at 90 ◦C for 45 s and then rinsed with distilled water. Sections
were mounted with Eukitt (Kindler, Freiburg, Germany).

2.3. Detection of β-Galactosidase Activity

We followed the protocol described by [52]. Cryosections were incubated in 450 µL of
chromogenic SA-β-GAL substrate X-gal (5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside)
in PBS−MgCl2 at pH 6.0 at 37.5 ◦C for 24 h. A blue-green precipitate was developed
by SA−β− GAL-positive cells. Then, sections were washed in PBS −MgCl2 acid buffer
for 10 min. After histochemical reaction, some of the sections were counterstained with
DAPI (Sigma-Aldrich, Madrid, Spain, Ref. D9542) and others were used to perform
immunohistochemical analyses. Slides were rinsed in PBS and mounted with Mowiol
(Polyvinyl alcohol 40–88, Fluka, Madrid, Spain, Ref. 81386).

2.4. Immunohistochemistry

After histochemical analyses to detect β-galactosidase activity, slides were subjected
to an antigen retrieval process with citrate buffer (pH 6) at 90 ◦C or 30 min. Sections
were chilled at RT for 20 min. Slides were washed several times in 0.1% Triton-X-100 in
PBS (PBS-T) and pre-blocked in 0.2% gelatin, 0.25% Triton-X-100, and Lys 0.1M in PBS
(PBS-G-T-L) for 1 h.

Sections were incubated with mouse anti-p21 monoclonal antibody (1:200, Abcam,
Madrid, Spain, ab109199) overnight at RT in a humidified chamber. The day after, slides
were washed several times in PBS-T and PBS-G-T and incubated with Alexa Fluor 488 goat
anti-mouse IgG antibody (1:200, Molecular Probes, Eugene, OR, USA, A11029) for 2 h at
RT in a humidified chamber in darkness. Sections were washed several times in PBS-T and
PBS-G-T in darkness and incubated for 10 min with DAPI at RT, followed by two washes
in PBS. Slides were mounted with Mowiol.

2.5. TUNEL Technique

The TUNEL technique (Tdt-mediated dUTP Nick End Labeling, Sigma-Aldrich,
Madrid, Spain, Cat. No. 11 684 795 910), described by [53], is the histochemical tech-
nique commonly used to detect apoptotic nuclei. Cryosections were washed in PBS for
15 min at RT and incubated in 10 µg/mL of proteinase K in PBS for 10 min at 37 ◦C. The
slides were then washed in PBS and incubated in blocking solution (3% H2O2 in PBS)
for 15 min. Subsequently, sections were washed several times in PBS and then incubated
for 60 min at 37 ◦C with TUNEL reaction mixture, consisting of the enzyme terminal
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deoxynucleotidyl transferase (TdT) and fluorescein-conjugated nucleotides in a reaction
buffer. After rinsing in PBS, sections were incubated in blocking solution (PBS-G-T-L) and
covered with the HRP-conjugated anti-fluorescein antibody solution. The apoptotic nuclei
were visualized using DAB as a chromogen. The sections were then washed thrice in PBS,
dehydrated, and mounted with Eukitt® (Kindler, Freiburg, Germany) for observation. In
control sections in which the enzyme TdT was absent from the reaction solution, no stained
nuclei were observed.

2.6. Quantification of TUNEL-Positive Nuclei

Quantification was performed by counting all TUNEL-positive nuclei in micrographs
of the central region of the retina. The surface area of the retina in digital microphotographs
was measured using the ImageJ free open-source software package (http://rsb.info.nih.
gov/ij/ accessed on 28 January 2021). The density profiles were expressed as the mean ±

sem of the number of apoptotic nuclei per square millimeter (an/mm2). Similar procedures
have been described in the literature [23,34,36]. Statistical analyses were performed using
Student’s two-tailed t-test. Differences between groups were considered as significant (*)
when p < 0.05 and (**) when p < 0.01.

2.7. Image Acquisition and Processing

Toluidine blue-stained, TUNEL, and SA–β–GAL and immunofluorescence sections
were observed with a bright-field and epifluorescence Nikon Eclipse 80i microscope and
photographed using an ultra-high definition Nikon DXM1200F digital camera. Images
were processed with Adobe Photoshop CS4.

3. Results
3.1. Programmed Cell Death in the Developing T. guttata Visual System

In order to identify dying cells in the developing T. guttata visual system, we used some
of the methods for detecting PCD in embryonic tissues [3]. Light microscopy observation
of toluidine blue-stained semi-thin sections revealed pyknotic bodies in the ganglion cell
layer (GCL) and in the inner nuclear layer (INL) of the retinal tissue at the hatching day (P0)
(Figure 2A–D). Cryosections labeled with DAPI staining identified nuclear condensation
in the laminated retina (Figure 2E,E’). Abundant TUNEL-positive nuclei were observed
both in the GCL and in the INL (Figure 2F), but also in other eye tissues, such as the
lens (Figure 2G) where DNA of cells of the equatorial zone breaks down due to nuclear
endodeoxyribonuclease activity [54]. Therefore, PCD was intense and clearly detected in
the developing T. guttata visual system.

The distribution of pyknotic nuclei and TUNEL-positive bodies was carefully exam-
ined from stage 11 (St11), coinciding with the formation of the optic vesicle [48,51], to
postnatal day 8 (P8), the last postnatal stage considered in the present study. Pyknotic
bodies were absent from the optic anlage from St11 to St14 (not shown). At St15, when the
lateral wall of the optic vesicle invaginates to form the optic cup, abundant pyknotic bodies
were found in the central undifferentiated neural retina (Figure 3A,B). Moreover, dead cell
fragments were observed in two groups of neuroepithelial cells located on either side of
the presumptive optic chiasm (Figure 3A,C). Similar areas of cell degeneration have been
described in the chicken embryo, the so-called sub-optic necrotic centers (SONCs) [40,41].
The distribution of PCD was similar at St16 in the neuroretina (Figure 3D–G), but the
presence of pyknotic bodies in the SONCs (Figure 3E–G) increased notably. Furthermore,
pyknotic bodies were also detected in the anterior wall of the lens anlage (Figure 3D).
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’

Figure 2. Programmed cell death in the T. guttata retina detected by using various sensitive methods. (A–D) Transversal
semi-thin section of the P0 retina showing pyknotic bodies with morphological features typical of apoptosis after toluidine
blue staining. (E,E’) Identification of neuronal cell death in the ganglion cell layer (GCL) and in the inner nuclear layer (INL)
(arrowheads) in cryosections of T. guttata retinas at P0 stained with DAPI. (F,G) Eye cryosections of a P0 T. guttata hatchling
showing intense abundant TUNEL-positive bodies in the GCL and INL (arrowheads in (C)) and in the equatorial region of
the lens (arrowheads in (D)). Abbreviations: GCL, ganglion cell layer; INL, inner nuclear layer; IPL, inner plexiform layer;
ONL, outer nuclear layer; OPL, outer plexiform layer. Scale bars: 50 µm (A,E–G), 7 µm (B–D,E’).
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Figure 3. Pyknotic fragments during visual system development in T. guttata. Toluidine blue-stained
semi-thin sections were obtained from the heads of embryos at different stages of development.
Pyknotic bodies were mainly located in the central neural retina ((A), arrows in (B)) and in the
sub-optic necrotic centers (SONCs) (arrowhead in (A), arrows in (C)) at St15 in the early optic cup.
At St16, pyknotic fragments were restricted to the central neural retina, to the anterior wall of the
lens vesicle (arrows in (D)), and to the SONCs (arrowheads in (E), arrows in (F,G)). Abbreviations:
LP, lens placode; LV, lens vesicle; NE, neuroepithelium. Scale bars: 50 µm.

At St19, sparse pyknotic bodies were detected in the anterior wall of the lens vesicle
(Figure 4A). Pyknotic bodies were still detected in the SONCs (Figure 4B,C). The first
differentiating retinal neuroblasts in T. guttata appeared by St24 [48,49]. At this stage,
pyknotic bodies were concentrated in the NbL in a region located dorsally to the optic
nerve head (Figure 4D,E). PCD was also detected in the presumptive retinal pigment
epithelium (pRPE), adjacent to the region of the distal optic nerve (Figure 4F,G). At St25,
pyknotic bodies were concentrated at the level of the distal optic nerve (Figure 4H,I). From
St26 (not shown) to St36, pyknotic bodies were sparsely observed, randomly localized
throughout the NbL (Figure 4J–L).
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Figure 4. Pyknotic bodies during visual system development in T. guttata. Toluidine blue-stained
semi-thin sections were obtained from the heads of embryos at different stages of development.
At E19, pyknotic fragments were mainly detected in the anterior wall of the lens vesicle (arrows in
(A)), but also in the SONCs (arrowhead in (B), arrows in (C)). At St24 (D–G), pyknotic bodies were
concentrated in retinal regions located dorsally to the optic nerve head (arrows in (E)) and in the
presumptive pigment epithelium located surrounding the optic nerve head (arrows in (G)). At St25
(H,I), abundant pyknotic fragments were detected in the dorsal region of the distal optic nerve
(arrows in (I)). Pyknotic bodies were sparse and dispersed throughout the neuroblastic layer (NbL)
by St32 (arrow in (J)), St34 (arrows in (K)), and St 36 (arrow in (L)). Abbreviations: LV, lens vesicle;
NbL, neuroblastic layer; NE, neuroepithelium; pRPE, presumptive retinal pigment epithelium. Scale
bars: 50 µm.

At St37, scattered TUNEL-positive nuclei were found dispersed throughout the NbL
(Figure 5A), similar to the distribution of pyknotic nuclei described from St26 to St36. At
St42, retinal stratification was evident, and a few TUNEL-positive nuclei were observed in
the GCL and in the INL (Figures 5B and 6). The incidence of cell death rose significantly in
the GCL between St42 and St44 (Figures 5C and 6) (2 days before hatching), reaching the
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highest values in this layer by this stage (Figure 6). At P0, the density of TUNEL-positive
nuclei in the GCL diminished (Figures 5D and 6), but increased significantly in the INL,
reaching a peak at P5 (Figures 5E and 6). At P8, the last stage analyzed, there was a high
incidence of cell death in the INL (Figures 5F and 6), but TUNEL-positive nuclei almost
disappeared from the GCL (Figure 5F), reaching values close to 0 in this layer (Figure 6).

 

Figure 5. Spatial distribution of TUNEL-positive nuclei in the developing retina of T. guttata. Retinal
cryosections of embryos and postnatal specimens were treated in accordance with this histochemical
technique. Sparse randomly distributed TUNEL-positive nuclei were detected in the NbL at St37
(double arrowheads in (A)). At St42, sparse TUNEL-positive nuclei were detected both in the GCL
(arrowhead in (B)) and in the INL (double arrowheads in (B)). TUNEL-positive nuclei were mainly
detected in the GCL at St44 (arrowheads in (B)), but also in the INL (double arrowhead in (C)).
TUNEL-positive nuclei progressively diminished from P0 to P8 in the GCL (arrowheads in (D,E)),
but they increased markedly from P0 to P5 in the INL (double arrowheads in (D,E)). At P8, TUNEL-
positive nuclei in the INL were less abundant than observed at previous stages (double arrowheads
in (F)). Abbreviations: GCL, ganglion cell layer; INL, inner nuclear layer; IPL, inner plexiform layer;
NbL, neuroblastic layer; ONL, outer nuclear layer; OPL, outer plexiform layer. Scale bars: 50 µm.
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Figure 6. Quantitative analysis of the density of TUNEL-positive nuclei during T. guttata retinal histogenesis. The incidence
of cell death rose significantly in the GCL between St42 and St44, reaching the highest values in this layer by this latter stage.
From P0 onwards, the density of TUNEL-positive nuclei in the GCL diminished progressively. The INL contained a low
density of TUNEL-positive nuclei between St42 and St44. A significant increase in the density of TUNEL-positive nuclei
was observed at P0, reaching a maximum at P5. At P8, there was a high incidence of cell death in the INL. Abbreviations:
an/mm2, apoptotic nuclei per square millimeter; GCL, ganglion cell layer; INL, inner nuclear layer. Asterisks correspond to
p values; * p < 0.05 and ** p < 0.01.

At late embryonic stages (St44) (Figure 7A,B) and at P0 (Figure 7C–F), TUNEL-labeling
was occasionally detected in the cell somata and in fine processes of radially oriented cells
with an apparent intact healthy morphology (Figure 7A–D). Some of the vitreal TUNEL-
positive processes form endfeet that seemed to be anchored to the inner limiting membrane
ILM (Figure 7A,B). In semi-thin sections, pyknotic bodies were found radially aligned in
the cytoplasm of cell processes (Figure 7E,F).

Finally, it is important to note that cell death was completely absent from the ONL
during all the embryonic stages and postnatal ages analyzed. Furthermore, the chrono-
topographical distribution of TUNEL-positive nuclei in the developing T. guttata retinal
tissue from St42 onwards followed central-to-peripheral and vitreal-to-scleral gradients,
in concordance with the gradients of cell differentiation described in this altricial bird
species [48,55].
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Figure 7. Spatial distribution of TUNEL-positive elements in the developing retina of T. guttata.
Retinal cryosections of embryos (St44: (A,B)) and newly hatched chicks (P0: (C,D)) were treated in
accordance with this histochemical technique. Elongated cell somata located in the INL (arrowheads
in (A,C,D)) and fine processes (arrows in (B–E)) of radially oriented cells were diffusely labeled with
this technique. Occasionally, TUNEL-positive Müller cell endfeet were labeled in the vitreal surface
of the retina (double arrowheads in (A,B)). Semi-thin sections treated according to the toluidine
blue technique revealed small pyknotic bodies within the cytoplasm of Müller cells (arrows in (E,F)).
Abbreviations: GCL, ganglion cell layer; INL, inner nuclear layer; IPL, inner plexiform layer; ONL,
outer nuclear layer; OPL, outer plexiform layer. Scale bars: 50 µm in (A,C); 10 µm in (B,D–F).

3.2. Senescence Markers in the Developing T. guttata Visual System

Retinal cryosections of zebra finch embryos and hatchlings were stained with SA-β-
GAL histochemistry and examined for the appearance of positively stained cells. At St34,
the vitreal-most region and the scleral surface of the central NbL appeared faintly stained
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with SA-β-GAL histochemistry (Figure 8A,B). In contrast, SA-β-GAL staining was mainly
detected in the scleral region of the peripheral rim of the retina (Figure 8C,D). The staining
pattern of SA-β-GAL changed with the appearance of plexiform layers. At St43, SA-β-GAL
labeling was mainly detected in the GCL, amacrine cell layer, and horizontal cell layer
(Figure 8E,F). Double labeling with antibodies against p21 (inhibitor of cyclin-dependent
kinases), which has been demonstrated to be overexpressed in senescent cells during
embryonic development [1,2,4], showed a strong parallelism between the SA-β-GAL signal
and p21 immunoreactivity (Figure 8E–G). The same staining patterns were detected in the
retina of T. guttata hatchlings (Figure 8H–J).

β

β β

β β

β

β

β

β
β

Figure 8. Distribution of SA-β-GAL labeling and p21 immunoreactivity in retinal cryosections of
embryos (A–G) and post-hatched specimens (H–J) of T. guttata. All sections were counterstained
with DAPI. DAPI staining showed that at St34, the retinal tissue comprised an NbL (A,C). SA-β-GAL
activity presented two bands of labeling located in the vitreal and scleral regions of the NbL in
the central retina (B), but in a single band located sclerally in the peripheral retina (D). At St43
and P7, DAPI staining revealed the central retina to present a multi-laminated structure (E,H).
SA-β-GAL activity was mainly detected in the GCL, amacrine cell layer, horizontal cell layer, and
photoreceptor cell layer (F,I). The p21 immunosignal was highly coincident with SA-β-GAL staining
(G,J). Abbreviations: acl, amacrine cell layer; GCL, ganglion cell layer; hcl, horizontal cell layer; INL,
inner nuclear layer; IPL, inner plexiform layer; NbL, neuroblastic layer; ONL, outer nuclear layer;
OPL, outer plexiform layer. Scale bars: 50 µm.

These staining patterns of cell senescence markers were homogeneous throughout the
GCL, amacrine, and horizontal cell layers. Furthermore, TUNEL-positive bodies in the
horizontal cell layer were almost absent. Therefore, PCD and senescence markers did not
correlate in the developing bird retina.

4. Discussion

We have presented details of the distribution of pyknotic bodies and TUNEL-positive
nuclei during development of the visual system in the altricial bird species T. guttata.
Previous work in our laboratory has shown that these are effective methods for the de-
tection of dying cells in the developing visual system of vertebrates (for a review, see [3]).
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To the best of our knowledge, the present study provides the first description of the spa-
tiotemporal distribution of dying cells in an altricial bird species. Furthermore, in order
to find any possible coincidence between apoptotic and senescent cells in the developing
visual system, we also labeled retinal cryosections with SA-β-GAL histochemistry and p21
immunohistochemistry. All the results will be discussed below.

4.1. Cell Death during Early Visual System Morphogenesis in T. guttata

During optic cup stages, abundant pyknotic bodies were found in the central region of
the neural retina, coinciding with previous results described in the chicken [32,33,35] and
in the mouse [30,31,35]. This wave of PCD may be involved in shaping the optic cup [3].

With respect to the T. guttata lens vesicle, pyknotic bodies appeared during detachment
of this structure from the head ectoderm, coinciding with results described in all vertebrates
studied [19,27,31,56,57]. In this case, cell death seems to be involved in eliminating cells
in the interface between the ectoderm and lens tissue, facilitating the separation of the
lens vesicle.

Finally, abundant pyknotic nuclei were detected in the SONCs, areas of intense cell de-
generation located laterally to the ventral midline of the diencephalon in the chicken [40,41]
and in the mouse [31]. SONCs were detected between St15 and St20. This wave of cell death
preceded the arrival of ganglion cell axons at the presumptive optic chiasm and therefore
seems to be involved in the invasion of pioneer axons in this region of the visual system.

4.2. Cell Death during the Period of Cell Differentiation in the T. guttata Retina

At St24 (E4.5), coinciding with the appearance of the first differentiated neuroblasts in
the T. guttata retinal tissue [49], pyknotic nuclei were found in the central retina, dorsally to
the optic nerve head. At this stage, cell death affects mainly some proliferating neuroep-
ithelial cells and recent newborn neuroblasts, coinciding with the emergence of the pioneer
ganglion cell axons [33,36–38]. This wave of cell death (known as “early neural cell death”)
could be involved in the creation of extracellular channels that facilitate axonal guidance
during early stages of ganglion cell differentiation (for reviews, see [3,58]).

An area of cell death was also detected by St25 in the distal optic nerve, at the junction
of this structure with the rudiment of the eye. A similar area of degeneration has been
described in the small-spotted catshark, Scyliorhynus canicula [19], at stages prior to the
invasion of the ganglion cell axons. Neurotrophic cell death affected differentiated neurons
in the layered T. guttata retina. The emergence of the plexiform layers occurred between
St38 (E8.5) and St39 (E9) [48], but the presence of TUNEL-positive bodies was sparse until
St42 (E11). At St44 (E13), the incidence of cell death in the GCL increased abruptly, reaching
a peak by this stage. In contrast, the maximum of cell death density in the INL was reached
at P5, indicating a vitreal-to-scleral progression of cell death, similar to the vitreal-to-scleral
wave of cell differentiation described in this bird species [48,49].

These results also reveal marked differences in the timing of visual system maturation
between altricial and precocial bird species (Figure 9). Neurotrophic cell death in the GCL
occurs in the quail in the period E8–E14, peaking at E10 [39], while in the chicken, it takes
place in the period E8–E15, also peaking at E10 [34]. In contrast, dying ganglion cells are
detected in T. guttata from embryonic stages (St42–E10.5) to a post-hatching period (P8),
peaking at St44 (E12). In the case of the INL, cell death extends from E8 to P1 in the quail,
peaking at E12 [39], and from E8 to E19 in the chicken, peaking at E11 [34]. In the present
study, we have shown that cell death in the INL is detected from St42 (E10.5) to at least P8,
the last stage analyzed in the present study, peaking at P5. Therefore, the highest incidence
of cell death in the T. guttata INL occurred in the post-hatching period, suggesting that
most of the synapses established between retinal cells located in this nuclear layer occur
during the first week of life. This is a very interesting finding which suggests that, during
early post-hatching life, the retinal tissue is still immature and is unable to process the light
information it receives.
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Figure 9. Schematic summary of the chronological patterns and the intensity of neurotrophic cell death in the developing
retina of G. gallus [34], C. coturnix [39], and T. guttata (present study). Neurotrophic cell death occurred in the altricial bird at
perinatal stages and extended through the first week of life. In contrast, it was restricted to the embryonic period in both
of the precocial species. Color codes: white (absence of cell death); light gray (low levels of cell death density) (+); gray
(moderate levels of cell death density) (++); dark gray (high levels of cell death density) (+++).

Previous studies in our laboratory have shown that mitotic activity is intense during
the first postnatal week in the retina of this altricial species [50], reinforcing the idea of the
immature state of this tissue during early life. Indeed, T. guttata hatchlings open their eyes
at P7 [59], coinciding with a decrease in the incidence of cell death in the retina.

These differences in the timing of ontogenetic cell death between altricial and precocial
species have been found in all vertebrates studied. The main waves of cell death occur dur-
ing the embryonic period in precocial fish [16,19], reptiles [23–25], and birds [33,34,39,40].
In contrast, cell death takes place mainly after hatching/birth in altricial fish [18], birds
(present study), and most of the mammals studied [26,29,31,55].

4.3. TUNEL Labeling in the Cytoplasm of Radially Oriented Cells

Diffuse TUNEL-labeling was also found in the cytoplasm of cells that have a bipolar
morphology in the radial plane. Their somas were located at the center of the INL, from
which radially oriented processes emerge to span the thickness of the neuroretina. Similar
results have been described in the developing retina of fish [19], reptiles [23], birds [14],
and mammals [60]. Similar staining following retinal injury has also been described in
the retina of fish [61–63] and mammals [64,65]. These radially oriented TUNEL-positive
cells were also GS-immunoreactive [62,63,65,66]. The morphology and immunochemical
profiles of these labeled cells coincided with those described for Müller cells [67]. Müller
glia possess phagocytic activity to remove degenerating cells during development or
under experimental conditions (reviewed in [66]). This cytoplasmic labeling is due to the
engulfment of TUNEL-positive cell debris by the phagocytic Müller cells.

4.4. Senescence Markers in the Developing Retina of T. guttata

Cellular senescence occurs in different embryonic tissues during restricted time win-
dows, in most cases contributing to degeneration of the interdigital mesoderm [4,6],
pronephros [9], mesonephros [1], and developing heart [7] or inner ear [12–14] struc-
tures. SA-β-GAL histochemistry is widely used as a biomarker of cellular senescence
in vivo and in vitro [42], even in whole-mount embryos [1,2,4,7,9,11]. Most of these works
report that SA-β-GAL labeling strongly correlates with areas of cell death. The developing
visual system of vertebrates is also affected by several waves of cell death (for a review,
see [3]), which we also detected in the T. guttata visual system (see above). However, we

52



Cells 2021, 10, 504

found no correlation of the labeling pattern of SA-β-GAL activity with the TUNEL-positive
nuclei detected in the developing retina, in concordance with previous results obtained
in the developing chicken retina [43,44]. In this sense, we clearly demonstrated that SA-β-
GAL activity was restricted to several subpopulations of differentiated neurons (ganglion,
amacrine, and horizontal cells) in the embryonic T. guttata retina.

Furthermore, the establishment of the state of cell senescence in embryos is associ-
ated with the expression of anti-proliferative mediators, such as p21 that seems to act
independently of p53 [1,2]. It has been described that p21 expression in mouse embryos
strongly correlates with known locations of developmental senescence [68]. In the present
study, p21 immunoreactivity faithfully correlates with SA-β-GAL labeling, similar to results
described in the developing chicken eye [43,44]. Therefore, the present work has clearly
shown that the expression of typical senescence markers, including SA-β-GAL and p21,
in the developing bird retina is up-regulated in subpopulations of differentiated neurons.
Notably, both markers have been found to be highly expressed by the first differentiating
retinal neurons in the chicken [43,44]. These data indicate that senescence is not the only
developmental event that can increase SA-β-GAL activity and p21 expression in embry-
onic tissues. Senescent cells and differentiated retinal neurons share a common biological
feature—they are in a characteristic non-proliferative state. Therefore, SA-β-GAL activity
and p21 could be involved in distinct biological phenomena such as cell senescence and
terminal cell differentiation of neurons. In this sense, typical senescence markers have been
found to be associated with cell differentiation in the developing tendons [6] and the ma-
turing ventricular myocardium of embryonic mice [7]. However, the possible relationship
between the mechanistic events involved in cell senescence and terminal cell differentiation
remains to be clarified.

5. Conclusions

Relative to precocial bird species, in altricial species, some aspects of brain maturation
such as telencephalic neurogenesis are delayed into the post-hatching period [69–73].
Retinal neurogenesis is intense in altricial birds at hatching [48,49] and during the first
week of life [50]. Furthermore, it has been demonstrated [74] that the formation of some
retinal structures, the foveal pit in particular, is delayed until the second week of life
(P10–P14). In the present study, we have demonstrated that there is intense ontogenetic cell
death in the retina of the hatched animals. Thus, T. guttata constitutes an excellent model
in which to study retinal development events during the first weeks of life.
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Abstract: This is a cross-sectional, prospective study of a population of black diabetic participants
without diabetic retinopathy aimed to investigate optical coherence tomography angiography (OCTA)
characteristics and correlations with systemic diseases in this population. These parameters could
serve as novel biomarkers for microvascular complications; especially in black populations which
are more vulnerable to diabetic microvascular complications. Linear mixed models were used to
obtain OCTA mean values ± standard deviation and analyze statistical correlations to systemic
diseases. Variables showing significance on univariate mixed model analysis were further analyzed
with multivariate mixed models. 92 eyes of 52 black adult subjects were included. After multivariate
analysis; signal strength intensity (SSI) and heart disease had statistical correlations to superficial
capillary plexus vessel density in our population. SSI and smoking status had statistical correlations
to deep capillary plexus vessel density in a univariate analysis that persisted in part of the imaging
subset in a multivariate analysis. Hyperlipidemia; hypertension; smoking status and pack-years;
diabetes duration; creatinine; glomerular filtration rate; total cholesterol; hemoglobin A1C; and
albumin-to-creatinine ratio were not significantly associated with any OCTA measurement in multi-
variate analysis. Our findings suggest that OCTA measures may serve as valuable biomarkers to
track systemic vascular functioning in diabetes mellitus in black patients.

Keywords: diabetes mellitus; retinopathy; microvascular; complication; optical coherence tomogra-
phy; angiography; black; African-American; systemic disease; biomarker

1. Introduction

Diabetes mellitus (DM) is the most common metabolic disorder worldwide and affects
an estimated 463 million people worldwide and 34.2 million people in the United States
(U.S.)—about 10.5% of the U.S. population [1,2]. Furthermore, epidemiological studies
demonstrate higher rates of DM in non-Hispanic black populations, as well as a higher risk
of microvascular complications of DM including nephropathy progressing to end-stage
renal disease (ESRD) and diabetic retinopathy (DR) compared to white populations in the
U.S [3–5].

DR is the leading cause of blindness between the ages of 20–74 in the U.S. [6]. Changes
in retinal microvascular structure associated with DR include pericyte and endothelial
cell loss, decreased perfusion, and ultimately ischemia which leads to upregulation of
pro-angiogenic factors (such as vascular endothelial growth factor [VEGF]) and subsequent
neovascularization [7]. These changes are reflected throughout the rest of the body as well,
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which explains the strong association between DR and other microvascular complications
of diabetes such as nephropathy and neuropathy [8]. In addition, recent studies have corre-
lated microvascular complications in diabetics (including DR) with generalized vascular
dysfunction and an increased risk of cardiovascular disease and all-cause mortality [9],
independent of other risk factors such as diabetes duration, glycemic control, smoking,
and lipid profile [10].

Optical coherence tomography angiography (OCTA) has added more precise nonin-
vasive methods of analyzing retinal vasculature in recent years. OCTA allows researchers
to analyze quantitative parameters such as superficial capillary plexus vessel density (SCP
VD), deep capillary plexus vessel density (DCP VD), foveal avascular zone (FAZ) area,
acircularity index (AI), and vascular length density (VLD) [11]. Using OCTA analysis,
diabetics without DR have been shown to have decreased superficial and deep retinal
VD in the parafoveal area, increased nonperfusion, and increased FAZ area compared to
healthy subjects [7,12–15]. Moreover, evaluation of these changes using OCTA analysis
can help predict an increased risk for progression of DR and development of diabetic
macular edema (DME) [16], and worsening of these changes ultimately leads to poorer
visual outcomes [14,17–20].

Differences between races on OCTA analysis have also been identified, as prior studies
from our group have suggested that black populations may have decreased macular
capillary vasculature at baseline compared to white populations even in the absence of
systemic disease [21]. To date, limited data has been published regarding changes in retinal
microvasculature in black subjects with diabetes and how these changes may correlate
with systemic biomarkers. In this study, OCTA was used to analyze retinal vasculature and
study correlations between retinal microvascular environment characteristics and systemic
diseases in black adults with DM but without DR to help establish microvascular changes
that correlate with systemic diseases in this population. These parameters could serve as a
novel biomarker for microvascular complications especially in the black populations that
are more vulnerable to diabetic microvascular complications.

2. Materials and Methods

This prospective, single-center, cross-sectional study of participants was approved
by the Institutional Review Board of the University of Chicago (IRB #17-0170). All study
protocols adhered to the tenets of the Declaration of Helsinki. The study conformed to the
Health Insurance Portability and Accountability Act of 1996 regulations. The study was
conducted between 1 February 2017 and 23 January 2019. All subjects provided informed,
written consent.

2.1. Participants

Subjects were recruited at a single center, large, academic retinal practice at the
University of Chicago Eye Clinic. These patients were established clinic patients that had
been diagnosed with diabetes mellitus and had a recent dilated fundus exam and evaluation
by a retina specialist that confirmed no evidence of DR. Inclusion criteria included age over
18 years, history of diabetes mellitus (type 1 or 2), and self-identification of black/African-
American ethnicity. Exclusion criteria included diabetic retinopathy, medical conditions
outside the variables listed in the study that would compromise microvasculature, and
ocular conditions or ocular surgical history that would compromise image quality or
retinal microvasculature. A history of systemic disease was treated as a binary variable
(i.e., the subject either had or did not have the disease). Furthermore, many patients
were currently being treated with pharmacologic agents (e.g., insulin, oral hypoglycemics,
statins, antihypertensives, etc.). Subjects were prospectively consented for additional
OCTA imaging using Optovue RTVue XR Avanti 2017.1 (3 × 3 mm macula cube) for further
evaluation of retinal vasculature. All subjects were properly informed of the risks and
benefits of additional imaging procedures, as well as the use of subsequent data gained from
these imaging procedures. Chart review for demographic information, clinical information
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(history of other diagnoses including presence of hypertension, hyperlipidemia, heart
disease [defined as past medical history including heart failure, coronary artery disease,
and/or myocardial infarction], and smoking status), ocular history, and relevant laboratory
values (creatinine, estimated glomerular filtration rate [GFR], albumin-to-creatinine ratio
[ACR], total cholesterol, hemoglobin A1c [HbA1c]) of subjects was performed. Only images
with a signal strength intensity (SSI) ≥0.5 were used in the analysis.

2.2. OCTA Imaging

Images were obtained using the Optovue RTVue XR Avanti (Optovue Inc, Fremont,
CA, USA Version 2017.1) with the AngioRetina mode (3 × 3 mm macular cube). Each image
was made up of 304 clusters of repeated B-scans containing 304 A-scans, and the images
were automatically segmented. AngioAnalytics software was used to analyze retinal
vascular parameters after IRB approval. The software set the superficial capillary plexus
(SCP) at the inner limiting membrane (ILM) and 9µm above the IPL (inner plexiform layer);
the deep capillary plexus (DCP) was set between 9µm above the IPL and 9 µm below the
outer plexiform layer (OPL).The superficial whole image was the entire 3 × 3 mm macular
cube above the DCP. The parafoveal area was a 1–3 mm annulus surrounding the central
fovea (see Figure 1). The FAZ (foveal avascular zone, in mm2) at the level of the SCP and
DCP was manually measured with the built-in software. The acircularity index (AI) was
defined as the ratio of the perimeter of the FAZ to the perimeter of a circle with equal
area [22,23]. The foveal vascular length density (FD-300 LD) was determined as vessel
density within a ring of a width of 300 µm surrounding the FAZ. The foveal vascular area
density in the 300-µm ring (FD-300 AD) was calculated by dividing the number of vessel
pixels by the total number of pixels then multiplied by 100%. The threshold for signal
strength intensity (SSI) was set at ≥50 based on previous studies [24–26].

–

Figure 1. OCTA Software. Optovue RTVue XR Avanti 2017.1 (3 × 3 mm macula cube) software was
used to analyze retinal microvasculature. Figure 1a represents superficial capillary plexus en-face
image with 1mm and 3 mm rings surrounding fovea (blue). Figure 1b represents an image of the
deep capillary plexus with 1–3 mm annulus representing the parafoveal region (transparent blue
annulus). Figure 1c represents foveal avascular zone (FAZ) with marked perimeter (inner yellow
circle) surrounded by 300 µm ring (outer yellow circle) used to calculate foveal vascular length
density (FD300-LD) and foveal vascular area density (FD300-AD).
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2.3. Vessel Density Analysis

Vessel Density (VD) measurements were automatically generated by the software. It
represents the percentage of pixels in the 3 × 3 mm macular scan that correspond to blood
vessels that were automatically calculated. Within the 3 × 3 mm macular scan, there was
an annulus of concentric circles of 1mm and 3mm diameters, with the inner circle defined
as the fovea and the parafovea defined as the ring between the two circles.

2.4. Statistical Analysis

Statistical analysis was performed using Stata13 (College Station, TX: StataCorp LP).
To control for 2 eyes of the same patient, linear mixed models were used to obtain OCTA
marginal means values ± standard deviation. Variables showing significant correlation
with OCTA values on univariate mixed model analysis (p < 0.05) were analyzed with
mixed-effects multivariate models, also controlling for 2 eyes of the same patient.

3. Results

92 eyes of 52 black adult subjects with DM were included in this study. 12 eyes were
excluded from the study for meeting exclusion criteria for only one eye (signal strength
intensity <0.5, ocular conditions that would affect microvasculature unilaterally but are
unrelated to the study variables, and/or past ocular surgical history of the excluded
eye). The mean age was 57.89 ± 15.85 (20.6–88.2 years, p = 0.1537). Most subjects were
female (75%) and all the patients identified as black/African-American. Additional patient
demographics and mean lab values are included in Table 1.

Table 1. Patient Demographics and Clinical Characteristics.

Subjects (n = 52)

Baseline criteria
Female gender, n (%) 39 (75)
DM, years, mean (SD) 8.79 (7.29)

Former or current smoker, n (%) 25 (48)
Pack-years, mean (SD) 6.11 (9.16)
Hyperlipidemia, n (%) 18 (35)

Hypertension, n (%) 31 (60)
Heart Disease, n (%) 11 (21)

Lab Values
Creatinine [Cr] (SD) 0.89 (0.31)

Glomerular Filtration Rate [GFR] (SD) 78.15 (19.63)
Albumin-to-Cr Ratio [ACR] (SD) 186.33 (460.49)

Total Cholesterol (SD) 197.71 (157.06)
HbA1c (SD) 7.64 (1.98)

The mean SSI was 65.06 ± 8.17. The mean superficial vessel density was 43.41 ± 5.13%
in the whole image and 46.27 ± 5.39% in the parafovea. The mean deep vessel density was
48.71 ± 4.64% in the whole image and 51.23 ± 4.66% in the parafovea. The mean FAZ area
was 0.34 ± 0.13 mm2. Additional measurements are included in Table 2.
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Table 2. Vessel Density in Superficial and Deep Vascular Capillary Plexus and FAZ measurements.

Vessel Density (n = 92 Eyes)

SSI 65.06 ± 8.17
Superficial vessel density (%)

Whole image 43.41 ± 5.13
Parafovea 46.27 ± 5.39

Deep vessel density (%)
Whole image 48.71 ± 4.64

Parafovea 51.23 ± 4.66
FAZ

FAZ area (mm2) 0.34 ± 0.13
Perimeter (mm) 2.35 ± 0.48

Acircularity index [AI] 1.16 ± 0.08
FD-300 area density (%) 48.41 ± 7.05

FD-300 length density (%) 15.38 ± 3.82

In the univariate mixed effect model for superficial whole image, age, SSI, heart
disease, and Cr were statistically significant (age: −0.162, p < 0.001; SSI: 0.427, p < 0.001;
heart disease: −3.536, p = 0.022; Cr: −5.198, p = 0.017) (Table 3a). The univariate analysis
of the superficial parafovea had the same statistically significant variables (age: −0.15,
p < 0.001, SSI: 0.45, p < 0.001, heart disease: −3.50, p = 0.028, Cr: −5.18, p = 0.018).

In the multivariate analyses for the superficial whole image VD and superficial
parafovea, SSI and heart disease were statistically significantly correlated with VD. In
the superficial parafovea, SSI had a positive association (0.40, p < 0.001), while having heart
disease was negative (−2.82, p = 0.019) (Table 3b).

SSI and smoking status were significantly associated with the deep whole image VD
(SSI: 0.182, p = 0.002, smoking status: −2.841, p = 0.011, respectively). In the multivariate
analysis, only SSI remains statistically significant (0.154, p = 0.011).

SSI and smoking status were significantly associated with deep parafoveal VD (0.14,
p = 0.017; −2.6, p = 0.022, respectively). Through the multivariate model, none of the
clinical factors studied were significant in the deep parafoveal VD.

FAZ area was significantly associated with Cr (−0.131, p = 0.015), and FAZ perimeter
with pack-years of smoking in univariate analysis (0.018, p = 0.008). Both FAZ acircularity
index and FD300-AD were associated with SSI in multivariate analysis (−0.005, p < 0.001;
0.491, p < 0.001, respectively). SSI and heart disease were shown to be statistically associated
in the multivariate analysis for FD300-LD (SSI: 0.293, p < 0.001; heart disease: −1.943,
p = 0.049).

Hyperlipidemia, hypertension, smoking status, pack-years, DM duration, Cr, GFR,
total cholesterol, HbA1C, and albumin-to-Cr ratio (ACR) were not significantly associated
with any OCTA measurement in multivariate analysis.
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Table 3. (a) Results of Univariate Analysis. Correlation coefficients are provided for all parameters and variables. Values that are bolded are statistically significant (p < 0.05) and the
95% confidence interval is provided. (b) Results of Multivariate Analysis. Correlation coefficients are provided for all parameters and variables. Values that are bolded are statistically
significant (p < 0.05) and the 95% confidence interval is provided. Variables and parameters that did not have multiple statistically significant variables in the univariate analysis were not
included in this table.

(a)

Variables Superficial Whole
Image Superficial Parafovea Deep Whole Image Deep Parafovea FAZ Area Perimeter Acircularity Index FD300 Area Density FD300 Length Density

Age −0.162 (−0.238
to −0.086)

−0.153 (−0.23
to −0.07) −0.073 −0.06 0.001 0.005 0.001 (0.000 to 0.002) −0.213 (−0.311

to −0.116)
−0.146 (−0.199

to −0.092)

SSI 0.427 (0.332 to 0.523) 0.454 (0.350 to 0.560) 0.182 (0.068 to 0.297) 0.142 (0.030 to 0.260) 0.001 0.000 −0.003 (−0.005
to −0.002) 0.521 (0.376 to 0.666) 0.342 (0.273 to 0.410)

Hyperlipidemia 0.260 0.46 1.869 2.12 0.013 0.040 −0.014 1.297 0.326

Hypertension 1.017 1.33 −1.715 −1.72 0.022 0.068 −0.011 1.301 0.343

Heart disease −3.536 (−6.563
to −0.509)

−3.498 (−6.563
to −0.509) −1.392 −0.71 0.045 0.197 0.014 −4.365 (−8.350

to −0.379)
−3.264 (−5.514

to −1.015)

Current smoker −1.859 −1.72 −2.841 (−5.021
to −0.660)

−2.600 (−4.830
to −0.370) 0.038 0.222 0.053 (−0.005

to −0.002)
−3.321(−6.641

to −0.002)
−2.500 (−4.409 to

−0.591)

Pack years −0.069 −0.07 −0.087 −0.06 0.004 0.018 (0.005 to 0.032) 0.003 (0.000 to 0.005) −0.047 −0.071

DM duration −0.057 −0.06 0.005 0.02 0.004 0.013 0.000 0.036 −0.015

Cr −5.198 (−9.459
to −0.937)

−5.184 (−9.480
to −0.890) −3.597 −3.76 −0.131 (−0.238

to −0.025) −0.362 0.058 (0.001 to 0.115) −6.371 (−12.178
to −0.565)

−3.750 (−7.255 to
−0.244)

GFR 0.072 (0.004 to 0.140) 0.07 0.051 0.05 0.001 0.003 −0.001 0.101 (0.007 to 0.195) 0.064 (0.008 to 0.120)

Total cholesterol −0.001 0.00 0.004 0.00 0.000 −0.001 0.001 −0.001 0.001

HbA1C −0.142 −0.18 0.299 0.40 0.013 0.030 −0.007 0.716 0.342

ACR 0.002 0.00 0.002 0.00 0.000 0.000 0.000 0.001 0.002

(b)

Variables Superficial Whole
Image Superficial Parafovea Deep Whole Image Deep Parafovea Acircularity Index FD300 Area Density FD300 Length Density

Age −0.001 0.052 −0.001 −0.016 −0.007

SSI 0.403 (0.278 to 0.527) 0.475 (0.350 to 0.60) 0.154 (0.036 to 0.272) 0.115 −0.005 (0.007
to −0.002) 0.491 (0.274 to 0.708) 0.293 (0.197 to 0.389)

Heart disease −2.819 (−5.531
to −0.424)

−2.795(−5.200
to −0.390) −3.176 −1.944 (−4.561

to −0.0535)

Current smoker −2.118 −2.053 −0.059 −0.503 −0.823

Pack years 0.001

Cr −4.459 −2.577 0.012 −3.382 −0.472

GFR −0.039 −0.025 −0.001
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4. Discussion

In this study, we analyzed the retinal vasculature of black subjects with DM without
DR and analyzed correlations to systemic diseases. After multivariate analysis, SSI and
heart disease had statistically significant correlations to SCP VD in our population.

SSI and smoking status had statistical correlations to DCP VD in a univariate analysis
that persisted in at least part of the imaging subset (e.g., deep whole image) in a multivariate
analysis. None of the variables studied were associated with changes in deep parafoveal
VD in a multivariate model of analysis.

In addition, none of the variables analyzed were statistically associated with FAZ area
in a multivariate analysis, and SSI was the only variable that was significantly correlated
with AI, FD300-AD, and FD300-LD.

Several of our results support previously published research, which is discussed below.

4.1. Age

Our study demonstrated a statistical correlation between age and decreased SCP
VD on whole image and parafoveal imaging techniques in a univariate analysis, but
these correlations were not shown to be statistically significant in a multivariate analysis.
Additionally, only univariate analysis correlations were present between age and AI, FD300-
AD, and FD300-LD, and none of these were statistically significant on multivariate analysis.

Prior studies have shown that age is correlated with decreased retinal capillary den-
sity in healthy subjects [27–30], including black populations [31]. Additionally, healthy
black subjects have shown to have an increased FAZ area at baseline compared to white
subjects [21,32], and diabetic patients have also been shown to have an increased FAZ
area compared to non-diabetic patients even in the absence of diabetic retinopathy [13,15].
Based on this prior data, we know that black populations as well as diabetic populations
have baseline structural differences in retinal microvasculature compared to subjects of
other ethnicities and non-diabetics. Our data suggests that these structural differences
in black diabetic populations may make the retinal microvasculature less susceptible to
age-related changes. However, while our study included subjects with ages of 20–88 years,
most of our population were middle-aged, and we may not have had statistical power to
detect true correlations between age and OCTA changes as we had only a few individuals
that fell towards the extremes of this age range.

4.2. Signal Strength Intensity

Signal strength was shown to be positively correlated with VD in our study in many
subsections of OCTA analysis, including superficial whole image VD, superficial whole
VD, superficial parafoveal VD, deep whole image VD, FD300-AD and FD300-LD in a
multivariate analysis. Furthermore, our study showed a weak negative correlation between
SSI and AI.

Yu et al. found on two OCTA platforms that VD measurements decreased linearly
with decreasing signal strength with high statistical significance [30]. Similarly, Lim et al.
found that VD, perfusion density (PD), and FAZ area significantly increased with increased
signal strength [24]. In addition, Czakó et al. demonstrated that repeatability of OCTA
metrics in diabetic populations are significantly affected by reduced signal strength [33].

The weak negative correlation with acircularity may have been related to processing
of data, as vessels in images with less signal strength may have registered with the software
as being more tortuous, and therefore deviating more from the circle of equal area that
the software uses to calculate AI, due to projection artifacts associated with decreased
signal strength.

Similar to conclusions suggested by prior authors [24,30,33,34], our results highlight
the importance of using high-quality images with a high level of signal strength when
interpreting OCTA metrics, including black diabetic populations.

63



Cells 2021, 10, 551

4.3. Heart Disease

In a multivariate analysis, our study demonstrated that heart disease was negatively
correlated with SCP VD in whole image and parafoveal regions, and was the strongest
correlation we found of the variables studied. This supports the results of prior research
regarding OCTA metrics and associations with heart disease in other populations.

Multiple prior studies have correlated retinal vessel atherosclerosis and/or reduced
vessel diameter with increased incidence of coronary artery disease and risk of death
secondary to coronary events and stroke [35–38]. The methods of analysis used in these
studies was direct visualization of retinal vasculature by examiners or analysis of fun-
dus photographs.

Limited data is available regarding the role of OCTA analysis in correlating quanti-
tative changes in retinal microvasculature to heart disease; however, Wang et al. studied
an Asian cohort of 316 subjects and compared coronary artery disease (CAD) patients
to healthy controls. Their results showed that CAD patients had reduced retinal vessel
density, choroidal vessel density, and flow area, and the authors concluded that OCTA may
be a noninvasive strategy for identifying high-risk early stage CAD individuals that may
benefit from further examination or cardiac procedures. Furthermore, they proposed that
the mechanisms responsible for these microvascular changes are likely similar to those seen
in larger vessels contributing to CAD, including atherosclerotic changes to the vessel walls
that result in thickening and stenosis. Their study found that vessel density was directly
correlated with Gensini score, which is a well-established weighted grading system of
coronary artery stenosis that grades based on which coronary arteries are stenotic (left main
coronary artery [LMCA] carrying the most weight, followed by left anterior descending
branch [LAD], left circumflex coronary artery [LCX], etc.), and found that SCP VD and
DCP VD, as well as choroidal capillary vessel density, was directly correlated to Gensini
score. In other words, a greater degree of retinal and choroidal vessel density loss was
present in those patients which had LMCA stenosis, followed by LAD and LCX stenosis,
which correlates well to severity of coronary artery disease [39].

Our results support the results of Wang et al., and suggest that similar findings, at
least in the superficial retinal vasculature layer, are found in not only an Asian population,
but also the black diabetic population of our study. This provides further support that
OCTA parameters may be an under-utilized tool in screening patients for early stage CAD
that may warrant further evaluation.

4.4. Creatinine (Cr), Estimated Glomerular filtration Rate (eGFR), and Albumin-to-Creatinine Ratio

Creatinine was negatively associated with SCP VD, FAZ area, and FD300-AD, FD300-
LD, and weakly positively associated with increased AI in a univariate analysis, but
none of these associations were found to persist in a multivariate analysis. eGFR was
positively associated with FD300-AD and FD300-LD in a univariate analysis but not in a
multivariate analysis.

Some prior studies of Chinese populations have shown that higher creatinine level is
associated with decreased retinal vessel density [34] and lower eGFR is associated with
increased FAZ size in diabetic populations [15], while other studies with similar populations
failed to show any similar correlations [14,40]. While microvascular complications of
diabetes such as nephropathy are more common in black diabetic populations [3–5], our
population likely included diabetics with relatively mild microvascular complications as
demonstrated by their lack of retinopathy on exam and low average creatinine. Further
studies of OCTA parameters including black diabetic patients with DR and more severe
kidney dysfunction may better elucidate further correlations.

4.5. Smoking Status and Smoking Pack-Years

Current smoking status was negatively correlated with DCP VD in the whole image
and parafoveal image analysis in our study in a univariate analysis but failed to show
a correlation in a multivariate analysis. Additionally, our results showed a positive cor-
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relation with AI, and a negative correlation in FD300-AD and FD300-LD in a univariate
analysis. Additionally, pack-years smoking was positively correlated with FAZ perimeter
in a univariate analysis. However, none of these changes were statistically significant on
multivariate analysis.

Lee et al. found that current smoking status was associated with decreased DCP VD
but not SCP VD reduction in a diabetic population [15]. These results align with other
studies that have shown decreased blood flow [41] and reduced retinal capillary density
in smoking diabetic populations [42]. Our study population had a relatively low number
of former or current smokers (25/52), which may be the reason that smoking status was
not correlated to OCTA parameters analysis and we may not have had adequate statistical
power to detect these correlations in the multivariate analysis and was not identified in
the univariate.

4.6. HbA1C and Diabetes Duration

Our study did not show any statistical associations in OCTA parameters with HbA1c
level and diabetes duration in either univariate or multivariate analysis. Prior studies in
Chinese and African American diabetic populations also failed to show correlations with
HbA1c (26, 36), although diabetes duration was correlated with reduced capillary vessel
density on OCTA in a previous study of diabetic African-American subjects [31]. Our
results, at least in part, highlight the multi-factorial nature of diabetes. While previous
studies have shown that the risk of diabetic retinopathy increases with higher HbA1c
levels and longer diabetes duration, especially in racial/ethnic minorities [3], our data may
suggest that those eyes that do not exhibit clinical signs of disease also do not seem to have
sub-clinical OCTA parameter changes correlated to glycemic control. It is possible that
some eyes respond more robustly to changes in glycemic control (and therefore develop
clinical retinopathy), while eyes such as the ones that were used in our study are less
affected and may be more tolerant to these changes, even at the level of detail detectable
by OCTA analysis. More data is needed to explain the mechanisms responsible for the
differing response severity in these patients.

4.7. Other Variables (Hypertension, Hyperlipidemia, Total Cholesterol)

Our results did not show any correlations between OCTA parameters and hyper-
tension, hyperlipidemia, or total cholesterol in either univariate or multivariate analysis.
Limited previously published data is available for these variables with similar character-
istics to our patient population, which makes these results difficult to compare to prior
research. Changes in microvascular structure of the choriocapillaris on OCTA has been
associated with hypertension in a Japanese study population [43], and hypertension has
been shown to be associated with lower VD in diabetic patients [15] as well as otherwise
healthy individuals [44] in Korean populations. Furthermore, lower VD has been asso-
ciated with dyslipidemia in populations in South Korea [15] and Singapore [42]. These
results highlight the need for analyzing OCTA parameters in diverse patient populations,
as these changes may be due to ethnic differences among these populations or may simply
be due to inter-study variability.

4.8. Limitations

Firstly, our population was a relatively small and homogenous population at a single-
center academic retinal practice in Chicago, IL. The subject recruitment in the study was
limited to available subjects that met inclusion and exclusion criteria in our single-center
practice. Due to lack of normative OCTA vascular data for this patient population, upon
which we could draw an estimated effect size, formal power calculations were not possible
for this study. However, we believe our data serves as a starting point for future studies
that investigate the establishment of normative OCTA databases in this population, and we
acknowledge that we cannot claim with certainty that the differences found in this study
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would be applicable to a broader population. In the future, a larger study could potentially
identify additional factors associated with OCTA parameters.

We decided to narrow our population to black diabetic subjects as the black population
remains underrepresented in scientific literature [45] despite microvascular complications
of diabetes being more prevalent in this population [3–5]. Previous studies have shown that
young black patients without systemic disease have differences in OCTA parameters [21],
which is why we focused on black patients with diabetes. Studying patients without
retinopathy prevented retinal hemorrhage, cysts, or exudates from influencing OCTA
parameters. This pilot study can help aid in the design for future studies in this patient
population and ensure less bias is introduced in the interpretation of OCTA parameters and
association in retinal disease burden. That being said, a larger data set from more subjects
over a larger and more diverse geographical area would help add statistical power to the
results found in this study. Similarly, future studies including both comparison groups of
additional ethnicities and black patients without diabetes would further aid in establishing
the effect of race/ethnicity in OCTA measurements.

Secondly, a potential confounder of any study comparing OCTA parameters to other
previously published research is that OCTA analysis methods have been shown to lack
interchangeability with one another [46]. This makes interpretation of data difficult, as
inter-study variability exists in methods used for imaging and post-imaging processing
and analysis. To an extent, this unfortunately also limits the uses of normative databases
until a standard method of OCTA analysis is widely adopted.

Thirdly, a confounder that is inherent to studies using OCTA is the role of axial length
in OCTA parameter analysis. Previous studies have shown that axial length has been
shown to affect vessel density and FAZ area [14,28], but unfortunately not widely adopted
and verified magnification correction factor has been developed to date, so this variable is
difficult to correct. Unfortunately, axial length data was not available for analysis for our
subset of patients, so conclusions drawn from our data could potentially be skewed by a
non-gaussian distribution of axial lengths among our population.

Lastly, as described above, systemic diseases other than diabetes were treated as binary
variables upon chart review, and we did not further stratify based on disease duration,
severity of disease, and use of pharmacologic treatment agents. Hypertension, for example,
has varying degrees of severity, and long-standing uncontrolled severe hypertension is
likely much more damaging to microvasculature than milder cases of disease. Ultimately,
more data is needed to further stratify whether these correlations persist if these diseases
are diagnosed early and well-controlled.

5. Conclusions

Our findings suggest that OCTA measures may serve as valuable biomarkers in black
patients to track systemic vascular functioning in DM and underscore the importance of
working towards establishing normative databases that represent diverse populations.
Clinically, these findings suggest OCTA may be helpful in identifying microvascular char-
acteristics that may guide the physician to refer these patients for closer monitoring of other
systemic diseases, such as heart disease. Furthermore, our data reflects that the presence
of systemic diseases have correlations with baseline OCTA parameters in black diabetic
populations. This highlights that baseline ethnic characteristics of study participants as
well as the presence of systemic diseases need to be considered when analyzing OCTA
imaging, especially when being used for research purposes. Further studies including
larger sample size of patients with systemic diseases from diverse racial backgrounds
are needed to further delineate the correlations of systemic vascular status with retinal
microvascular environment and their involvement in retinal microvascular diseases.
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Abstract: The effects of early (5-day) onset of diabetes mellitus (DM) on retina ultrastructure and
cellular bioenergetics were examined. The retinas of streptozotocin-induced diabetic rats were
compared to those of non-diabetic rats using light and transmission electron microscopy. Tissue
localization of glucagon-like-peptide-1 (GLP-1), exendin-4 (EXE-4), and catalase (CAT) in non-diabetic
and diabetic rat retinas was conducted using immunohistochemistry, while the retinal and plasma
concentration of GLP-1, EXE-4, and CAT were measured with ELISA. Lipid profiles and kidney
and liver function markers were measured from the blood of non-diabetic and diabetic rats with an
automated biochemical analyzer. Oxygen consumption was monitored using a phosphorescence
analyzer, and the adenosine triphosphate (ATP) level was determined using the Enliten ATP assay kit.
Blood glucose and cholesterol levels were significantly higher in diabetic rats compared to control.
The number of degenerated photoreceptor cells was significantly higher in the diabetic rat retina.
Tissue levels of EXE-4, GLP-1 and CAT were significantly (p = 0.002) higher in diabetic rat retina
compared to non-diabetic controls. Retinal cellular respiration was 50% higher (p = 0.004) in diabetic
(0.53 ± 0.16 µM O2 min−1 mg−1, n = 10) than in non-diabetic rats (0.35 ± 0.07 µM O2 min−1 mg−1,
n = 11). Retinal cellular ATP was 76% higher (p = 0.077) in diabetic (205 ± 113 pmol mg−1, n = 10) than
in non-diabetic rats (116 ± 99 pmol mg−1, n = 12). Thus, acute (5-day) or early onslaught of diabetes-
induced hyperglycemia increased incretins and antioxidant levels and oxidative phosphorylation. All
of these events could transiently preserve retinal function during the early phase of the progression
of diabetes.

Keywords: diabetes; retinopathy; antioxidants; bioenergetics; respiration; ATP; glucagon-like
peptide-1; exendin-4; catalase; immunohistochemistry; electron microscopy

1. Introduction

Diabetes mellitus (DM) is associated with impaired cellular bioenergetics, and its
metabolic derangements are known to contribute to the development of retinopathy [1–3].
The degeneration of mitochondria in diabetic retina is evident in several studies, but
measurements of retinal cellular bioenergetics have been limited [4,5].

Catalase (CAT) and other novel antioxidants, such as glucagon-like peptide-1 (GLP-1)
and exendin-4 (EXE-4; a natural GLP-1 analog) are used as cytoprotective agents for the
prevention and treatment of diabetic retinopathy [6,7]. The relevance of these incretins to
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cellular bioenergetics in diabetic retinal disease, however, remains unknown. In one study,
EXE-4 was shown to improve oxygen consumption in adipocytes [8].

GLP-1 is a peptide produced by enteroendocrine L cells of the intestinal mucosa [9].
This hormone stimulates pancreatic beta cells and inhibits pancreatic alpha cells; thus, it
lowers blood glucose by increasing insulin release and decreasing glucagon production.
Although GLP-1 receptors are found predominantly in pancreatic islet cells, they are present
in other organs as well, including the retina [10,11]. Importantly, the downregulation of
GLP-1 receptors in the retinal pigment epithelium (RPE) causes cellular degeneration by
the induction of apoptosis [12]. It remains to be seen, however, whether this cytoprotective
activity of GLP-1 signaling could also improve mitochondrial function, especially in retinas
affected by acute or early onset of DM.

EXE-4 occurs naturally and contains 39 amino acids. It was first isolated from the
saliva of a giant lizard (gila monster), known as Heloderma suspectum. EXE-4 is an incretin
that shares some similarities with GLP-1 [13]. EXE-4 has been shown to lower retinal
inflammation by decreasing nuclear factor-κB (NF-κB) activation and leukocyte infiltra-
tion [14]. Other studies have also shown that EXE-4 lowers the intercellular adhesion
molecule 1 (ICAM-1), the vascular cell adhesion protein 1 (VCAM-1), the receptor for
advanced glycation end products (RAGE) and the placental growth factor (PGF) [15,16].
Hernández et al. have shown that local injections of GLP-1 or its analogs inhibit apoptosis
and improve the function of retinal neurons [6]. Zhang et al. reported similar effects after
injecting EXE-4 into the vitreous body of diabetic rats [17,18]. One study has shown a
decrease in glucose-induced hydrogen peroxide in human and murine retinas following
the administration of CAT [19]. In another study, oxidative stress-induced apoptosis was
ameliorated by CAT [20].

A sudden increase in the blood glucose level, as seen in postprandial hyperglycemia
has been shown to contribute to oxidative stress leading to many blood vessel-associated
complications of DM, such as diabetic retinopathy [21]. These complications are even more
pronounced in the presence of fluctuating blood levels of glucose [22]. The rodent model of
experimental DM had a very high level of glucose in the first few weeks after the induction
of DM [23].

Based on these results, we hypothesize that the retinal level of cytoprotective molecules
such as incretins and CAT will increase in acute (early, 5-day) onset of DM to mitigate
the sudden increase in hyperglycemia-induced oxidative stress. We also hypothesize that
retinal bioenergetics will also increase.

In this study, we examined the distribution of incretins (GLP-1, EXE-4) and CAT (a
representative member of endogenous antioxidants) in the retina of diabetic rats and exam-
ined whether incretins colocalize with endogenous antioxidants. In addition, we examined
retinal ultrastructure and cellular bioenergetics after a sudden onset of hyperglycemia.

2. Materials and Methods
2.1. Experimental Animals

Twenty-four male Wistar rats (Harlan Laboratories, Oxon, UK) weighing approxi-
mately 272 g (3-month-old) were used for the study. The reason for including only male rats
was to rule out the effects of hormones released during the estrous cycle. The experimental
rats were bred and kept in plastic cages in a climate-controlled animal facility (23 ± 1 ◦C;
50 ± 4% humidity) with a 12 h day/12 h night daily cycle. Rodent chow and water were
given ad libitum.

2.2. Induction of Diabetes

Diabetes was induced in twelve rats by streptozotocin (Sigma-Aldrich Chemical
Co., St. Louis, MO, USA; administered intraperitoneally at 60 mg/kg body weight) and
monitored with a One Touch Ultra 2 Glucometer® (Life scan Inc., Milpitas, CA, USA). Rats
with a blood glucose ≥250 mg/dL 5 days after streptozotocin injection were used for the
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study. The weights were taken at the beginning and end (after 5 days) of the experiment
using a laboratory scale (Sartorius, Goettingen, Germany).

2.3. Retina Retrieval for Immunohistochemistry and Transmission Electron Microscopy

The central part of the retina was rapidly excised from the left globe of 6 control and
6 diabetic rats (normal, n = 6; diabetic, n = 6), washed in phosphate-buffered saline (PBS),
and fixed in McDowell’s solution for transmission electron microscopy and Zamboni’s
solution for light microscopy as previously described [24,25]. Briefly, immediately fol-
lowing euthanasia (ether) and decapitation (guillotine), the eyes were removed in toto,
placed on a paraffin wax-coated petri-dish filled with ice-cold PBS, and pinned down to
paraffin wax via the surrounding connective tissue. The cornea was carefully excised at the
corneo-scleral junction, and the lens and vitreous humor were removed to expose the retina.
The trimming of the central portion of the retina was performed in the respective fixative
(Zamboni or McDowell). The left eye was chosen for the light and electron microscopy
methods while the right eye was set aside for the bioenergetics study. This method was
also used to minimize the number of animals used for the different aspects of the study.

2.4. Retina Retrieval for Bioenergetics Experiments

Whole retinal extracts of the oculus dexter from twelve normal and twelve diabetic
rats (normal n = 12, diabetic n = 12) were used for the bioenergetics experiments. In order to
maintain the structure and intactness of the tissue, a retinal retrieval process was completed
in less than 5 min. Briefly, immediately after ether anesthesia, the oculi were completely
extracted and placed on a paraffin wax-filled petri-dish topped with ice-cold PBS. The eyes
were pinned to the paraffin wax. The retinas were carefully extracted after the removal
of the cornea, lens, and the vitreous humor. The entire retina from the right eye was then
removed and transferred into a O2-measuring glass vial containing 1 mL of Pd II phosphor
solution (see section on cellular mitochondrial oxygen consumption and ATP content). The
retinas were kept in the Pd II phosphor solution as soon as they were peeled off from the
eye and were weighed using OHAUS microbalance (OHAUS Europe GmbH, Nänikon,
Switzerland). The right eye was chosen to maintain consistency between animals and
morphological and bioenergetics methods. All experiments including the bioenergetics
experiments were conducted during the day.

2.5. Immunohistochemistry

Retina specimens were washed thoroughly in PBS (pH 7.2) and fixed at 4 ◦C overnight
in Zamboni’s solution [24]. The samples were then dehydrated in ascending concentrations
of alcohol, cleared in xylene, and embedded in paraffin wax. Six µm-thick sections were
cut and processed as previously described [24].

To determine whether EXE-4 or GLP-1 is co-localized with CAT, sections were incu-
bated with antibodies against EXE-4 and CAT or GLP-1 and CAT before immune-labelling
with tetramethylrhodamine isothiocyanate (TRITC)- or fluorescein isothiocyanate (FITC)-
conjugated secondary antibodies [24,26]. Briefly, de-paraffinized retina sections were rinsed
in PBS and immersed in 1% bovine serum albumin (BSA) for 30 min at 25 ◦C. Retina sec-
tions were immersed with either goat GLP-1 (Cat #: H-028-13) or EXE-4 polyclonal (Cat #:
H-070-94; dilution, 1:200) antibodies (Phoenix Pharmaceuticals, 330 Beach Rd, Burlingame,
CA, USA; 1:200) overnight at 4 ◦C. The sections were then incubated for 24 h at 4 ◦C with
pre-diluted mouse anti-CAT antibodies (Abcam, 330 Cambridge Science Park, Cambridge,
UK; Cat #: ab209211) after labeling GLP-1 and EXE-4 immunobinding sites with Goat
Anti-Rabbit IgG H&L (TRITC) (Abcam Cat #: ab6718; Dilution: 1:100) in an overnight
incubation at 4 ◦C. Immunoreactive tissue sites for CAT were identified with Fluorescein
(FITC) AffiniPure Donkey Anti-Mouse IgG (H+L) (Jackson ImmunoResearch Laboratories,
Inc., 872 West Baltimore Pike, West Grove, PA, USA; Dilution: 1:100,) (Table 1). The sections
were cover-slipped using Immunomount® (Shandon, Pittsburgh, PA, USA), and were
examined with a Nikon Eclipse Ni fluorescent microscope (Nikon Instruments Europe BV,
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Tripolis 100, Burgerweeshuispad 101, Amsterdam, The Netherlands). Image acquisition
parameters were identical in both non-diabetic and diabetic rats. The intensity of the
fluorescence was quantified using Image J Software (NIH, Bethesda, MD, USA).

Table 1. List of primary and secondary antibodies used for immunohistochemistry.

# Antibody Source Type Cat No. Dilution Manufacturer

1 GLP-1 Rabbit Polyclonal H-028-13 1:200
Phoenix Pharmaceuticals Inc.

Burlingame, CA, USA

2 EXE-4 Rabbit Polyclonal H-070-94 1:200
Phoenix Pharmaceuticals Inc.

Burlingame, CA, USA

3 Catalase Mouse Monoclonal ab209211 1:200
Abcam, Cambridge, MA,

USA

4
TRITC-conjugated

secondary antibody
Goat Polyclonal ab6718 1:100

Abcam, Cambridge, MA,
USA

5
FITC-conjugated

secondary antibody
Donkey Monoclonal 715-095-150 1:100

Jackson ImmunoResearch
Laboratories, Europe Ltd.

(Ely, Cambridgeshire, UK)

2.6. Morphometric Analysis

The measurement of fluorescence intensity was performed using Image J software
(NIH, Bethesda, MD, USA). The intensity of the signal was averaged over all the layers per
field. Ten images were analyzed for each group (diabetic and non-diabetic rats).

2.7. Transmission Electron Microscopy

Retina samples (6 control and 6 diabetic retinas) taken from the central part of the
left eye were dehydrated in ascending concentrations of ethanol, and were embedded
in Epon resin (Agar Scientific, Essex, UK). Embedded capsules were polymerized with
ultraviolet light (360–365 nm) overnight at 25 ◦C in a TAAB ultraviolet chamber [27].
Semi-thin sections were cut after the blocks were trimmed with a razor blade. Ultra-thin
sections (95 nm each) were also made and were mounted onto carbon-formvar-coated
200-mesh Nickel grids using a Reichert Ultracuts ultramicrotome (Leica, Microsystems
GmbH, Vienna, Austria). Contrast staining was performed with 2% uranyl acetate and
lead citrate, for 15 and 7 min, respectively [27]. The sections were viewed with a Philips
CM10 transmission electron microscope (Philips, Amsterdam, The Netherlands).

2.8. Blood Biochemistry

One week after streptozotocin injection, rat blood (~3 mL) was collected from the infe-
rior vena cava into BD Vacutainer® Plus (Becton, Dickinson and Company, Franklin Lakes,
NJ, USA) tubes (six rats per group). The samples were spun for 10 min at 3000 revolutions
per minute, and the serum was stored at −80 ◦C. Glucose, triglycerides, total cholesterol,
low-density lipoprotein (LDL), cholesterol, high-density lipoprotein (HDL), cholesterol,
total protein, aspartate aminotransferase (AST), alanine aminotransferase (ALT), creatinine,
and blood urea nitrogen (BUN) were measured using a COBAS III automated biochemical
analyzer (Roche Diagnostics, Mannheim, Germany).

2.9. Measurements of Incretins and Catalase in the Retina and Plasma

For the enzyme-linked immunosorbent assay (ELISA) of EXE-4 and GLP-1, pre-
weighed (using OHAUS microbalance), whole retina samples (n = 6 for diabetic; and
n = 6 for non-diabetic rats) were homogenized in PBS, using a Janke & Kunkel Ultra Turrax
t25 homogenizer (Freiburg, Baden-Württemberg, Germany). EXE-4 (Heloderma suspectum)
was measured using the ELISA kit EK-070-94 (Phoenix Pharmaceuticals Inc., Burlingame,
CA, USA), which had a sensitivity of 0.08 ng/mL (range, 0.08–0.86 ng/mL) and cross
reacted only with EXE-4. GLP-1 measurements were performed as per the manufacturer’s
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protocol (GLP-1—Sigma Aldrich RAB0201). The sensitivity of the assay was 1.17 pg/mL,
the intra-assay coefficient of variation (CV) was <10%, and the inter-assay CV was <15%.
The reagents did not cross-react with similar cytokines. The plasma of the corresponding
rats was used for plasma EXE-4 and GLP-1 ELISA measurements. The measurement of CAT
activity was performed using a colorimetric method. The measurement was performed
according to the protocol provided with the commercial kit (Cayman Chemical, Ann Arbor,
MI, USA).

2.10. Cellular Mitochondrial Oxygen Consumption and ATP Content

The rate of cellular respiration in the whole retina was determined using a phospho-
rescence O2 analyzer as previously described [28]. The Pd (II) derivative of meso-tetra-(4-
sulfonatophenyl)-tetrabenzoporphyrin was used, with an absorption maximum at 625 nm
and a phosphorescence emission maximum at 800 nm (Porphyrin Products, Logan, UT,
USA). The measurements were performed at 37 ◦C in closed 1 mL vials containing the Pd
phosphor solution. The Pd phosphor solution was prepared daily, kept on ice, and was
warmed to 37 ◦C prior to use. Briefly, whole retinas were rapidly excised and immediately
immersed in an oxygen-measuring glass vial containing 1 mL PBS (with or without 5 mM
glucose), 3 µM Pd phosphor, and 0.5% fat-free albumin. The vials were sealed with crimp-
top aluminum seals. The mixing was performed with the aid of parylene-coated stirring
bars. The samples were exposed to a diode array emitting pulse light (OTL630A-5-10- 66-E,
Opto Technology, Inc., Wheeling, IL, USA). Captured emissions were recorded using a
Hamamatsu photomultiplier tube after passing through a wide-band interference filter
centered at 800 nm. The amplified phosphorescence was digitized at 1–2 MHz using an ana-
log/digital converter (PCI-DAS 4020/12 I/O Board) with 1 to 20 MHz outputs (Computer
Boards, Mansfield, MA, USA). The instrument was calibrated using the glucose oxidase
system, as previously described [28]. Cellular respiration was inhibited with the addition
of 10 mM sodium cyanide (CN), ensuring that oxidation occurred in the respiratory chain
only. The addition of glucose oxidase (which catalyzes the reaction D-glucose + O2 →

D-glucono-δ-lactone + H2O2) depleted residual O2 in the solution. The phosphorescence
oxygen analyzer was used instead of other technologies, such as microelectrodes and the
Seahorse XFe24 Analyzer, because of the ease of the runs, the constancy of the probe, and
the low-cost.

To measure cellular ATP, small retina fragments were rapidly collected and immedi-
ately immersed in 1.0 mL ice-cold 2% trichloroacetic acid (prepared daily). The samples
were homogenized by vigorous vortexing, and were centrifuged at −8 ◦C at 16,873 g for
10 min. The supernatants were stored at −80 ◦C in small aliquots until the analysis. Fifty µL
of the cellular acid extracts were then thawed on ice and neutralized with 50 µL of 100 mM
Tris-acetate and 2 mM ethylenediaminetetraacetic acid (pH 7.75). The measurements used
the Enliten ATP Assay System (Bioluminescence Detection Kit, Promega, Madison, WI,
USA). The luminescence reaction contained 5 µL of the neutralized acid-soluble super-
natant and 45 µL of the luciferin/luciferase reagent. The luminescence intensity was
measured at 25 ◦C using the Glomax Luminometer (Promega, Madison, WI, USA). The
standard ATP concentration curve was linear (10 pM to 100 nM, R2 > 0.9999).

2.11. Statistical Analysis

The analyses (including means and standard deviations) were performed using the
SPSS statistical package (Version 20). The Mann–Whitney (non-parametric, 2 independent
variables) test was used to compare the two groups of samples. A p-value of <0.05 was
considered statistically significant.
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3. Results
3.1. Metabolic Parameters and Blood Chemistry

The weight of the animals decreased significantly after the onset of acute or early 5-day)
diabetes; however, the blood glucose level rose markedly to a high level of 26.6 ± 2.2 mmol/L.
This is a significant rise of blood glucose compared to that of the normal control
(4.0 ± 0.4 mmol/L). In addition, the blood levels of triglycerides and total cholesterol were
significantly higher compared to the control at this stage of early hyperglycemia-associated
DM. The kidney lesion markers also rose markedly in diabetic rats compared to the controls
(Table 2).

Table 2. Body weight and serum biomarkers in non-diabetic and diabetic rats.

Non-Diabetic Diabetic p

Weight, g 272 ± 11 221 ± 11 <0.0002

Glucose, mmol/L 4.0 ± 0.4 26.6 ± 2.2 <0.0001

Triglycerides, mmol/L 0.6 ± 0.2 1.7 ± 0.6 <0.001

Total cholesterol, mmol/L 0.9 ± 0.1 1.2 ± 0.3 <0.03

LDL, mmol/L 0.1 ± 0.0 0.1 ± 0.1 <0.5

HDL, mmol/L 0.7 ± 0.1 0.9 ± 0.5 <0.42

Total protein, g/L 60 ± 5 55 ± 11 <0.43

AST, U/L 86 ± 20 98 ± 20 <0.34

ALT, U/L 48 ± 11 63 ± 19 <0.11

Creatinine, µmol/L 27 ± 3 41 ± 15 <0.04

BUN, mmol/L 9 ± 1 12 ± 2 <0.04
Values are mean ± SD (n = 6 for each group). The measurements were performed five days after streptozotocin
injection. LDL, low-density lipoprotein; HDL, high-density lipoprotein; AST, aspartate aminotransferase; ALT,
alanine aminotransferase; BUN, blood urea nitrogen. Statistically significant p-values are in bold.

3.2. Transmission Electron Microscopy of the Retina (TEM)

The TEM showed degeneration of the photoreceptor layer of the retina 5 days af-
ter the induction of DM. The degeneration was prominent in the outer segments of the
photoreceptor layer where the discs and photoreceptor proteins are located. In addition,
the degeneration of the cells in the outer nuclear layer, containing the cell bodies of pho-
toreceptor cells, was also conspicuous in the diabetic rat retina compared to those of the
non-diabetic rats (Figure 1). The degeneration of photoreceptor mitochondria was also
observed (Figure S1).
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Figure 1. Representative transmission electron micrographs of the retina of non-diabetic (a,c) and diabetic (b,d) rats.
Micrographs (a,b) are representatives of the outer segment (OS), the external limiting membrane and part of the outer
nuclear layer of the photoreceptor layer. Micrographs (c,d) are representatives of the outer nuclear layer of the retina. The
outer segment of the photoreceptor layer (OS) is significantly thinner in the diabetic rat retina (b). The degeneration of
cells of the outer nuclear layer is also conspicuous in the diabetic rat retina ((d), arrows); n = 6 independent experiments. n,
nucleus in the outer nuclear layer; asterisk = outer segment, op = outer plexiform layer. Scale bar = 5 µm. (e) shows the
morphometric analysis of the number of degenerated photoreceptor cell bodies in the control versus in the diabetic rat
retina. ** p < 0.05 (control versus diabetic).

3.3. Expression of Incretins and Catalase in the Diabetic Rat Retina

Immunofluorescence studies (Figure 2) and enzyme-linked immunosorbent assays
were then performed to investigate the EXE-4, GLP-1, and CAT contents in the retinas of
both normal and diabetic rats. These molecules have previously been shown to protect
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against the development of diabetic retinopathy. Their proposed mode of action is to
intercept reactive oxygen species, which are increased in diabetes. As shown, both EXE-4
and GLP-1 were slightly, but not significantly, overexpressed in the retina of diabetic rats,
most notably in the outer segment of photoreceptor cells (Figure 2A,B). These incretins
co-localized with CAT in the rat retina layers (Figure 2A–C).

 

Figure 2. (A) Immunofluorescence images of Extendin (EXE-4) (a,d), catalase (CAT) (b,e) and merged signals (c,f) in the
retina of non-diabetic (a–c) and diabetic (d–f) rats. (B) Immunofluorescence images of GLP-1 (a,d), CAT (b,e) and merged
signals (c,f) in the retina of non-diabetic (a–c) and diabetic (d–f) rats. Scale bar = 25 µm. Note that EXE-4 and GLP-1
colocalize with CAT (merged signals (c,f)). (C) Dot plot of the total fluorescent intensities of experiments (A,B), respectively,
using Image J software (NIH, Bethesda, MA, USA). Filled symbols are non-diabetic retinas and unfilled symbols are diabetic
retinas (number of independent measurements = 4–7). The value of p is based on non-parametric, 2 independent samples
(Mann–Whitney) test. The horizontal lines represent the mean. os = outer segment of photoreceptor cells; g = ganglion cell
layer of retina.

3.4. Retinal and Plasma Levels of Incretins and Catalase in Normal and Diabetic Rats

Using the ELISA method, we measured the retina and plasma concentrations of EXE-4
and GLP-1 to determine whether the levels of these molecules changed after the onset of
acute (early) diabetes. Consistent with these immunofluorescence findings, the protein
levels in the retinas of diabetic rats were also significantly higher than in the retinas of
non-diabetic rats (p = 0.004, Figure 3A). Their plasma protein levels were slightly, but not
significantly higher in diabetic rats compared to the control rats (Figure 3B). The colorimet-
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ric method showed that the retinal and plasma levels of CAT increased significantly after
an early (5-day) onset of diabetes when compared to normal controls (Figure 3C).

− −

Figure 3. Enzyme-linked immunosorbent (ELISA) assays of EXE-4 and GLP-1 in the retina (A) and plasma (B) of non-
diabetic retinas (filled circles) and diabetic retinas (unfilled circles); number of independent measurements = 3–6). (C)
Retinal and plasma concentration of catalase (CAT). The value of p is based on non-parametric, 2 independent samples
(Mann–Whitney) test. The horizontal lines represent the mean. Thus, the levels of incretins are significantly higher in the
retinas of diabetic rats. Note that the retinal and plasma concentration of CAT is significantly higher in the plasma and
diabetic rat retinas compared to controls.
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3.5. Retinal Cellular Respiration and ATP Content

The observed ultrastructural changes in the photoreceptor cell layer (Figure 1) and
the overexpression of incretins and catalase in diabetic rat retinas prompted the following
functional oxidative phosphorylation studies. The oxygen consumption in the fragments of
the retina was investigated as shown in Figure 4A–E. Briefly, the reaction mixture contained
retinal fragments suspended in 1.0 mL of phosphate-buffered saline (PBS) in a sealed glass
vial with and without added glucose, as described in the Methods section. The dissolved
oxygen in the vial decreased linearly with time, indicating a zero-order kinetic process
(Figure 4A). The zero-order rate constant (kc, in µM O2 min−1 mg−1) in ‘PBS + glucose’
was 0.58 and in ‘PBS + glucose oxidase’ (which depletes extracellular glucose) was 0.43
(25% lower). Thus, the bulk of the metabolic fuel that supplied retinal cellular respiration
was endogenous (Figure 4A). The addition of sodium cyanide completely inhibited O2
consumption, confirming that the oxidation occurred only in the mitochondrial respiratory
chain (Figure 4B–E). It is important to note that respiration was observed in the cornea
fragment (Figure 4E), demonstrating that cellular respiration could also be elicited in other
ocular tissues.

We then examined the rate of cellular respiration in non-diabetic and diabetic rat
retinas (Figure 5A,B). As shown, cellular respiration was 50% higher (p = 0.004) in the
diabetic rat retinas (0.53 ± 0.16 µM O2 min−1 mg−1, n = 10) compared to non-diabetic rat
retinas (0.35 ± 0.07 µM O2 min−1 mg−1, n = 11). Cellular ATP content was also 76% higher
(p = 0.077) in diabetic rat retinas (205 ± 113 pmol mg−1, n = 10) compared to non-diabetic
rat retinas (116 ± 99 pmol mg−1, n = 12), as can be seen in Figure 5B. Thus, the cellular
bioenergetics were increased but not at statistically significant levels in diabetic rat retinas
compared to non-diabetic controls.

− −

− −

−

−
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Figure 4. Cont.
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Figure 4. Cont.
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Figure 4. Cont.
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Figure 4. Retina specimens were processed for measurements of O2 consumption in sealed vials at 37 ◦C, as described
in the Methods section. Representative experimental runs are shown. The rate of cellular respiration (k, µM O2 min−1)
was set as the negative of the slope of [O2] vs. time. The values of kc (µM O2 min−1 mg−1) are shown at the bottom of
each run. (A) Retinal cellular respiration in phosphate-buffered saline (PBS) supplemented with 5.0 mM glucose or 5.0 µg
glucose oxidase (depletes extracellular glucose). Glucose or glucose oxidase were added on two separate samples (two
separate conditions). (B–D) Retinal cellular respiration showing a complete inhibition of O2 consumption with the addition
of sodium cyanide (CN), confirming that oxidation occurred only in the mitochondrial respiratory chain. The addition
of ‘glucose + glucose oxidase’ resulted in a rapid depletion of glucose in the media. In (B), the run was in PBS alone; i.e.,
cellular respiration was driven by endogenous nutrients. At minute 39, CN was added, halting cellular respiration by
inhibiting complex IV of the respiratory chain, cytochrome oxidase. To validate this conclusion, glucose oxidase and glucose
were then added successively, as shown. As a result, the enzyme glucose oxidase catalyzed the reaction: D-glucose + O2

→ D-glucono-δ-lactone + H2O2; thus, the remaining oxygen was depleted in the solution. In (C), the addition of glucose
oxidase followed by glucose near the end of the run demonstrated that the halt of oxygen consumption after the addition of
CN occurred in the presence of oxygen. The presence of both glucose oxidase and glucose rapidly depleted the remaining
oxygen in the solution. (E) Corneal cellular respiration in Roswell Park Memorial Institute (RPMI) cell growth media
with the addition of 5.0 µg glucose oxidase is shown. (E) shows the outcome of a control experiment, validating viable
tissues such as the cornea, immediately following an eye removal surgery (i.e., before the removal of the retina). As cellular
respiration was measured immediately after tissue extraction, the remaining experiments were confined to the retina.
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A 

Figure 5. Cont.
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−

− −

B 

Figure 5. Representative, independent experimental runs of cellular respiration performed on individual non-diabetic and
diabetic rat retinas followed by a summary of all results. (A) The rate of cellular respiration (k, µM O2 min−1) was set as the
negative of the slope of [O2] vs. time. The values of kc (µM O2 min−1 mg−1) are shown at the bottom of each run. These
runs (in PBS + 5 mM glucose) compared cellular respiration between diabetic and non-diabetic tissues. (B) Summary of all
results, including retinal cellular ATP measurements (coupled processes). It is evident that the values of kc between the
diabetic and non-diabetic tissues are overlapping.

4. Discussion

In our study, the acute (early) onslaught of diabetes-induced hyperglycemia induced
structural degeneration in the diabetic rat retina. This phenomenon is shown here to
be associated with incretin and CAT overexpression, and with increased mitochondrial
oxidative phosphorylation. Ultrastructural degeneration of the photoreceptor cell may
damage the mitochondria of the diabetic rat retina thereby enhancing the overall process
of cellular bioenergetics, possibly by attracting other compensatory mechanisms.

A profound degeneration of the photoreceptor discs was observed after 5 days of the
induction of diabetes. These findings are in agreement with the observation of Énzsöly
et al., who stated that the outer segment of the photoreceptor layer is most susceptible to
diabetes-induced changes in the retina [1]. This implies that some structures within the
retina are especially sensitive to the adverse effects of diabetes. Retinal degeneration in
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the photoreceptor cell layer of streptozotocin-induced diabetic rats has been previously
reported by Aizu et al. [3] and Park et al. [2] and has been partially linked to the downregu-
lation of GLP-1 receptors [12]. Studies conducted in our laboratory showed that structural
and biochemical changes can be observed just hours after the induction of diabetes [23]. In
other studies, the heart rate, temperature, and physical activity of rats declined three days
after the induction of diabetes [29]. It is probably not surprising therefore to see biochemical
and morphological alterations in the retina 5 days after the induction of diabetes.

Incretins and catalase are cytoprotective molecules, which intercept reactive oxygen
species (ROS) that are generated from damaged mitochondria and increased cellular
mitochondrial oxygen consumption (e.g., uncoupling oxidative phosphorylation). Their
expression is known to inhibit apoptosis [12]; therefore, they block the ‘mitochondrial
pathway of apoptosis’. Consequently, incretins have been used as an adjunct therapy
for diabetic retinopathy. While mild mitochondrial uncoupling has been shown to be
beneficial for cell survival and ageing by reducing ROS production through reduced
mitochondrial transmembrane potential [30–32], a severe mitochondrial uncoupling may
produce a different effect. However, agents such as 2,4-dinitrophenol that are able to
uncouple oxidative phosphorylation have been shown to improve cell metabolism and
prolong lifespan [32]. In the present study, the extent of cell and tissue damage appeared
to be sudden (acute) and severe, triggering a large variety of compensatory mechanisms
before the body settles for the long-term effect of diabetes. In the in vivo and in vitro studies
conducted by Ola [33], it was observed that high blood glucose causes a reduction in ROS
release in the diabetic rat retina when compared to normal controls. This phenomenon
was associated with a reduced glucose oxidation rate. The same study also reported an
increase in ROS production, in vivo, in the retina of diabetic rats. The study concluded that
non-mitochondrial structures may contribute to the ROS-induced diabetic retinopathy [33].
All of these observations showed that more studies are needed to completely elucidate the
mechanisms by which diabetic retinopathy develops.

GLP-1 has been shown to be present in the pancreas [24] and brain [34], and we
showed here that it is abundant in the retina along with its natural agonist exendin-4 [6,7].
The endogenous antioxidant catalase has been observed in rabbit eyes [35], but it has not
been previously described in diabetic rat retinas. In this study, both EXE-4 and GLP-1
co-localized with catalase, mainly in the photoreceptor layer. Their levels were significantly
higher in diabetic rat retinas. The increased production is likely a compensatory mechanism
for neutralizing ROS. Thus, the overexpression of incretins and catalase in diabetic rat retina
is expected to ameliorate apoptosis and increase mitochondrial oxidative phosphorylation
(improving cellular function, including neuronal and non-neuronal elements). Enhanced
oxidation in the mitochondrial respiratory chain provides the excess energy required for
cellular repair mechanisms. The colocalization of incretins with catalase suggests that these
cytoprotective proteins may be working together to combat diabetes-induced oxidative
stress. Indeed, it been shown that antioxidants work together to mitigate the adverse effect
of molecules released during oxidative stress [36].

A cellular respiration study has not been previously conducted in diabetic retinopathy
in rats. We demonstrated here that retinal cellular mitochondrial oxygen consumption
was significantly increased as a result of diabetes, and was associated with a concomitant
elevation in retinal cellular ATP. The increase in both cellular respiration and ATP content
could be considered as a compensatory mechanism against diabetes-induced oxidative
stress. Since most of the mitochondria degenerated in the diabetic rat retina, the most
likely explanation for the increase in the ATP level could probably be a shift in ADP/ATP
balance due to a lower ATP. It could also be due to a higher rate of phosphorylation
as a compensatory mechanism for the degenerated mitochondria. We propose that the
overexpression of the studied endogenous cytoprotective molecules ameliorates apoptosis
and enhances mitochondrial oxidative phosphorylation.

It is worth noting that the in vitro addition of GLP-1 at 1.0 µM did not directly affect
the rate of retinal cellular respiration (data not shown). This result corroborates that of

87



Cells 2021, 10, 1981

Góralska et al., who reported that GLP-1 agonists did not affect mitochondrial electron
chain transport in white adipose tissue [8]. In contrast, an increase in non-ATP associated
O2 consumption in human fat cells was noted [8]. Another study showed that short bouts
of hyperglycemia (5.19 ± 0.83 h) did not influence O2 consumption in feline photoreceptor
cells [37]. This finding may have been due to the shorter periods of hyperglycemia. In our
study, the serum of diabetic rats showed significantly elevated levels of glucose posing a
significant challenge to the structure and the function of the retina. Indeed, glucotoxicity
has been shown to cause deleterious effects and lesions to the retina [37]. The reason why
GLP-1 did not improve retinal cellular respiration in this study is unknown. It is possible
that a high concentration of GLP-1 or a longer stimulation period would have produced a
beneficial effect. More studies are needed to make a definitive conclusion.

Biochemical studies showed that the creatinine and blood urea nitrogen levels in-
creased when compared to non-diabetic controls. In contrast, low-density lipoprotein
cholesterol, high-density lipoprotein cholesterol, and liver enzymes (aspartate aminotrans-
ferase and alanine aminotransferase) did not change significantly after 5 days of diabetes.
These findings reveal the proneness of the liver and kidneys to early damage in diabetes,
and suggest that the signs of diabetic nephropathy, such as microalbuminuria, may be seen
relatively early in the course of the disease [38]. All of these indicate that a short duration
of diabetes-induced hyperglycemia is enough to cause significant lesions in key organs
such as the liver, kidney, and the retina. Indeed, it is worth noting that biochemical changes
have been reported as early as one hour after the induction of diabetes [23].

The ATP content measured in the retinas could be due to either the increased activity of
viable mitochondria, or to a larger contribution of ATP-generating mitochondria from other
layers of the retina. More studies are needed to correlate the changes in the mitochondrial
structure with the function in different layers of the retina. We agree with the conclusion
that the cellular ATP content between diabetic and non-diabetic tissues did not reach the
defined statistical significance of p < 0.05. This finding may suggest that the higher rate
of respiration in the diabetic retina was only partly coupled to ATP synthesis, an effect
that is usually referred to as “uncoupled cellular bioenergetics”. This point is relevant to
the above comment on retinal degeneration in diabetes. As this study, to the best of our
knowledge, is the first to report on retinal bioenergetics in a diabetic rat model, future
research is needed to investigate the size of mitochondrial uncoupling in the retina, and
compare it to that of the diabetic retina.

It seems that diabetic retinas are slower at depleting O2 compared to their non-
diabetic counterparts (20 min difference). This appears to contradict the notion of higher
respiration associated with the diabetic state. It is worth noting that the analysis of the
rate of respiration was based on the ‘best fit curve’, a regression model that estimated the
slope using a zero-order kinetic process. Time-dependent deviations from the expected
zero-order kinetics require different models. This has to be completed in future research, as
its mathematical approach needs to be validated in several tissues before the modeling of
‘time-course of retinal degeneration in vitro’.

The observed retinal degeneration could reflect a marked excess of ROS that exceeded
the protective capacities of incretins, catalase, and other endogenous antioxidants. This sug-
gests that the early and optimal provision of cytoprotective agents, such as N-acetylcysteine,
sodium methanethiolate (mesna), and 2-(3-aminopropylamino) ethylsulfanylphosphonic
acid (amifostine) could complement endogenous mechanisms that are known to ameliorate
the adverse events of diabetes in the retina.

In conclusion, we have demonstrated that several layers of the retina contain incretins
and catalase, and that the retinal levels of these molecules increase significantly in early
diabetes. These endogenous antioxidants may provide a protective mechanism against
hyperglycemia-induced oxidative stress in the retina. In addition, these cytoprotective
agents may ameliorate apoptosis and improve mitochondrial oxidative phosphorylation.
Additional studies are needed to understand the dynamics of cellular respiration in relation
to incretin and antioxidant levels, which could aid in the development of novel therapies
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for diabetic retinopathy. Our results can be summarized as follows: early (acute) diabetes
induces the degeneration of the retina, which results in increased incretins and catalase
production and increased retinal cellular bioenergetics.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/cells10081981/s1, Figure S1: Representative electron micrographs of photoreceptors cells.
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Abstract: High glucose (HG)-induced Drp1 overexpression contributes to mitochondrial dysfunction
and promotes apoptosis in retinal endothelial cells. However, it is unknown whether inhibiting
Drp1 overexpression protects against the development of retinal vascular cell loss in diabetes. To
investigate whether reduced Drp1 level is protective against diabetes-induced retinal vascular
lesions, four groups of mice: wild type (WT) control mice, streptozotocin (STZ)-induced diabetic
mice, Drp1+/− mice, and STZ-induced diabetic Drp1+/− mice were examined after 16 weeks of
diabetes. Western Blot analysis indicated a significant increase in Drp1 expression in the diabetic
retinas compared to those of WT mice; retinas of diabetic Drp1+/− mice showed reduced Drp1 level
compared to those of diabetic mice. A significant increase in the number of acellular capillaries (AC)
and pericyte loss (PL) was observed in the retinas of diabetic mice compared to those of the WT
control mice. Importantly, a significant decrease in the number of AC and PL was observed in retinas
of diabetic Drp1+/− mice compared to those of diabetic mice concomitant with increased expression
of pro-apoptotic genes, Bax, cleaved PARP, and increased cleaved caspase-3 activity. Preventing
diabetes-induced Drp1 overexpression may have protective effects against the development of
vascular lesions, characteristic of diabetic retinopathy.

Keywords: Drp1; apoptosis; mitochondria; diabetic retinopathy

1. Introduction

Diabetic retinopathy is the leading cause of blindness in the working-age population
and, unfortunately, there is no cure for this ocular complication [1]. Diabetic retinopathy
is characterized by retinal vascular cell loss, a characteristic early stage lesion [2] which
manifests as acellular capillaries and pericyte ghosts [3,4]. Increasing evidence indicates
that changes in mitochondrial morphology can promote mitochondrial dysfunction and
contribute to apoptotic cell death associated with diabetic retinopathy [5–15]. Our recent
study has identified mitochondrial fragmentation in vascular cells of retinal capillaries
in diabetes [8]. Maintenance of mitochondrial morphology is regulated by fission and
fusion events and is integral to mitochondrial functionality. Specifically, imbalance in mito-
chondrial dynamics through increased mitochondrial fission by dynamin-related protein
1 (Drp1) is known to compromise mitochondrial morphology and lead to mitochondrial
dysfunction [16,17]. However, it is unclear whether abnormal changes in Drp1 contribute
to the pathophysiology of diabetic retinopathy.

Drp1 is a GTPase that is considered to be a principal regulator of mitochondrial fis-
sion [18,19]. It is primarily localized in the cytosol, and upon activation through GTP
hydrolysis, it oligomerizes around the mitochondrial outer membrane to initiate fission,
mitochondrial fragmentation [20], and ultimately induce apoptosis [21]. Specifically, find-
ings from previous studies overwhelmingly suggest excess fission leads to deleterious
effects, including mitochondrial fragmentation and apoptotic cell death [22–24]. We have
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recently reported that retinal endothelial cells grown in 30 mM HG exhibit Drp1 overex-
pression, and that reducing Drp1 expression protects against HG-induced mitochondrial
fragmentation and apoptosis in vitro [10]. However, it is unclear whether decreasing Drp1
upregulation provides beneficial effects against apoptotic cell death.

Drp1 overexpression has been widely reported in HG and diabetic conditions. Podocytes
and glomerular mesangial cells grown in HG medium exhibit significant Drp1 upregula-
tion and increased mitochondrial fission, which promote podocyte loss and compromise
glomerular function, suggesting that elevated Drp1 plays a role in the pathogenesis of diabetic
nephropathy [25–27]. In addition, Drp1 overexpression was observed in pancreatic β-islet
cells grown in HG medium concomitant with increased mitochondrial fission, cytochrome
c release, reduced mitochondrial membrane potential, caspase-3 activation, and reactive
oxygen species (ROS) production [28]. However, these reported changes were not evident
in pancreatic β-islet cells carrying a dominant negative mutant of Drp1 [28], suggesting
that Drp1 plays a critical role in promoting HG-induced apoptosis of pancreatic β-islet
cells. Moreover, increased Drp1 levels have been implicated in promoting mitochondrial
fragmentation, ROS accumulation, and contributing to apoptotic cell death of endothelial
cells in models of atherosclerosis and diabetic cardiomyopathy [29,30]. Elevated Drp1 ex-
pression and increased mitochondrial fission were also observed in the dorsal root ganglion
and hippocampus of diabetic animals, suggesting that Drp1 overexpression may contribute
to the pathogenesis of diabetic neuropathy [31,32]. Taken together, these findings indicate
a critical role for Drp1 in promoting mitochondrial fragmentation and apoptosis under HG
and diabetic conditions.

To determine whether increased levels of Drp1 contribute to the development of
apoptotic death of vascular cells in the diabetic retina, in the present study, we induced
diabetes in the Drp1+/− mouse and investigated whether reduced levels of Drp1 in these
mice were protective against the development of acellular capillaries and pericyte loss.
Specifically, proapoptotic genes Bax, cleaved PARP, and caspase-3 activity were examined
in addition to TUNEL assays, which were performed to identify vascular cells undergoing
apoptosis in retinal capillaries.

2. Materials and Methods
2.1. Animals

Studies involving animals were carried out following the guidelines of the ARVO
Statement for the Use of Animals in Ophthalmic and Vision Research and approved
by the IACUC Committee of Boston University (PROTO201800411; approved on March
9th, 2021). Male and female mice were used in the present study to address any sex-
related differences. A total of 12 male and 12 female WT C57BL/6J mice (The Jackson
laboratory, Bar Harbor, Maine), as well as 12 male and 12 female Drp1+/− mice bred into
the C57/BL6J strain background provided by Dr. Hiromi Sesaki [33] were used to conduct
experiments. A detailed methodology on how Drp1+/− mouse model was generated can
be referred to in a previous study [33]. Polymerase chain reaction (PCR) was performed
using tail tip DNA of animals to verify their genotype. PCR was carried out with primer
sequences as follows: Primer 1, 5′-ACCAAAGTAAGGAATAGCTGTTG-3′; Primer 2, 5′-
GAGTACCTAAAGTGGACAAGAGGTCC-3′; Primer 3, 5′-CACTGAGAGCTCTATATGTA
GGC-3′). Drp1+/− allele is represented as a 539-bp fragment amplified by primers 1 and 2.
Drp1+/+ allele is represented as a 315-bp fragment amplified by primers 2 and 3. In the
present study, Drp1−/− mice were not used as this genotype is embryonically lethal [33–35].

12 WT mice and 12 Drp1+/− mice were randomly assigned to receive 5 consecutive
STZ injections intraperitoneally to induce diabetes at a concentration of 40 mg/kg body
weight. Additionally, 12 WT mice and 12 Drp1+/− mice were randomly assigned to
receive 5 consecutive citrate buffer injections intraperitoneally as vehicle, representing
non-diabetic control groups. To verify the diabetes status in the animals, blood and urine
glucose levels were measured 3 days post-STZ injection. Routine blood glucose assessment
was performed 3 times per week. Depending on the hyperglycemic status, NPH insulin
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injections were administered to achieve a level of ~350 mg/dL. A total of 16 weeks after
the onset of diabetes, animals were sacrificed, blood was collected from each animal and
blood glucose and HbA1c levels were measured. Following sacrifice, retinas from each
animal were isolated, and total protein extracted from all samples.

2.2. Immunostaining of Drp1 in Retinal Capillary Networks

To study the expression and distribution of Drp1 in the retinal capillary networks,
retinal trypsin digestion (RTD) preparations [36] were subjected to immunostaining with
Drp1 antibody. The RTD preparations were washed several times with 1× PBS and
subjected briefly to ice-cold methanol, followed by additional PBS washes. Then, the RTDs
were exposed to a 2% BSA solution diluted in 1× PBS for 15 min at room temperature
to block non-specific antibody binding. Following blocking, the RTDs were subjected to
a primary antibody solution containing mouse monoclonal Drp1 antibody (1:200 in 2%
BSA-PBS solution, Catalog #sc-271583, Santa Cruz Biotechnology, Dallas, TX, USA) and
incubated overnight at 4 ◦C in a moist chamber. After the overnight incubation, the RTDs
were washed in PBS and incubated at room temperature with FITC-conjugated rabbit anti–
mouse IgG secondary antibody (1:100 in 2% BSA-PBS Solution, Jackson for 1 h). After three
PBS washes, RTDs were counterstained with DAPI, and mounted in SlowFade Diamond
Antifade Mountant reagent (SlowFade Diamond; Molecular Probes, Eugene, OR, USA).
Digital images were captured, and relative Drp1 immunofluorescence was quantified using
the NIH Image J software from 10 random representative fields from each RTD.

2.3. Western Blot Analysis

WB analysis was carried out as described [10]. Briefly, total protein was isolated from
retinas of experimental animals using a lysis buffer solution containing 10 mmol/L Tris,
pH 7.5 (Sigma, Temecula, CA, USA), 1 mmol/L EDTA, and 0.1% Triton X-100 (Sigma).
Bicinchoninic acid assay (Pierce Chemical, Rockford, IL, USA) was used to obtain protein
concentrations of the retinal lysates, which were then subjected to WB analysis for Drp1,
Bax, and PARP activation. Equal amount of protein (20 µg) of retinal lysates was loaded
into each lane in a 10% SDS-polyacrylamide gel and electrophoresed, followed by semi-dry
transfer [37] using a PVDF membrane (Millipore, Billerica, MA, USA). Following transfer,
the membrane was exposed to a blocking solution containing 5% non-fat dry milk for 1 h
and subsequently incubated overnight at 4 ◦C with mouse monoclonal Drp1 antibody
(1:1000, Catalog #sc-271583, Santa Cruz Biotechnology), rabbit Bax antibody (1:1000, Cata-
log #2772, Cell Signaling, Danvers, MA, USA), or PARP antibody (1:500, Catalog #9542, Cell
Signaling) in a solution comprised of 5% bovine serum albumin dissolved in 0.1% Tween-20
(TTBS). The following day, the membrane was subjected to incubation with a secondary
antibody solution (anti-rabbit IgG, AP-conjugated antibody (1:3000, Catalog #7054, Cell
Signaling) or anti-mouse IgG, AP-conjugated antibody (1:3000, Catalog #7056, Cell Signal-
ing)) for 1 h in room temperature. The membrane was then exposed to a chemiluminescent
substrate (Bio-Rad, Hercules, CA, USA) and chemiluminescence signals were captured
using a digital imager (Fujifilm LAS-4000). The membrane underwent Ponceau-S staining
after transfer or was re-probed with β-actin antibody (1:1000, Catalog #4967, Cell Signaling)
to confirm equal loading. NIH Image J software was used to conduct densitometric analysis
of the chemiluminescent signal non-saturating exposures.

2.4. Assessment of Caspase-3 Activity

To evaluate caspase-3 activity in retinas of diabetic animals and Drp1+/− animals,
fluorometric analysis was carried out using a commercially available caspase-3 assay kit
(Abcam, Cambridge, UK; Catalog #ab39383). Lysates from retinal tissues were isolated
using the kit’s proprietary lysis buffer, incubated on ice for 10 min, and homogenized.
Following BCA assay of the retinal tissue lysates, 20 µg of protein from each sample was
used to perform the fluorometric evaluation of caspase-3 activity. The retinal lysates were
mixed with reaction buffer containing DTT (10 mM final concentration) and Acetyl-Asp-
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Glu-Val-Asp-7-amino-4 trifluoromethylcoumarin (DEVD-AFC) (50 µM final concentration),
a fluorogenic substrate specific to caspase-3. The reaction mixture representing each
sample was transferred to corresponding wells in a 96-well plate, incubated at 37 ◦C for 2 h,
and subjected to fluorescent excitation and emission at 400 nm and 505 nm, respectively.
Specifically, cleavage of the DEVD-AFC substrate is carried out by activated caspase-3
resulting in the formation of free AFC molecules, which can be detected at 400 nm excitation
and 505 nm emission [38]. Therefore, relative difference in DEVD-AFC cleavage between
experimental groups was used to analyze caspase-3 activity.

2.5. Retinal Trypsin Digestion and Assessment of Acellular Capillaries and Pericyte Loss

After animals were sacrificed, eyes were enucleated and placed in 10% formalin, and
retinas isolated and exposed to 0.5 M glycine for 24 h. To isolate retinal capillaries, RTD was
performed as described [36]. Briefly, retinas were subjected to 3% trypsin, glia removed
through tapping with a single hair brush, and mounted on a silane-coated slide. RTDs
were stained with periodic acid-Schiff and hematoxylin as described [39]. Using a digital
camera attached to a microscope (Nikon Eclipse; TE2000-S, Nikon, Tokyo, Japan), ten
representative fields were imaged assessed for AC and PL. Vessels without endothelial cells
and pericytes represented ACs. PL was determined by counting pericyte ghosts, which
appear as “empty shells” representing dead pericytes.

2.6. Terminal dUTP Nick-End Labeling Assay

To detect cells undergoing apoptosis in retinal capillaries, terminal deoxynucleotidyl
transferase-mediated uridine 5′-triphosphate-biotin nick end labeling (TUNEL) assay was
performed using a kit (ApopTag Fluorescein In Situ Apoptosis Detection; Millipore Sigma)
as described previously [39]. Briefly, RTDs were fixed in paraformaldehyde, permeabilized
in a pre-cooled mixture of a 2:1 ratio of ethanol/acetic acid, washed in PBS, exposed to
equilibration buffer, and incubated for 1 h with deoxyribonucleotidyl transferase (TdT)
enzyme in a moist chamber at 37 ◦C. Following incubation, RTDs were exposed to anti-
digoxigenin peroxidase, washed in PBS, counterstained with DAPI, and mounted using
anti-fade reagent (SlowFade Diamond Antifade, Cat#S36963; Invitrogen, Carlsbad, CA,
USA). At least five images representing random fields of the RTD slide were captured
using a digital microscope (Nikon Eclipse; TE2000-S) and TUNEL-positive cells per total
number of cells per field were analyzed.

2.7. Statistical Analysis

Data are shown as mean ± standard deviation. Values representing experimental
groups are shown as percentages of the control. The normalized values were subjected to
Student’s t-test for comparisons between two groups, or one-way ANOVA followed by
Bonferroni’s post-hoc test for comparisons between multiple groups. Statistical significance
was considered at p < 0.05.

3. Results

3.1. Drp1+/− Animal Model

Genotypes of animals used in the present study were confirmed through PCR analysis
using DNA derived from the animals’ tail tips. PCR data was used to confirm that wild-type
(WT) mice (Drp1+/+) exhibited a band as expected at 0.54 kb whereas Drp1 heterozygous
knockout (Drp1+/−) mice exhibited a band as expected at 0.32 kb (Figure 1).

3.2. Effect of Diabetes on Drp1 Expression and Distribution in Retinal Capillary Networks

To determine whether the distribution of Drp1 is altered in retinal capillary networks
of diabetic animals and Drp1+/− animals, Drp1 immunostaining was performed in RTDs
from each experimental group. Interestingly, Drp1 immunostaining was significantly
increased in RTDs of diabetic mice compared to that of non-diabetic WT mice (151 ± 14% of
WT vs. 100 ± 15% of WT, p < 0.01; n = 6; Figure 2A,B). As expected, Drp1 immunostaining
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was significantly decreased in RTDs of Drp1+/− mice compared to that of non-diabetic
WT mice (73 ± 7% of WT vs. 100 ± 15% of WT, p < 0.05; n = 6; Figure 2A,B). Drp1
immunostaining was significantly decreased in RTDs of diabetic Drp1+/− mice compared
to that of diabetic mice (111 ± 16% of WT vs. 151 ± 14% of WT, p < 0.01; n = 6; Figure 2A,B),
and significantly increased compared to non-diabetic Drp1+/− mice (111 ± 16% of WT vs.
73 ± 7% of WT, p < 0.01; n = 6; Figure 2A,B).
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Figure 1. PCR analysis using mice tail tip DNA indicating genotypes of Drp1 heterozygous knockout
(+/−) and wild-type (WT) mice. The wild-type Drp1 allele (Drp1+/+) is represented by a band at
0.32 kb, whereas the disrupted allele (Drp1+/−) shows a band at 0.54 kb.
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Figure 2. Drp1+/− mice exhibit reduced Drp1 immunofluorescence in the retinal capillary network. (A)
Representative images of Drp1 immunofluorescence (green) and DAPI (blue) in retinal capillaries of
wild-type (WT), diabetic (DM), Drp1+/−, and diabetic Drp1+/− (D-Drp1+/−) mice. Scale bar = 100 µm.
(B) Graphical illustration of cumulative data shows decreased Drp1 immunofluorescence in retinal
capillaries of Drp1+/− mice compared to that of WT mice. * p < 0.01, n = 6; ** p < 0.05, n = 6.
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3.3. Normalization of Drp1 Expression in Retinas of Diabetic Drp1+/− Mice

Data from Western blot analysis showed that Drp1 expression level is significantly
upregulated in diabetic mouse retinas compared to that of WT mouse retinas (133 ± 13% of
WT, p < 0.01; n = 12; Figure 3A,B). As expected, retinas of Drp1+/− exhibited a significant
decrease in retinal Drp1 expression compared to that of WT mice (63 ± 10% of WT, p < 0.01;
n = 6; Figure 3A,B). In parallel, Drp1 expression was brought to near normal levels in
retinas of diabetic Drp1+/− mice (80 ± 16% of WT, p < 0.01; n = 12; Figure 3A,B) compared
to diabetic mice.
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Figure 3. Drp1 expression is normalized in diabetic Drp1 +/− mouse retinas. (A) Representative
WB image shows Drp1 protein levels in the retinas of WT, diabetic (DM), Drp1+/−, and diabetic
Drp1+/− (D-Drp1+/−) mice. (B) Graphical illustration of cumulative data shows diabetes significantly
upregulates Drp1 expression and that Drp1 expression is normalized in retinas of D-Drp1+/− mice.
Data are expressed as mean ± SD. * p < 0.01, n = 12.

3.4. Diabetes-Induced Drp1 Upregulation Promotes Apoptosis

To assess whether reduced Drp1 level is protective against diabetes-induced pro-
apoptotic genes, expression levels of Bax and cleaved PARP, as well as caspase-3 activity
were monitored in retinal tissues. In retinas of diabetic mice, gene expression levels of
pro-apoptotic Bax and cleaved PARP were significantly increased (Bax: 152 ± 23% of WT,
p < 0.01; n = 12; Figure 4A,B; Cleaved PARP: 156 ± 27% of WT, p < 0.01; n = 12; Figure 4A,C)
concomitant with increased caspase-3 activity (120 ± 16% of WT, p < 0.01; n = 12; Figure 4D)
compared to those of non-diabetic WT mice. Interestingly, reduced Drp1 level in retinas of
diabetic Drp1+/− mice showed a decrease in diabetes-induced Bax expression (113 ± 19%
of WT, p < 0.01; n = 12; Figure 4A,B), PARP cleavage (112 ± 28% of WT, p < 0.01; n = 12;
Figure 4A,C), and caspase-3 activation (102 ± 8% of WT, p < 0.01; n = 12; Figure 4D).

3.5. Drp1 Downregulation Inhibits Vascular Cell Apoptosis in the Diabetic Retina

To assess whether downregulating Drp1 expression protects apoptotic cell death in
retinal vascular cells, TUNEL assay was performed in RTDs from each experimental group.
Data indicate that there is a significant increase in the number of TUNEL-positive cells in
RTDs of diabetic mice compared to that of non-diabetic WT mice (284 ± 28% of WT vs.
100 ± 33% of WT, p < 0.01; n = 6; Figure 5A–M). Importantly, when diabetes-induced Drp1
overexpression was brought to near normal levels, the number of TUNEL-positive cells
was significantly reduced in RTDs of diabetic Drp1+/− mice compared to that of diabetic
mice (180 ± 29% of WT vs. 284 ± 28% of WT, p < 0.05; n = 6; Figure 5A–M).
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Figure 4. Reduced Drp1 expression lowers Bax activity in diabetic Drp1+/− mouse retinas. (A) Representative WB image
shows Bax and cleaved PARP expression in the retinas of WT, diabetic (DM), Drp1+/−, and diabetic Drp1+/− (D-Drp1+/−)
mice. Graphical illustrations of cumulative data suggest reduced Drp1 levels in D-Drp1+/− mice is protective against
diabetes-induced increase in (B) Bax levels, (C) PARP cleavage and (D) caspase-3 activity. Data are expressed as mean ± SD.
* p < 0.01, n = 12; ** p < 0.05, n = 12.
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Figure 5. Reduced Drp1 level protects against diabetes-induced apoptosis of vascular cells in retinal capillary networks.
Representative images of capillary networks showing DAPI-stained cells in the (A) WT, (B) diabetic (DM), (C) Drp1+/−,
and (D) diabetic Drp1+/− (D-Drp1+/−) mice. (E–H) Corresponding images of TUNEL-positive cells (arrows) in the retinal
capillary networks, respectively. (I–L) Merged images showing DAPI-stained cells superimposed with TUNEL-positive
cells. Scale bar = 100 µm. (M) Graph of cumulative data showing that retinal capillary networks of diabetic mice exhibited
an increase in number of TUNEL-positive cells compared to that of WT mice, while retinal capillary networks of D-Drp1+/−

mice showed reduced number of TUNEL-positive cells compared to that of diabetic mice. Data are presented as mean ± SD.
* p < 0.01, n = 6; ** p < 0.05, n = 6.
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3.6. Reduced Drp1 Level Is Protective against Diabetes-Induced Development of AC and PL

To evaluate the effects of diabetes and reduced Drp1 levels in the development of AC
and PL, retinal trypsin digestion was carried out and the numbers of AC and PL between
the experimental groups were analyzed. RTD data indicate a significant increase in the
numbers of AC and PL in retinal capillary networks of diabetic mice compared to those
of non-diabetic WT mice (AC: 181 ± 23% of WT vs. 100 ± 17% of WT, p < 0.01; n = 12;
Figure 6A–F, PL: 225 ± 23% of WT vs. 100 ± 31% of WT, p < 0.01; n = 12; Figure 6A–F).
Importantly, when Drp1 levels were reduced in diabetic Drp1+/− mice, the numbers of AC
and PL significantly decreased compared to those of diabetic mice (AC: 111 ± 7% of WT vs.
181 ± 23% of WT, p < 0.01; n = 12; Figure 6A–F, PL: 128 ± 11% of WT vs. 225 ± 23% of WT,
p < 0.01; n = 12; Figure 6A–F). RTDs of Drp1+/− mice exhibited no significant difference in
the numbers of AC and PL compared to those in non-diabetic WT mice (AC: 93 ± 13% of
WT vs. 100 ± 17% of WT, p > 0.05; n = 12; Figure 6A–F, PL: 85 ± 17% of WT vs. 100 ± 31%
of WT, p > 0.05; n = 12; Figure 6A–F).
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Figure 6. Effects of diabetes or decreased Drp1 level on AC and PL development in mouse retinas. (A–D) Representative
images of retinal trypsin digestion of (A) WT, (B) DM, (C) Drp1+/−, and D-Drp1+/− mice show the number of AC (blue
arrows) and PL (red arrows) is increased in the diabetic mouse retina compared to that of control mouse retina. Importantly,
the number of AC and PL is decreased in the D-Drp1+/− mouse retina compared to that of diabetic mouse retina. Scale
bar = 100 µm. Graphical illustrations of cumulative data show that reduced DRP1 levels in the D-Drp1+/− mouse retina
exhibited a protective effect against the development of (E) AC and (F) PL. Data are expressed as mean ± SD. * p < 0.01,
n = 12.

4. Discussion

Present study provides novel evidence that Drp1 expression is significantly increased
in retinas of diabetic mice, and that reduced levels of Drp1 provide beneficial effects
in preventing apoptotic death of retinal vascular cells and subsequent development of
acellular capillaries and pericyte loss characteristic of diabetic retinopathy. Of note, no
significant adverse effects were observed in the retina and other tissues of Drp1+/− animals
exhibiting ~40% reduction in Drp1 levels. Similarly, data from the present study showed
no significant sex-related differences in neither WT or Drp1+/− animals. These findings
indicate that increased Drp1 level is closely associated with the development of retinal
vascular lesions, and that reducing it could prevent apoptotic vascular cell death associated
with diabetic retinopathy.

Mitochondrial morphology and functionality are intrinsically linked [7]. Breakdown
in mitochondrial morphology is known to compromise mitochondrial function [6,9,10].
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Excess mitochondrial fission resulting from increased Drp1 levels can disturb the delicate
balance between mitochondrial fission and fusion events, promote mitochondrial fragmen-
tation and ultimately compromise mitochondrial functionality [16,17,40–45]. Additionally,
Drp1-driven mitochondrial fragmentation can undermine mitochondrial respiration, alter
calcium storage, and lead to increased ROS production [40,43]. Another study reported that
changes due to increased Drp1-mediated mitochondrial fragmentation impair metabolic
functions, which compromises mitochondrial homeostasis in neuroinflammation [44]. Im-
portantly, inhibition of Drp1-induced mitochondrial fragmentation led to improvements in
mitochondrial functionality as evidenced by restoration of mitochondrial membrane poten-
tial and mitochondrial respiration [10,42]. Taken together, these reports provide further
evidence that excess Drp1-driven mitochondrial fragmentation contributes to impaired
mitochondrial functionality in diabetic condition.

While studies have established that participation of Drp1 is essential in regulating
mitochondrial fission, mechanisms underlying Drp1 upregulation and its role in inducing
apoptosis remain unclear. Increased Drp1 activation triggers apoptosis by promoting
translocation of Bax to mitochondria and ultimately activating caspase-3 signaling [46]. In
addition, Drp1-driven mitochondrial fission contributes to mitochondrial fragmentation by
promoting outer mitochondrial membrane permeabilization, hindering ATP production,
and triggering release of pro-apoptotic factors [41] as well as facilitating mitochondrial
division leading to oligomerization of Bax and cytochrome c release [47,48], ultimately
inducing apoptosis. Interestingly, Drp1−/− cells are protected against apoptosis [49] and
Drp1 inhibition reduced cleavage of caspase-3 and PARP in hepatocytes [50], suggesting
that targeting Drp1 may be protective against apoptosis. Further studies are necessary to
better understand the diverse mechanisms implicated in excess Drp1-mediated apoptosis.

Growing evidence shows that blocking Drp1 overexpression could be effective in
preventing mitochondrial fission and protecting against apoptotic cell death [24,51–53].
Inhibition of Drp1-mediated mitochondrial fission reduced ER stress response in fibroblasts,
which in turn reduced cellular stress and improved cell survival [54]. Importantly, selective
inhibition of Drp1 using Mdivi-1 hindered Drp1 self-assembly, which effectively blocked
Bax-dependent cytochrome c release and mitochondrial outer membrane permeabilization,
ultimately preventing apoptosis [51]. Moreover, Drp1 downregulation inhibited mitochon-
drial fragmentation and prevented cytochrome c release and caspase activation [24,53].
Maintenance of Drp1 levels preserves mitochondrial cristae ultrastructure and prevents
cytochrome c release and the downstream apoptotic signaling cascade [52]. Our previous
report [10] as well as studies from other investigators [29,53,54] support our current finding
that reducing Drp1 overexpression could be beneficial against diabetes-induced apoptosis
in retinal vascular cells, and that targeting Drp1 overexpression could be a useful strategy
against the development of retinal vascular lesions associated with diabetic retinopathy.
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Abstract: Ischemia/reperfusion (I/R) events are involved in the pathophysiology of numerous ocular
diseases. The purpose of this study was to test the hypothesis that betulinic acid protects from I/R
injury in the mouse retina. Ocular ischemia was induced in mice by increasing intraocular pressure
(IOP) to 110 mm Hg for 45 min, while the fellow eye served as a control. One group of mice received
betulinic acid (50 mg/kg/day p.o. once daily) and the other group received the vehicle solution
only. Eight days after the I/R event, the animals were killed and the retinal wholemounts and optic
nerve cross-sections were prepared and stained with cresyl blue or toluidine blue, respectively, to
count cells in the ganglion cell layer (GCL) of the retina and axons in the optic nerve. Retinal arteriole
responses were measured in isolated retinas by video microscopy. The levels of reactive oxygen
species (ROS) were assessed in retinal cryosections and redox gene expression was determined in
isolated retinas by quantitative PCR. I/R markedly reduced cell number in the GCL and axon number
in the optic nerve of the vehicle-treated mice. In contrast, only a negligible reduction in cell and
axon number was observed following I/R in the betulinic acid-treated mice. Endothelial function
was markedly reduced and ROS levels were increased in retinal arterioles of vehicle-exposed eyes
following I/R, whereas betulinic acid partially prevented vascular endothelial dysfunction and ROS
formation. Moreover, betulinic acid boosted mRNA expression for the antioxidant enzymes SOD3
and HO-1 following I/R. Our data provide evidence that betulinic acid protects from I/R injury in
the mouse retina. Improvement of vascular endothelial function and the reduction in ROS levels
appear to contribute to the neuroprotective effect.

Keywords: arterioles; betulinic acid; ischemia-reperfusion injury; reactive oxygen species; retina

1. Introduction

Ischemia/reperfusion (I/R) events have been implicated in the pathophysiology
of various retinal diseases, such as retinal vascular occlusion, diabetic retinopathy and
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glaucoma [1]. Especially acute forms of vascular occlusion, such as central retinal artery
occlusion (CRAO) are known to have a deleterious impact on visual acuity after an already
short period of time [2]. The lack of oxygen supply to the retina often results in visual
impairment and additional sequelae, such as retinal or vitreous hemorrhage, retinal neo-
vascularization or neovascular glaucoma [3]. Arterial fibrinolysis failed to improve the
clinical outcome of CRAO compared to conservative treatment, such as the application of
acetylsalicylic acid and ocular massage, suggesting that deleterious, yet poorly understood,
molecular processes are already activated in the early phase of retinal ischemia [4,5]. Hence,
therapeutic approaches aimed at improving the resistance of retinal cells to I/R events
are needed. We and others have previously demonstrated that oxidative stress plays a
crucial role in mediating retinal tissue damage under hypoxic conditions and following
I/R events [6–9].

The pentacyclic triterpenoid, betulinic acid, can be found in the peel of fruits, in leaves
and in the stem bark of various plants, such as the white birch [10]. Initially, betulinic acid
was found to exhibit biological activity against lymphocytic leukemia but was later found
to exert effects against a variety of other tumors [11,12]. Moreover, the substance was
reported to have anti-inflammatory, antiviral, antibacterial, antimalarial and antioxidant
properties [13,14].

Recent studies have shown that betulinic acid protects against myocardial, renal and
cerebral I/R injury [15–19]. However, the effects of betulinic acid on I/R are unknown in
the retina; thus, the purpose of the present study was to test the hypothesis that betulinic
acid protects from I/R injury in the mouse retina. Another goal of the study was to examine
the involvement of oxidative stress in this process.

For our studies, we used a model in which intraocular pressure (IOP) was elevated
by cannulation of the anterior chamber and administration of normal saline under high
pressure, which leads to complete occlusion of blood vessels by compression [20,21].

2. Materials and Methods
2.1. Animals

All animal experiments were performed in accordance with the EU Directive 2010/63/EU
for animal experiments and were approved by the Animal Care Committee of Rhineland-
Palatinate, Germany (approval number: 23 177-07/G 13-1-064). Experiments were per-
formed in 6-month-old, male C57Bl/6J mice. Mice were housed under standardized
conditions with a 12 h light/dark cycle, a temperature of 22 ± 2 ◦C, humidity of 55 ± 10%
and with free access to food and tap water.

2.2. Application of Betulinic Acid and Induction of Ischemia-Reperfusion Injury

One day before induction of I/R, mice received either betulinic acid (BioSolutions
Halle GmbH, Halle, Germany) at 50 mg/kg body weight diluted in dimethyl sulfoxide
(DMSO, Carl Roth GmbH, Karlsruhe, Germany) or DMSO (vehicle solution) via gavage.
Twenty-four hours later, mice received a second dose of betulinic acid or vehicle solu-
tion and were subsequently anesthetized with xylocaine (1 mg/mL, i.p.) and ketamine
(10 mg/mL, i.p.). Body temperature was kept constant at 37 ◦C using a heating pad. Reti-
nal ischemia was induced in a randomly chosen eye by introducing the tip of a glass
micropipette (100 µm diameter) into the anterior chamber. The micropipette was attached
via a silicon tube to a saline-filled (0.9% NaCl) reservoir that was raised above the mouse
to increase intraocular pressure (IOP) to 110 mm Hg for 45 min. The fellow eye, which
served as a control, was also cannulated in the same manner and maintained at an IOP
of 15 mm Hg for 45 min. Retinal ischemia was considered complete when whitening
of the anterior segment of the eye was observed by microscopic examination. Ofloxacin
ophthalmic ointment (3 mg/g, Bausch + Lomb, Berlin, Germany) was applied on the ocular
surface after needle removal. For the following seven days, mice received either betulinic
acid or the vehicle solution once daily. Eight days after the I/R event, mice were sacrificed
for further studies.
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2.3. Retinal Wholemounts and Cell Counting

After mice had been sacrificed by CO2 inhalation, the eye globes were removed using
fine-point tweezers and Vannas scissors and fixed in 4% phosphate-buffered paraformalde-
hyde (Sigma-Aldrich, Munich, Germany) for one hour. Then, retinas were isolated from the
eye globes in phosphate-buffered solution (PBS, Invitrogen, Karlsruhe, Germany) by using
fine-point tweezers and Vannas scissors. After isolation, wholemounts were prepared
and stained with cresyl blue using a standard protocol [22]. After de- and rehydration
using increasing and decreasing concentrations of ethanol (70–100%), wholemounts were
placed in distilled water and stained with 2% cresyl blue (Merck, Darmstadt, Germany).
Next, wholemounts were dehydrated in ethanol, incubated in xylene and embedded in a
quick-hardening mounting medium (Eukitt, Sigma-Aldrich). Subsequently, wholemounts
were viewed under a light microscope (Vanox-T, Olympus, Hamburg, Germany) connected
to a Hitachi CCD camera (Hitachi, Düsseldorf, Germany) and equipped with Diskus soft-
ware (Carl H. Hilgers, Königswinter, Germany). Per wholemount, 16 pre-defined areas,
eight central and eight peripheral, of 150 µm × 200 µm were photographed by a blinded
investigator as previously described [22]. The proximal border of a central area was local-
ized 0.75 mm from the center of the papilla. This distance corresponded to 5 heights of
a photographed area. Each proximal border of a peripheral area was localized 0.75 mm
from the distal border of a central photographed area. Thus, the distance from the center
of the papilla and the proximal border of a peripheral area was 1.65 mm. In each photo-
graph, cells were counted manually using the cell counter plug-in for ImageJ software
(NIH, http://rsb.info.nih.gov/ij/) accessed on 11 March 2019. The mean cell density was
calculated and the total number of cells per retina was assessed by multiplying the mean
density by the area of the wholemount.

2.4. Optic Nerve Cross-Sections and Axon Counting

Optic nerves were dissected and placed in a fixative solution (2.5% glutaraldehyde
and 2.0% paraformaldehyde in 0.15 M cacodylate buffer). Later, nerve segments were
postfixed in 1% osmium tetroxide, dehydrated in ethanol and acetone, stained in 2%
uranyl acetate, embedded in agar 100 resin (PLANO, Wetzlar, Germany) and submitted to
polymerization at 60 ◦C for at least 48 h, according to standard protocols. Next, semithin
cross-sections were cut with an ultramicrotome (Ultracut E, Leica, Bensheim, Germany),
placed on conventional glass slides and stained with 1% toluidine blue in 1% sodium borate.
Microscopical analysis and photomicroscopy of the cross-sections were performed with a
light microscope (Vanox-T, Olympus) by a blinded investigator. The whole surface of each
cross-section was assessed microscopically. Five non-overlapping fields of 80 µm × 60 µm
(one central and four in the periphery) were photographed (Hitachi CCD camera) on every
cross-section as previously described [22]. The axons were counted manually on these
photographs using ImageJ software. The mean axon density was calculated and the total
number of axons per optic nerve was assessed by multiplying the mean density by the
cross-sectional area.

2.5. Measurements of Retinal Arteriole Reactivity

Retinal arteriole reactivity was measured in isolated retinas using video microscopy
as previously described [23,24]. First, mice were sacrificed by CO2 exposure and one eye
per mouse was isolated and transferred into cold Krebs-Henseleit buffer. After preparation
of the ophthalmic artery and isolation of the retina, the ophthalmic artery was canulated
and the retina placed onto a transparent plastic platform. Next, retinal arterioles were
pressurized by raising a reservoir connected to the micropipette to a level corresponding to
50 mmHg. Then, first-order retinal arterioles were imaged under brightfield conditions.
After an equilibration period of 30 min, concentration-response curves for the thromboxane
mimetic, U46619 (10−11 to 10−6 M; Cayman Chemical, Ann Arbor, MI, USA), were con-
ducted. The arterioles were then preconstricted to 50–70% of the initial luminal diameter by
titration of U46619, and responses to the endothelium-dependent vasodilator acetylcholine
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(10−9 to 10−4 M; Sigma-Aldrich, Taufkirchen, Germany) and the endothelium-independent
nitric oxide (NO) donor, sodium nitroprusside (SNP, 10−9 to 10−4 M; Sigma-Aldrich),
were measured.

2.6. Assessment of ROS Levels

The fluorescent dye, dihydroethidium (DHE), was used to determine ROS levels
in situ as described previously [25,26]. After mice had been sacrificed and their eyes
harvested, frozen cross-sections of 10 µm thickness were prepared. After thawing, the
tissue sections were immediately incubated with 1 µM of dihydroethidium (DHE, Thermo
Fischer Scientific, Waltham, MA, USA). DHE is cell-permeable and reacts with superoxide
to form ethidium, which in turn intercalates in deoxyribonucleic acid, thereby exhibiting
red fluorescence. Using an Eclipse TS 100 microscope (Nikon, Tokyo, Japan) equipped
with a DS–Fi1-U2 digital microscope camera (Nikon, Tokyo, Japan) and the imaging soft-
ware NIS Elements (Version 1.10, Nikon, Tokyo, Japan) the fluorescence (518 nm/605 nm
excitation/emission) was recorded and measured in retinal cross-sections by using ImageJ.

2.7. Quantitative PCR Analysis

Messenger RNA for the hypoxic markers, hypoxia-inducible factor 1α (HIF-1α) and
vascular endothelial growth factor-A (VEGF-A), the prooxidant isoforms of the nicoti-
namide adenine dinucleotide phosphate oxidase, NOX1, NOX2 and NOX4, the antioxidant
redox enzymes, catalase (CAT), glutathione peroxidase 1 (GPX1), heme oxygenase 1 (HO-1),
the three isoforms of superoxide dismutase (SOD), SOD1, SOD2 and SOD3 and for the
three nitric oxide synthase (NOS) isoforms, eNOS, iNOS and nNOS, was quantified in the
retina by quantitative PCR (qPCR). After mice had been killed by CO2 inhalation, one eye
per mouse was immediately excised and transferred into cooled PBS (Invitrogen, Karlsruhe,
Germany). Next, the retina was isolated by Vannas scissors and fine-point tweezers, trans-
ferred into a 1.5 mL plastic tube, rapidly frozen in liquid nitrogen and stored at −80 ◦C.
Within 3 months, tissue samples were homogenized (FastPrep, MP Biomedicals, Illkirch,
France) and the expression of genes was measured by SYBR Green-based quantitative
real-time PCR, as previously described [27]. RNA was isolated using peqGOLD TriFast™
(PEQLAB) and cDNA was generated with the High Capacity cDNA Reverse Transcription
Kit (Applied Biosystems, Darmstadt, Germany). Real-time PCR reactions were performed
on a StepOnePlus™ Real-Time PCR System (Applied Biosystems) using SYBR® Green
JumpStart™ Taq ReadyMix™ (Sigma-Aldrich) and 20 ng cDNA. The relative mRNA levels
of the target genes were quantified using comparative threshold (CT) normalized to the
TATA-binding protein (TBP) housekeeping gene. Messenger RNA expression is presented
as the fold-change to vehicle-treated eyes. The PCR primer sequences are listed in Table 1.

2.8. Statistical Analysis

Data are presented as the mean ± SE and n represents the number of mice per group.
For the comparison of cell numbers, axon numbers, DHE staining intensity and mRNA
expression levels, a one-way ANOVA and the Tukey’s multiple comparisons test were used.
Vasoconstrictor responses to U46619 are presented as percent change in luminal diameter
from resting diameter, whereas responses to acetylcholine and SNP are presented as
percent change in luminal diameter from preconstricted diameter. The comparison between
concentration-responses was made using a two-way ANOVA for repeated measurements
and the Tukey’s multiple comparisons test. The level of significance was set at 0.05.
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Table 1. Primer sequences used for quantitative PCR analysis.

Gene Forward Reverse

NOX1 GGAGGAATTAGGCAAAATGGATT GCTGCATGACCAGCAATGTT

NOX2 CCAACTGGGATAACGAGTTCA GAGAGTTTCAGCCAAGGCTTC

NOX4 TGTAACAGAGGGAAAACAGTTGGA GTTCCGGTTACTCAAACTATGAAGAGT

eNOS CCTTCCGCTACCAGCCAGA CAGAGATCTTCACTGCATTGGCTA

iNOS CAGCTGGGCTGTACAAACCTT CATTGGAAGTGAAGCGTTTCG

nNOS TCCACCTGCCTCGAAACC TTGTCGCTGTTGCCAAAAAC

CAT CAAGTACAACGCTGAGAAGCCTAAG CCCTTCGCAGCCATGTG

GPX1 CCCGTGCGCAGGTACAG GGGACAGCAGGGTTTCTATGTC

HO-1 GGTGATGCTGACAGAGGAACAC TAGCAGGCCTCTGACGAAGTG

SOD1 CCAGTGCAGGACCTCATTTTAAT TCTCCAACATGCCTCTCTTCATC

SOD2 CCTGCTCTAATCAGGACCCATT CGTGCTCCCACACGTCAAT

SOD3 TTCTTGTTCTACGGCTTGCTACTG AGCTGGACTCCCCTGGATTT

TBP CTTCGTGCAAGAAATGCTGAAT CAGTTGTCCGTGGCTCTCTTATT

3. Results
3.1. Number of Cells in the Retinal Ganglion Cell Layer and of Axons in the Optic Nerve

Ischemia-reperfusion markedly reduced the cell number in the retinal ganglion
cell layer of vehicle-treated mice. Total cell number in the retinal ganglion cell layer
was 129,378 ± 6103 cells and 92,053 ± 6580 cells in retinas from vehicle-treated and
I/R + vehicle-treated eyes, respectively (*** p < 0.001), which constitutes a reduction of
≈29% following I/R. In contrast, only a negligible reduction of ≈10% in cell number
was observed in the betulinic acid-treated eyes (130,468 ± 5791 versus 117,836 ± 5504,
betulinic acid versus I/R + betulinic acid-treated eyes, p > 0.05) (Figure 1A–E). Cells in
the mouse retinal ganglion cell layer are mainly comprised of neurons, but also vascular
endothelial cells and glial cells [22,28]. The neurons are composed primarily of retinal
ganglion cells and displaced amacrine cells. Notably, retinal ganglion cells account for only
about half of the neurons in the retinal ganglion cell layer of the mouse eye [22,29]. Since
the cresyl blue staining method does not clearly distinguish between ganglion cells and
other neurons because of some overlap in nuclear size and shape, we also calculated the
axons of retinal ganglion cells in optic nerve cross-sections. Of note, I/R also reduced the
number of optic nerve axons in the vehicle-treated mice. Axon number was 52,994 ± 3411
and 36,796 ± 4079 in vehicle-treated versus I/R + vehicle-treated eyes (* p < 0.05), which is
a reduction of ≈31% following I/R. In contrast, I/R had only a negligible effect (reduction
of ≈9%) on optic nerve axon number in the betulinic acid-treated mice (58,019 ± 3674 and
52,603 ± 3111, betulinic acid versus I/R + betulinic acid, p > 0.05) (Figure 1F–J).

3.2. Retinal Arteriole Responses

U46619 (10−11–10−6 M) elicited concentration-dependent vasoconstriction of retinal
arterioles that was similar in all groups (Figure 2A). Likewise, endothelium-independent
vasodilation induced by SNP (10−9–10−4 M) was similar in all four groups (Figure 2B).
In contrast, acetylcholine-induced (10−9–10−4 M) vasodilation was greatly reduced in the
arteries of mice exposed to I/R and the vehicle (Figure 2C). Of note, betulinic acid partially
prevented endothelial dysfunction following I/R (Figure 2C).

107



Cells 2021, 10, 2440

− −  

− −  
− −  

Figure 1. Total cell number in the ganglion cell layer (GCL) of the retina and axon number in the optic nerve.
(A–D) Representative pictures of cells in the GCL stained with cresyl blue. Scale bar = 30 µm. (E) I/R markedly re-
duced the total cell number in the GCL in vehicle-treated mice but not in betulinic acid (BA)-treated mice (*** p < 0.001;
* p < 0.05; n = 8 per group). (F–I) Representative pictures of optic nerve axons stained with toluidine blue. Scale bar = 30 µm.
(J) I/R reduced axon number in the optic nerve in vehicle-treated mice but not in BA-treated mice (** p < 0.01; * p < 0.05;
n = 8 per group).

3.3. ROS Levels in the Retina

The staining of retinal cross-sections with DHE revealed markedly increased staining
intensity in retinal blood vessels from eyes exposed to I/R and the vehicle (Figure 3A–E),
indicative of increased vascular ROS concentration. In contrast, DHE staining intensity did
not differ between the four groups in any of the retinal layers (Figure 3F–J).

3.4. Messenger RNA Expression in the Retina

Notably, mRNA for the hypoxic genes, HIF-1α and VEGF-A, was not elevated fol-
lowing I/R (Figure 4A). In contrast, mRNA for NOX2 was elevated to a similar extent
following I/R in the vehicle-exposed and betulinic acid-exposed mice (Figure 4B), suggest-
ing that betulinic acid had no effect on I/R-induced NOX2 mRNA expression. Remarkably,
betulinic acid boosted retinal mRNA expression for the antioxidant enzymes, SOD3 and
HO-1 (Figure 4C) but had no effect on NOS mRNA expression (Figure 4D).
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Figure 2. Responses of retinal arterioles to vasoactive substances. (A) The thromboxane mimetic,
U46619, elicited concentration-dependent vasoconstriction in retinal arterioles that was similar in all
groups. (B) Likewise, responses to the endothelium-independent vasodilator, sodium nitroprusside
(SNP), did not differ between the four groups. (C) In contrast, retinal arterioles from mice subjected
to I/R displayed blunted endothelium-dependent vasodilator responses to acetylcholine, which
were partially improved by treatment with BA. Values are expressed as the mean ± SE (* p < 0.05,
I/R + vehicle versus vehicle; # p < 0.05, I/R + vehicle versus BA; + p < 0.05, I/R + vehicle versus
I/R + BA; $ p < 0.05, I/R + BA versus vehicle; & p < 0.05, I/R + BA versus BA; n = 8 per group).
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Figure 3. Dihydroethidium (DHE) staining in retinal cross-sections. (A–D) Representative pictures of retinal cross-sections
from each group. Scale bar = 50 µm. (E–J) DHE staining intensity was markedly increased in retinal blood vessels from
I/R- and vehicle-treated eyes (E). In none of the retinal layers, marked differences in DHE staining intensity were observed
among groups (F–J) (GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform
layer; ONL, outer nuclear layer; *** p < 0.001; * p < 0.05; n = 8 per group).

109



Cells 2021, 10, 2440

α

Veh
icl

e

I/R
 + 

Veh
icl

e BA

I/R
 + 

BA

Veh
icl

e

I/R
 + 

Veh
icl

e BA

I/R
 + 

BA

Veh
icl

e

I/R
 + 

Veh
icl

e BA

I/R
 + 

BA

Veh
icl

e

I/R
 + 

Veh
icl

e BA

I/R
 + 

BA

Veh
icl

e

I/R
 + 

Veh
icl

e BA

I/R
 + 

BA

Veh
icl

e

I/R
 + 

Veh
icl

e BA

I/R
 + 

BA

M
es

se
ng

er
 R

NA
 e

xp
re

ss
io

n
(fo

ld
 o

f v
eh

ic
le

)

α

   
         

Figure 4. Messenger RNA expression of the hypoxic genes, HIF-1α and VEGF-A (A), the prooxidant genes (NOX1, NOX2,
NOX4) (B), the antioxidant genes (SOD1, SOD2, SOD3, CAT, GPX1, HO-1) (C) and of the NOS genes (eNOS, nNOS, iNOS)
(D) in the eyes treated with vehicle only, I/R + vehicle, betulinic acid (BA) only and I/R + BA. Notably, BA did not prevent
upregulation of NOX2 expression induced by I/R. However, mRNA expression of the antioxidant redox genes, SOD3 and
HO-1, was markedly increased in mice exposed to I/R and BA. Data are presented as the mean± SE (** p < 0.01; * p < 0.05;
n = 8 per group).

4. Discussion

There are several major new findings in the present study. First, following I/R,
betulinic acid prevented cell loss in the retinal GCL and axon loss in the optic nerve,
indicative of a protective effect on retinal ganglion cells. Second, I/R induced endothelial
dysfunction in retinal arterioles, which was partially prevented by betulinic acid. Third,
betulinic acid reduced the generation of ROS in retinal vessels following I/R. Fourth,
treatment with betulinic acid-enhanced mRNA expression for the antioxidant enzymes,
SOD3 and HO-1, while it did not prevent an increase in mRNA levels for the prooxidant
NADPH oxidase subunit, NOX2, following I/R.

This is the first study to report on a protective effect of betulinic acid on I/R injury
in the retina. Several previous studies reported on the protective effects of betulinic acid
in I/R models of other organs. For example, in an ischemic heart model in which rats
were pretreated for 7 days with betulinic acid (50, 100 and 200 mg/kg, i.g.) before cardiac
ischemia was induced by 30 min of left anterior descending artery occlusion followed by
2 h of reperfusion, betulinic acid improved left ventricular function, suppressed myocardial
apoptosis and reduced the release of lactate dehydrogenase and creatine kinase [16]. In a
rat renal I/R model, the renal pedicle was occluded for 45 min to induce ischemia followed
by reperfusion for 6 h. Rats that were treated with betulinic acid (250 mg/kg, i.p.) on
two occasions, 30 min prior to ischemia and immediately before the reperfusion period,
had attenuated I/R-induced oxidant responses, reduced microscopic damage and better
renal function [17]. Likewise, a study in the rat brain reported that pretreatment with
betulinic acid for seven days at 50 mg/kg i.g. reduced cerebral injury and oxidative stress
after one hour of middle cerebral artery occlusion followed by 24 h of reperfusion by
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activation of the SIRT1/FoxO1 pathway and the suppression of autophagy [19]. Similarly,
mouse brain pretreatment with betulinic acid for seven days at 50 mg/kg/day p.o. reduced
I/R-induced infarct volume and ameliorated the neurological deficit after two hours of
middle cerebral artery occlusion followed by 22 h of reperfusion in hypercholesterolemic
apolipoprotein E knockout mice. This was accompanied by the prevention of NOX2, nNOS
and iNOS upregulation and attenuation of oxidative stress [15]. Another study in the
mouse brain reported that betulinic acid reduced ROS production together with mRNA
levels for NOX4 following I/R [18].

Our study is in line with the previously reported observations in other organs by
demonstrating that betulinic acid protects retinal cells from I/R-induced damage. Since
only around half of the cells in the retinal GCL are actually retinal ganglion cells [29], a cell
subgroup that transmits visual information from the retina to the brain, we calculated the
axons of retinal ganglion cells in optic nerve cross-sections in order to specify its number.
Of note, betulinic acid protected retinal ganglion cells from I/R injury.

The present study extends the previously reported observations by demonstrating
that vascular endothelial function was impaired one week after the I/R event and that
betulinic acid reduced the extent of endothelial dysfunction. We have previously shown
in a pig model of ocular ischemia that retinal endothelial function was impaired after
only 12 min of ischemia followed by 20 h of reperfusion [6]. The present study suggests
that the vascular endothelial recovery is not finished one week after the I/R event. This
finding may be important for at least a subgroup of patients with glaucoma, who seem to
be predisposed to repeated I/R events of the retina and optic nerve [30–32]. Based on these
findings, an acute IOP increase may cause sustained vascular dysfunction, which in turn
may itself predispose to further I/R events resulting in damage of retinal ganglion cells.

Remarkably, betulinic acid ameliorated I/R-induced vascular endothelial dysfunction
in retinal arterioles. Vasoprotective effects have already been reported for betulinic acid
in larger blood vessels. In these studies, exposure to betulinic acid improved endothelial
function and reduced vascular ROS levels [33–35].

Although we found positive effects of betulinic acid on neuron survival and retinal
endothelial function, we did not find direct effects of betulinic acid on oxidative stress.
However, our study protocol differed from protocols in the previously reported studies in
several aspects. First, we started administration of betulinic acid one day prior to the I/R
event and continued application until the seventh day after the event. We did so because
the full extent of retinal neuronal damage is not visible directly after the I/R event. Second,
we measured vascular reactivity, ROS levels and mRNA expression at one time point eight
days after the I/R event. This may be the reason why we found ROS levels to be elevated
significantly only in retinal blood vessels, but not in individual retinal layers. The oxidative
stress, which was observed in the retina in the acute phase after I/R events in various
studies, including our own, may return to normal after several days [6,8]. In support
of this hypothesis, a study in mice that utilized the chemiluminescent probe, L-012, as a
noninvasive in vivo ROS detection agent demonstrated that ROS levels were tremendously
increased one day after the I/R event while they were already markedly lower after three
and seven days [36].

However, we found indirect hints that an oxidative burst occurred following I/R,
because mRNA for the prooxidant NADPH oxidase subunit, NOX2, was elevated eight
days following I/R. We and others have previously reported that NOX2 mRNA and protein
levels were elevated following I/R in the retina of various species, including mice and
pigs [6,8]. Since in the present study, NOX2 mRNA levels were similarly elevated in
the I/R + vehicle group and in the I/R + betulinic acid group, betulinic acid apparently
had no major effects on NOX2 mRNA expression. We also did not find evidence for the
downregulation of NOX4 mRNA expression by betulinic acid as previously suggested in
the mouse brain [18].

However, we found that betulinic acid-enhanced mRNA expression for the antioxi-
dant enzymes SOD3 and HO-1, which have both previously been demonstrated to exert
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antioxidant effects in the retina. For example, SOD3 was shown to reduce oxidative stress
in the inner retina and at the vitreoretinal interface in mice [37]. Similarly, HO-1 was shown
to exert potent antioxidant, antiapoptotic, anti-inflammatory and cytoprotective activities
against I/R injury in various organs, including the retina [38].

One potential limitation of this study is that the samples for quantification of redox
gene mRNA and oxidative stress were taken eight days after the I/R event, which may be
too long to detect acute changes in oxidative stress and redox gene expression in response
to I/R. Hence, the choice of this time point may underestimate the contribution of ROS
and some redox genes to ischemic injury or to neuro- and vasoprotection. On the other
hand, the choice of this time point gives us a picture of prolonged molecular changes
following I/R. Moreover, in the present study, mice received betulinic acid one day before
I/R and continued receiving the substance for seven days after the event because the aim
of the study was to determine whether betulinic acid exerted neuroprotective properties
at all. It remains to be established whether betulinic acid can protect from I/R when its
administration is started after the I/R event, a situation typically seen in a clinical setting
when patients come to the ophthalmologist after they experience visual problems due to
an I/R event.

5. Conclusions

In conclusion, this is the first study demonstrating protective effects of betulinic acid
following I/R in the retina, which is in line with previous studies in other organs, such as
the brain, heart and kidney. Another new finding is that vascular endothelial function was
markedly impaired eight days after the retinal I/R event, which suggests that even short
periods of I/R, as observed in acute IOP increases, may lead to sustained functional deficits
of the retinal vasculature. Remarkably, betulinic acid partially prevented endothelial
dysfunction following I/R. From a clinical point of view, betulinic acid may become useful
in treating ischemic diseases of the retina and optic nerve.
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Abstract: Diabetic retinopathy is one of the most important microvascular complications associated
with diabetes mellitus, and a leading cause of vision loss or blindness worldwide. Hyperglycaemic
conditions disrupt microvascular integrity at the level of the neurovascular unit. In recent years,
zebrafish (Danio rerio) have come into focus as a model organism for various metabolic diseases such
as diabetes. In both mammals and vertebrates, the anatomy and the function of the retina and the
neurovascular unit have been highly conserved. In this review, we focus on the advances that have
been made through studying pathologies associated with retinopathy in zebrafish models of diabetes.
We discuss the different cell types that form the neurovascular unit, their role in diabetic retinopathy
and how to study them in zebrafish. We then present new insights gained through zebrafish studies.
The advantages of using zebrafish for diabetic retinopathy are summarised, including the fact that
the zebrafish has, so far, provided the only animal model in which hyperglycaemia-induced retinal
angiogenesis can be observed. Based on currently available data, we propose potential investigations
that could advance the field further.

Keywords: diabetic retinopathy; zebrafish; neurovascular unit; microvascular complications and
dysfunction; metabolism

1. Introduction

Diabetes mellitus is one of the most prevalent metabolic conditions worldwide. The
International Diabetes Foundation (IDF) estimated in 2015 that there were 415 million adults
aged 20–79 living with diabetes. Due to increasing populations and the high prevalence of
obesity in developed countries, this number is expected to rise to 642 million people by
2040 [1].

Diabetic retinopathy (DR) is a frequent microvascular complication occurring in
patients with both type 1 or type 2 diabetes, and remains a leading cause of vision loss
and blindness globally [2]. The probability of developing DR is highly dependent on the
duration of diabetes and the level of glycaemic control. Furthermore, the management of
other risk factors such as hypertension can also have a significant effect on the development
of DR [3].

Due to earlier detection and improved treatment options, the prevalence of both
retinopathy and sight-threatening stages has declined in recent years [3,4]. However, since
the number of patients with diabetes and the average lifespan will increase globally in
the coming decades, DR will continue to be a highly relevant condition in the foreseeable
future [5,6].

The clinical aspects of DR have been thoroughly characterized [2,7,8]. There are
several changes in the retinal vasculature that can be attributed to hyperglycaemia such as
pericyte and endothelial cell loss. These are accompanied by altered blood flow and altered
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vascular permeability. The first ophthalmologically visible signs of DR are microaneurysms
and haemorrhage, followed by hard exudates—the cardinal signs of non-proliferative
DR (NPDR). In moderate stages, additional vascular abnormalities follow, such as the
important intraretinal neovascularization. In later stages, due to increasing ischemia,
retinal neovascularization extends through the inner limiting membrane (ILM) and along
the surface of the retina or into the vitreous cavity. This stage is referred to as proliferative
diabetic retinopathy (PDR). The complications associated with PDR, such as vitreous
haemorrhage, retinal detachment or macular nonperfusion, may lead to vision loss. A
common denominator in these complications is the associated photoreceptor dysfunction.

The UK Prospective Diabetes Study (UKPDS) showed that, at the turn of the century,
38% of newly diagnosed patients with type 2 diabetes already showed some stage of
retinopathy [9]. In a large European population-based study published in 2016, 21% of
patients with screening-detected type 2 diabetes already showed signs of DR [10]. This
indicates that, while diabetes development has been overlooked in patients in the past, there
has been a decline in this failure. A deeper understanding of the complex pathophysiology
underlying the early stages of diabetic retinopathy is needed to develop new concepts for
personalized medicine.

Zebrafish (Danio rerio) have been used as a model for human disease for decades. Their
ease of maintenance and relatively short reproduction time make them a very attractive
model organism. Their small size, fast development and their ability to produce up to 200
offspring per week underscore these advantages. Adult zebrafish measure 3 to 5 cm in
length and can be housed in tanks with up to 30 other fish, depending on the tank size.
Embryogenesis is almost complete, and most organs are developed at 72 h post fertilisation
(hpf). Zebrafish are considered adults at 3 months of age. Since the larval development
happens outside of the mother and the larvae are transparent, development can be closely
monitored in vivo. Additionally, zebrafish show a high degree of genetic, anatomical and
physiological similarities to humans [11–13].

In recent years, zebrafish have increasingly been used to investigate diabetes and
other metabolic disorders. [14] Inducing diabetes in zebrafish can be performed in various
ways. Diabetes can be induced through classical external approaches, such as injection
of streptozotocin (STZ) [15]. Another approach in zebrafish is immersion in high-glucose
solutions [16]. However, since the genome-wide association studies (GWAS) systematically
identified various genetic loci that are associated with different kinds of disorders, including
type 2 diabetes mellitus and obesity [17,18], zebrafish, as a well-established animal model
for forward and reverse genetic methods, have gained attention in the field [19,20].

In this review, we discuss numerous pathologies associated with DR that have so
far been identified in zebrafish models of diabetes and offer an overview of experimental
techniques and perspectives for future investigators in the field.

2. Zebrafish in Diabetic Retinopathy Research

To investigate pathologies associated with DR in zebrafish, it is important to examine
the various cell types that are implicated in the development of DR and to recognize
differences between mammalian and zebrafish models of DR.

2.1. The Neurovascular Unit in Mammals and in Zebrafish—Similarities and Dissimilarities

The term neurovascular unit was first applied to the blood–brain barrier and, later, to
the inner blood-retinal barrier. It defines the functional and structural coupling of vascular
cells, i.e., endothelial and vascular mural cells (especially pericytes), neural cells, which
encompass ganglion cells, amacrine cells, horizontal cells and bipolar cells as well as macro-
and microglia [21]. These cell types work closely together to regulate the nutrient and
oxygen levels in the functional retina through regulation of blood flow and trans- and
paracellular transport. Several reviews have discussed this complex cellular crosstalk and
its disruption by diabetes on various levels [22–25].
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Zebrafish have long been accepted as a valuable model to study eye disease [26,27].
Both the anatomy and the function of the retina and the NVU have been highly conserved
in vertebrates. The mammalian and the zebrafish retina both consist of three nuclear layers
and two synaptic (plexiform) layers, and contain the same cell types (Figure 1). In zebrafish
as well as in mammals, the phototransduction cascade is activated when light reaches the
photoreceptors. They transport the information to the bipolar cells in the outer nuclear
layer (ONL), with their synapses interacting in the outer plexiform layer (OPL). In the
OPL, horizontal cells, which are local interneurons, regulate the photoreceptor output.
The bipolar cells, which have their cell bodies in the inner nuclear layer (INL), activate
retinal ganglion cells via synapses in the inner plexiform layer (IPL). This interaction is
modulated by amacrine cells. The axons of the ganglion cells merge on the vitreous surface
of the retina and form the optic nerve, through which they leave the retina and reach the
visual cortex of the brain [28,29]. One key difference between the zebrafish retina and the
mammalian retina is that the zebrafish retina can regenerate, a phenomenon discussed
further in the chapter on immune cells.

Data describing the nature of the blood–retinal barrier in zebrafish are scarce. There
are numerous studies confirming that the blood–brain barrier in zebrafish is highly con-
served [30,31]. The main components of the NVU can be found in zebrafish, including a
single, continuous endothelial cell layer with tight junctions to control paracellular trans-
port, pericytes that cover the abluminal vessel wall and are covered by a basal lamina
and radial glia processes that are in permanent contact with both the endothelial cells and
neural cells to ensure proper vascular function.

Figure 1. Anatomy of the zebrafish retina: Left: 4× magnification of a paraffin cut of the zebrafish retina, periodic-acid
Schiff’s (PAS) stain. Right: 20× magnification of the zebrafish retina with a schematic overview of the different cell types.
Scale bar = 100 µm.

2.2. Endothelial Cells

Under physiological conditions, a single layer of non-fenestrated endothelial cells
forms the luminal wall of vessels and ensures vessel integrity through communication
with the surrounding cells. Especially in the brain, and by extension in the retina, the
endothelium is very restrictive in order to protect the neurons from toxins and metabolites.
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It ensures this selective permeability through inter-endothelial cell junctions such as tight
junctions, adherence junctions and gap junctions, as well as tightly controlled transcellular
pathways. Many molecules have been identified that play an important role in retinal
endothelial junctions [32].

Critical features of DR include vascular dysfunction, which is associated with in-
creased vascular permeability because of the loss of tight junctions, and loss of endothelial
integrity [24]. This leads to hypoxia in the poorly perfused retina that induces an increase in
levels of Angiopoietin-2 (Ang-2) and vascular endothelial growth factor (VEGF). Increased
levels of VEGF, in turn, lead to the formation of new and more fragile blood vessels in
the retina. This pathological neovascularization is a key component of irreversible causes
of blindness in various retinopathies, as it leads to bleeding into the vitreous and retinal
detachment due to macular oedema. Upregulation of VEGF is an important example of
how the knowledge of pathological pathways can lead to the development of new treat-
ments. An intravitreal injection of anti-VEGF antibodies is the only working treatment for
advanced stages of retinal neovascularization. The discovery of the molecular pathways
associated with the upregulation of VEGF, and the subsequent development of a new
treatment option, show how crucial adequate animal models are for the development of
new treatment methods [33,34].

Zebrafish have distinct advantages regarding their retinal vasculature because there is
an extensive availability of reporter lines, e.g., the Tg(fli1a:EGFP) line, in which the whole
endothelium is visualized due to the expression of enhanced green fluorescence protein
(EGFP) [35]. Therefore, most of the research that has been performed on zebrafish in the
context of diabetes has been focused on vascular pathologies. Quantification of endothelial
cells and the whole retinal vasculature under different conditions is facilitated by the use
of the appropriate reporter line. Reporter lines for other cell types are discussed below.

The development of zebrafish retinal vasculature has been well studied [36] and
reviewed [37–39]. Therefore, we will only give a short overview of the development of
the vessels and the key differences in comparison to mammals. The blood supply in the
human retina and in some rodents is provided by two vascular plexuses, the choroid and
the intraretinal vasculature. During development, the retinal vascular network undergoes
intense remodelling. Blood supply during early development is provided by the hyaloid
vasculature. Once the primary plexus of the retinal vasculature starts to grow into the
retina, the hyaloid vasculature regresses. In humans, the growth of the primary plexus
is controlled by astrocytes through the secretion of VEGF. The intraretinal vasculature
grows from the primary plexus through angiogenesis, as the development of the retinal
vasculature continues [40,41]. In humans, the hyaloid vasculature forms during late
embryogenesis and the switch to retinal vasculature starts mid-gestation while, in mice,
the switch happens at birth.

One major difference between mammalian and zebrafish vasculature is that zebrafish
vasculature does not exhibit this switch in a vessel origin. The first endothelial cells are
present by 48 hpf and are localised between the lens and the retina. They give rise to the
hyaloid vasculature, which at first adheres tightly to the lens. By 5 days post fertilisation
(dpf), the hyaloid vasculature enwraps the lens entirely and forms the peripheral circum-
ferential vein, the inner optic circle (IOC). From 15 dpf on, they lose contact with the lens
and become more and more attached to the retinal surface. There is no further invasion
of vessels. Zebrafish only have vessels on the surface of the retina and on top of the inner
limiting membrane (ILM). This suggests that, comparable to some mammalians such as the
guinea pig, the relatively thin retina does not need an intraretinal plexus because oxygen
supply can be ensured solely through diffusion [36]. This is another major difference
between mammalian and zebrafish retinas, one which has consequences when analysing
the vasculature of diabetic phenotypes. To visualize retinal vessels in mammals properly,
the ILM needs to be removed during dissection. If the ILM is removed in zebrafish, this
would also remove the retinal vasculature. This difference is essential in the context of DR
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research: the new blood vessels that develop in PDR break through the ILM. This is not
possible in zebrafish.

2.2.1. Non-Genetic Zebrafish Models of Diabetic Retinopathy

Zebrafish have been used to model pathologies associated with DR for well over
a decade now. The first approach was to induce hyperglycaemia in zebrafish through
immersion in glucose solutions (Table 1). This was achieved by placing them in alternating
solutions of 2% and 0% glucose every 24 h for up to 30 days, showing a decrease in
the thickness of the IPL and the INL in the retina [16], which has also been observed in
other animal models and diabetic patients through spectral domain optical coherence
tomography [42]. This strengthens the position of zebrafish as a model to study the effects
of high glucose levels on the retina, since the short duration of high glucose exposure, in
combination with the ease of vascular visualization and the large breeding size, allow for
convenient experimentation.

A re-evaluation of the model found various signs of retinopathy, apart from neurode-
generation. After a 30-day incubation period in alternating 2% and 0% glucose solutions,
treated fish exhibited an increase in vessel diameter and a thickening of the vessel basement
membrane, as well as prominent defects in cone photoreceptors with signs of photorecep-
tor degeneration, including impaired electroretinography (ERG) results. Other vascular
pathologies were visible as well, such as wider tight and adherent junctions that suggest
increased vessel permeability and upregulation of VEGF; however, those were visible in
mannitol-treated control fish as well, which led the authors to reconcile these changes with
hyperosmolarity rather than high glucose [43].

Since then, diabetes-like metabolic conditions have been induced through different
methods such as a zebrafish model of experimental hypoxia. Hypoxia was achieved
through a device that perfused N2 gas directly into the water inside a sealed aquarium,
preventing air from leaking out. The system automatically maintained a constant level of
O2 in the water and thus placed the zebrafish in 10% air saturation. The authors could show
that 12 days of hypoxia treatment increased the density of capillary networks significantly,
and that hypoxia, therefore, had an angiogenic effect in the zebrafish retina. They also
established a dose-dependent relation of hypoxia to angiogenesis through exposure of
zebrafish to different concentrations of air-saturated water and analyses of the different
angiogenic responses. Most importantly, this neovascularization could be blocked by
oral anti-VEGF agents (sunitinib and ZN323881), confirming that neovascularization in
zebrafish is as VEGF-dependent as it is in mammals [44].

Experimental hypoxia is a strategy that has been used to model PDR in rodents, since
diabetic mammalian models do not develop spontaneous neovascularization [45]. The
best known rodent model is the oxygen-induced retinopathy (OIR) in mice, which has
recently been reviewed, with all its advantages and disadvantages [46]. In rodent models,
it is common to induce diabetes through STZ injection. STZ is an antibiotic that leads to
sustained hyperglycaemia through the disruption of pancreatic islets of Langerhans and
the destruction of beta-cells. Intraperitoneal or direct caudal fin injection of 300–350 mg/kg
STZ in zebrafish leads to an increase in fasting blood glucose and, in addition, a marked
decrease in retinal photoreceptor layer (PRL) and IPL thickness [47]. The administration of
i.p. STZ-injections on days 1, 3 and 5, and subsequent booster injections once a week for
two more weeks (day 12 and 19), can induce sustained hyperglycaemia for up to at least
three weeks [47]. A later study, however, found that, when following the proposed protocol,
the zebrafish showed a high mortality and increased levels of hypoglycaemia—indicators
that this is an imperfect method of inducing diabetes in zebrafish [48].

In short, the most common ways of inducing diabetic metabolic states or retinal
neovascularization in mammalian models of retinopathy (glucose exposure, hypoxia and
STZ injections) can be used in adult zebrafish, and lead to pathologies that show similarities
with DR in humans. Variants of the methods presented in this chapter have been used
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frequently, especially the high-glucose model, to study the effects of new potential anti-
angiogenic drugs.

2.2.2. Genetic Zebrafish Models of Diabetic Retinopathy

The main advantage of zebrafish in diabetes research is the ease of genetic manipula-
tion. The possibility of introducing targeted mutations using sequence-specific transcrip-
tion activators such as effector nucleases (TALENs), or the clustered regularly interspaced
short palindromic repeats (CRISPR) system, have made the zebrafish highly attractive for
studying the consequences of loss-of-function alleles in an effective way (Table 1) [49,50].

After the successful establishment of the Zebrafish Mutation Project [51], the effects
of the null mutation of pdx1 (pancreatic and duodenal homeobox 1) in zebrafish were
analysed. The analysis indicates that homozygous mutation leads to impaired pancreatic
islet development and disrupted glucose homeostasis [52]. Subsequent analyses by the
same group showed that these mutants exhibit distinct signs of retinal vasculature dys-
function, including vessel constriction, points of stenosis, a reduction of average vessel
diameter, tortuous vessels with increased vessel density and increased sprouting and
branching, as well as a reduced expression of ZO-1 (zonula occludens protein 1). ZO-1 is a
molecule that is integral to tight junctions which are responsible for connecting endothelial
cells and regulating permeability in vessels. Furthermore, GLUT1 expression was largely
absent in mutants compared to wildtype controls [53]. Changes in GLUT1 expression
have also been reported in DR patients and mouse models [54]. Parallel research on a
CRISPR/Cas9-induced homozygous pdx1 mutant by our group independently observed
the same findings of hypersprouting and hyperbranching in the adult retina. This study
additionally described that a pharmacological modulation of VEGF and Nitric Oxide sig-
nalling rescues the hyperglycaemia-induced changes in the vasculature [55]. Recently, work
on a homozygous aldh3a1 knockout zebrafish line showed a moderate retinal vasodilatory
phenotype, which could be aggravated through experimental diabetic conditions achieved
through pdx1 expression silencing. This study provides evidence that 4-Hydroxynonenal
(4-HNE), which has been implicated as a clinical feature in patients with diabetes and
diabetic complications before, induces impaired glucose homeostasis and causes retinal
vascular alterations [56]. Another interesting genetic model of hyperglycaemia associated
retinal pathologies is the combination of a CRISPR/Cas9-induced mutation in the glo1
(Glyoxalase 1) gene with an overfeeding protocol, which includes an overfeeding period
of 8 weeks with artemia [57]. Glyoxalase 1 is an enzyme which catabolizes methylglyoxal
(MG), a reactive metabolite that is a main precursor to advanced glycation end products
(AGEs), and is elevated in the plasma and tissue of diabetic patients. Loss of glyoxalase 1
can therefore lead to increased levels of MG and a diabetic phenotype [58]. This protocol
also leads to an increased angiogenic sprout formation of the retinal vasculature [57], and
was recently scored as the best type 2 diabetes model in zebrafish that is directly followed
by both pdx1 mutants [59].

These findings are exciting from multiple perspectives. The confirmation that two
different pdx1 mutants by two independent groups produce a phenotype resembling DR in
zebrafish establishes this zebrafish mutant line as a reliable and reproducible model for
further research into the mechanisms associated with DR, particularly retinal angiogenesis
in adults [53,55]. Furthermore, the homozygous pdx1 mutant is the first animal model to
show retinal angiogenesis under hyperglycaemia. Additionally, these results show that
genes potentially involved in the pathogenesis of diabetes can be tested in zebrafish to find
out whether and in which dimension they are involved in the development of DR. This
could catalyse research into potential pathways and treatments, such as high-throughput
screenings for potential targets of personalized treatment methods.
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2.2.3. Small Molecule Testing on Zebrafish Larvae

The main principle of the ethical use of animal studies in clinical research is that of
the 3 R’s: researchers should always work to replace, reduce and refine animal studies.
Zebrafish have increasingly come into focus to achieve these goals.

In the context of DR, this especially applies to small molecules that are supposed to
stop or delay neovascularization. Currently, the gold standard for treating sight-threatening
PDR is pan-retinal laser coagulation, supplemented by intravitreal injections of anti-VEGF
agents when clinically significant macular oedema (CSME) is present. Clinicians need
alternative therapies targeting other pathways and potentially allowing for non-invasive
application methods. Using zebrafish larvae to study the effects of antiangiogenic drugs
can replace some animal toxicity studies, since zebrafish larvae start being considered
independent organisms at 5 dpf. Studying the effect of new agents on the developing
zebrafish hyaloid vasculature can screen them for their function and thus leave a smaller
number of potential pharmaceutical agents which have already proven their efficiency in
zebrafish larvae to be tested on mammals [60,61].

A retinal phenotype in the pdx1 zebrafish line has been observed, even in the larval
hyaloid vasculature. The phenotype could be rescued through incubation in metformin
and PK11195, providing evidence that the phenotype is caused by hyperglycaemia [55].
This highlights the suitability of the model: shortly after the induction of the mutation,
there is already in vivo imaging available to confirm whether the changes in the retinal
vasculature can be rescued through the application of a specific drug.

Wildtype zebrafish larvae that are incubated in glucose for 3 days, starting at 3 dpf,
show an increased diameter in hyaloid vessels and upregulated expression of VEGF
RNA [62]. This can easily be used to evaluate the efficacy of an antiangiogenic drug. How-
ever, screening for antiangiogenic agents does not necessarily require a model associated
with hyperglycaemia [63]. The physiological development of the hyaloid vessels can also
be disrupted by anti-angiogenic agents, and this disruption can be observed in vivo in a
matter of days. As already proposed in 2003, zebrafish, with their rapid development and
optical transparency, are exceptionally convenient for high-throughput in vivo screening
of anti-angiogenic agents [64]. Their use in such experiments has been on the rise for
years [65–67] because researchers want to develop treatments to inhibit neovascularization
as the main reason for vision loss in various ocular diseases including, but not limited
to, DR. Most recently, a protocol for drug pooling has been established. In this study, the
authors evaluated the usefulness of pooling various agents and incubating zebrafish larvae
with multiple agents at a time [68]. This enhances and facilitates the screening of ocular
anti-angiogenic drugs in zebrafish larvae, making it possible to use even fewer animals in
a first line screening of novel agents.

2.3. Pericytes

Pericytes are specialised mural cells (MCs) which occupy the abluminal side of the
vessel wall and are in constant communication with endothelial cells, microglia and neu-
rons. Their location and morphology are very distinct. They sit within the basal membrane
with long processes covering the vessel walls [69]. Pericytes contribute to the regulation of
blood flow through the retinal vessels and thereby to the oxygen supply for the retina, as
well as the anatomical stabilization of the BRB [70]. Additionally, they are important for
the formation of new vessels. As such, they are recruited for developing vessels through
chemotactic factors such as platelet-derived growth factor B (PDGF-B), which is secreted
by endothelial cells, and the interaction of Angiopoietin 1 (Ang1), which pericytes express,
and the endothelial cell derived tyrosine-kinase receptor Tie-2. A lack of pericytes leads to
severe endothelial dysfunction and even perinatal death in PDGF-B-deficient mice through
the absence of functional blood vessels [71]. Angiopoietin 2 (Ang2), on the other hand,
which is upregulated in patients with DR, has been found to disrupt the PDGF-B stimulated
pathway and subsequently impair communication and the recruiting of pericytes to vessel
walls.
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In the retina, the pericyte-to-endothelial-cell ratio is 1:1, which emphasizes the im-
portance of their role in ensuring the structural and functional integrity of the vascular
architecture and the BRB [69,72]. An early feature of DR is the depletion of capillary
pericytes. Several mechanisms have been suggested to play a role in pericyte loss. These
include a reduction in PDGF-B signalling due to hyperglycaemia and increased secre-
tion of Ang2 by endothelial cells. Further mechanisms implicated in pericyte depletion
are microglial pro-inflammatory-mediated activation of pro-apoptotic molecules, reactive
oxygen species (ROS) damage to pericyte mitochondria by activating apoptotic cascades,
induction of apoptosis through generation of tumour necrosis factor-alpha (TNF-alpha)
and advanced glycation end-product (AGE) and glutamate excitotoxicity [73]. Pericyte loss
contributes to the eventual formation of acellular capillaries and microaneurysms, as well
as haemorrhage, and consequently hypoperfusion in the retina.

Pericytes are present in the retinal vasculature of zebrafish. It was confirmed through
electron microscopic analysis of the ultrastructure of retinal vessels that zebrafish vitreo-
retinal vessels carry mature pericytes that are located on top of the vascular endothelium
within the basal lamina, which is the same location that they inhabit in mammalian vessels.
This is observed both in young and senescent specimen but not in larvae [36]. Neither
in mammals nor in zebrafish do pericytes express one specific cell marker [74], and not
all markers can be used across different species. Of the most prominent and commonly
used pericyte markers, pericytes in zebrafish express PDGF receptor beta (PDGFRβ) and
Notch3 [75]. More recently, transgenic reporter lines have been developed for live imaging
of MCs. In one study, EGFP, mCherry or the Gal4FF drivers are expressed under the
control of the pdgfrβ promotor and indicate that the first pdgfrβ positive cells, which are
most likely pericytes, can be observed at the 8-somite stage in the cranial neural crests of
zebrafish [76]. Two zebrafish smooth muscle actin (sma) homologues have been reported:
acta2 and transgelin. SMA is used to stain vascular smooth muscle cells (vSMCs) [77]. These
can include pericytes, acta2 and transgelin; however, they do not seem to be specific for
pericytes. Specifically, one study found that the retinal vessels in the centre of the optic disc
were arteries and densely covered by transgelin1 and acta2 positive cells. This suggests that
those cells were vSMCs, while capillaries and venous vessels were covered with PDGFRβ
positive cells. This confirmed the finding previously established in the mammalian retina,
as mentioned above, that there is no one pan-pericyte marker [78]. These findings were
in accordance with the observation that vSMCs are typically found in large blood vessels
and are separated from the endothelium by the basement membrane, controlling vessel
contractility and regulating blood flow. Pericytes as specialised MCs are rather found
in microvessels, especially in the brain and the eye, and are embedded in the basement
membrane. Even though both vSMCs and pericytes may come from the same cell line and
express similar molecular markers at various time points, they are defined as two different
cell types. [69]

To study the development of vSMCs in vivo, reporter lines were established that
express GFP or mCherry under the mural cell promotor acta 2. In these reporter lines,
it was established that vascular mural cells turned on acta2:EGFP several days after the
initiation of circulation, and were morphologically similar to pericytes in early development.
The larger head vessels were associated with acta2:EGFP positive cells at 7 dpf. In this
study, the authors suggested that zebrafish do not need as many mural cells as mammals,
which thus explains the difference in expression of acta2 and the late association of mural
cells with the vessels, as mammalian blood pressure is much higher than that in zebrafish.
Accordingly, this could mean that zebrafish vessels do not need the stabilizing effect of
mural cells as much as mammals do. [79] We have, however, observed that, at least in the
retina, the ratio of one pericyte to one endothelial cell is most likely conserved in zebrafish.

Recently, to research the function of the frizzled4 gene, which is implicated in the
development of familial exudative vitreoretinopathy (FEVR), one study found that peri-
cytes in the zebrafish retina contain frizzled4 mRNA and have a very unique position on
the retinal vasculature [80]. These observations could finally make the quantification of
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pericyte numbers in the zebrafish retina possible. To quantify pericyte numbers in rodent
models of DR, or in diabetic donor eyes, the retinal digest method is used [81]. In Figure 2,
we provide an image of a retinal trypsin digest of the zebrafish retina and indicate the
different cell types (endothelial cells and pericytes) that can be visualized through this
method.

Figure 2. Visualization of endothelial cells, pericytes and erythrocytes in the zebrafish retina: 20× magnification of the
zebrafish retina after digestion in 3% trypsin [81] and haemalum stain. Red arrow: erythrocyte, black arrow: pericyte, white
arrow: endothelial cell. Scale bar = 100 µm.

2.4. Microglia

Microglia are the resident macrophages of the central nervous system (CNS) and an
important part of the neurovascular unit. Their morphology is unique, with small cell
bodies in the plexiform layers and long cell processes that may span all the nuclear layers.
They monitor and control the surrounding microenvironment in the CNS, and they are
able to synthesize and release multiple cytokines, chemokines, neurotrophic factors and
neurotransmitters. Under physiological conditions, microglia receive inhibitory signals
from the surrounding microenvironment, such as secretion of transforming growth factor
beta (TGFβ) by the retinal pigment epithelium (RPE) and expression of CD200 on several
retinal cells and the release of CX3CL1 by healthy neurons or endothelial cells. TGFβ even
induces an anti-inflammatory effect [82].

The activation of microglia, noticeable through morphological transformation and
migration of residential microglia, is a common hallmark sign of retinal disease. Microglia
are involved in all stages of DR. In early stages, there is a moderate increase in perivascular
microglia and they appear to be slightly hypertrophic. During non-proliferative stages
of DR, microglia tend to cluster around lesions such as microaneurysms [83]. In prolif-
erative stages, the new vessels, which are highly fragile and dilated, are surrounded by
microglia [82,84]. If chronically activated, microglia play a part in neuroinflammation by
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constantly releasing cytokines, and thus lead to an increased invasion of immune cells into,
and further damage to, the retina through inflammatory processes [84,85].

At present, there are no studies on microglia or inflammatory processes in zebrafish
models of DR in general. There are various reporter lines in which microglia/macrophages
express fluorescence proteins, as well as the possibility of staining microglia with antibodies
against lymphocyte cytosolic plastin 1 (lcp1, a pan-leukocyte maker) and 4C4 (which stains
microglia exclusively in zebrafish) [86,87].

2.5. Müller Glia

Microglia are involved in a constant active crosstalk with Müller cells. Müller cells
and astrocytes are the resident macroglia in the retina, with Müller cells being the major
glial cell type in the mammalian retina. In all, 90% of retinal glia are Müller cells [84]. They
are in intimate contact with all other cell types, with their end-feet in close contact with
ganglion cells and endothelial cells on the vitreal side of the retina, and with photoreceptors
on the outer side of the retina. Their cell bodies are found in the inner nuclear layer, but
their processes span the entire retina.

There are three main functions that are being attributed to Müller glia: the uptake
and recycling of neurotransmitters and retinoic acid compounds, the control over the
metabolism and the supply of nutrients to the retina, as well as the regulation of blood
flow and maintenance of the BRB [88].

In diabetic conditions, Müller cells are a potential source of growth factors, e.g.,
VEGF, that are effectors of neovascularization, and cytokines, which lead to the activation
and migration of microglia. After prolonged periods of overstimulation, Müller glia
begin to die, leading to photoreceptor degeneration, vascular leakage and intraretinal
neovascularization [84,89,90]. The first marker of activation of Müller glia is an increase in
expression of glial fibrillary acidic protein (GFAP), which is the most common marker of
gliosis.

Müller cells become activated in hyperglycaemic conditions in adult zebrafish, as
shown by antibody staining against GFAP or glutamine synthetase (GS) [43,53,78]. How-
ever, while in rodent models and in human eyes, healthy Müller cells do not express GFAP,
Müller glia in zebrafish always express GFAP, thus rendering the demonstration of Müller
cell activation difficult. This may be caused by the zebrafish retina’s regeneration capability
after injury, which has been reviewed elsewhere [91,92]. The source of regenerated neurons
in zebrafish is the Müller cells themselves; upon detecting an injury, they re-enter the cell
cycle and undergo asymmetric division, ultimately generating multipotent progenitors
that replace the lost neurons [93]. This may pose an interesting addition to DR research
in mammalian models, since mammalian Müller glia cells seem to have retained some of
those regenerating abilities. Defining the mechanisms underlying the regenerative process
in zebrafish may offer opportunities and new directions in the future of DR treatments [94].

There are established transgenic reporter lines for Müller glia as well, e.g., the
Tg(gfap:GFP) line, in which Müller cells express the green fluorescence protein under
the control of the gfap promotor. It was recently shown that larvae that are exposed to 4%
glucose from 24 to 48 hpf show a significantly reduced number of Müller glial cells in the
retina, which cannot be rescued post glucose exposure [95]. This reporter line has yet to be
used in adult zebrafish models of diabetic retinopathy to evaluate its use in researching
Müller glia activation or loss in diabetic conditions.

2.6. Photoreceptors/Neurodegeneration

Visual information is encoded in photoreceptors. In contrast to rodents, which are
nocturnal animals and therefore have a rod dominated retina, zebrafish have a cone-
dominated retina. Rods are highly sensitive and are most useful in dim-light conditions;
therefore, they are mainly found in the peripheral parts of the human retina. The point of
best visual acuity in the human retina, the fovea, which is the central part of the macula
lutea, is mainly populated by cones, which are most active during daytime. Macular
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degeneration is one of the most important reasons for vision loss in humans. Even though
the increased cone ratio in the zebrafish retina in comparison with the rodent retina makes
the zebrafish an interesting model to study photoreceptor degeneration, it should be
remembered that the fovea does not exist in the zebrafish retina (nor in other animal
models). The effect of photoreceptor degeneration on the development of DR has only
recently come into focus [96].

The hallmarks of diabetes-induced neuroglial degeneration include reactive gliosis
(as discussed above), diminished neuronal function and neural-cell apoptosis. All of those
have been observed to occur well before the first signs of microangiopathy in experimental
models of DR or before the retina of diabetic human donors become visible [97,98]. Retinal
ganglion cells and amacrine cells may be the first neuronal cells in which apoptosis becomes
detectable, but photoreceptors also have an increased apoptotic rate [99]. The visible
consequences of apoptotic cell death are reduced thickness of retinal layers, specifically
the inner plexiform layer and the nerve fibre layer, as well as impaired ERG results due
to photoreceptor degeneration and consequent dysfunction. Both of these effects can be
observed in zebrafish models of DR. The data suggest that there are some discrepancies
when analysing the effect of neurodegeneration in the zebrafish retina. Some studies
found that the thickness of the inner plexiform layer significantly decreased, for example,
in models of immersion-induced hyperglycaemia or STZ injection [16,47]. A decrease
of nuclei in the outer nuclear layer in the genetic pdx1 model was observed compared
to age matched controls [53]. However, another study described an increase in retinal
layer thickness in a model of immersion-induced hyperglycaemia [100], and it has even
been shown that, in the pdx1 model, there is an increase in nuclei in the inner nuclear
layer [53]. These conflicting results clearly indicate that neurodegeneration in diabetic
zebrafish models has not been sufficiently studied. A potential explanation could be that
the regenerative capabilities of the zebrafish retina make it impossible to reliably quantify
neurodegeneration, since the retinal layer thickness and the number of nuclei changes
dynamically throughout the time of the experiment.

Photoreceptor degeneration has been widely and consistently observed in zebrafish,
both morphologically [43,47,53] and functionally through abnormal ERG results [43,53,100].
This may be an interesting topic for further studies, with the new shift in research to
consider the role that photoreceptors play in the pathogenesis of DR.

3. Perspectives and Conclusions

Zebrafish have gained popularity as models for complications associated with diabetes
and other metabolic diseases in recent years [101], with a wide array of different methods
for inducing diabetic conditions published to this date [59]. Table 1 provides an overview
of the various zebrafish models of DR published to date.

The focus of DR research in zebrafish rests on endothelial cell dysfunction and an-
giogenesis, since the ease of analysis of vasculature in transgenic lines is one of the main
advantages of using zebrafish in research. Thus far, not much has been achieved in regard
to the role of pericytes in zebrafish models of DR. One study found that, in the pdx1 mu-
tant, transgelin1 expression is reduced in mutants compared with age matched wildtype
controls [53]. However, as mentioned above, this marker cannot reliably stain pericytes on
zebrafish retinal vessels. With the discussed transgenic reporter lines for vascular mural
cells in zebrafish, and the recent confirmation of the morphology and localisation of peri-
cytes in zebrafish [80], this should change in the future. Future research should elucidate
how pericytes behave in diabetic or other pathological conditions in zebrafish, revealing
more about their function and potentially making them a target for further research. Apart
from that, the role of inflammation in zebrafish models with impaired glucose metabolism
has not yet been uncovered. This should also be taken into account for future investigations
in the field, as there are multiple reporter lines for immune cells, including microglia [87].

In conclusion, zebrafish are no longer an exotic alternative model in diabetes research.
Instead, research has focused on studying mechanisms and pathologies associated with

125



Cells 2021, 10, 1313

hyperglycaemic conditions in zebrafish. Zebrafish demonstrate many advantages in such
research. For example, hyperglycaemic conditions can be induced through easy and fast
protocols, and the first effects on the hyaloid vasculature can be studied at larval stages.
This is especially interesting when studying the effect of antiangiogenic drugs on the
formation of new blood vessels. Adult zebrafish also show a reaction to hyperglycaemic
conditions, with the pdx1 mutants being the only known model organism in which retinal
angiogenesis due to hyperglycaemia can be studied. Other important retinal phenotypes
such as photoreceptor degeneration, increased vascular permeability, and the activation
of Müller glial cells have been shown in various zebrafish models of DR, highlighting
the similarities between mammalian and zebrafish models. Photoreceptor degeneration
can be reliably modelled in zebrafish, including photoreceptor dysfunction, which can be
quantified in an ERG. Furthermore, the zebrafish genome shows a high amount of shared
genetic identity with humans. Through the possibility of inducing targeted mutations, this
leads to an extensive number of possibilities for researchers in the field.

Important differences must also be considered. The ability of zebrafish to regenerate
injured parts of the retina through the Müller glial cells is a relevant factor that differentiates
zebrafish from mammals. Thus far, what role this regenerative capability plays in the
development of DR-like pathologies is still unknown. Even though most of the anatomy
of the retina and the individual cell types involved in the neurovascular unit are highly
conserved, in contrast to the mammalian retina, zebrafish retinal vessels lay on top of the
inner limiting membrane and do not form intraretinal plexuses. When choosing a zebrafish
model of DR or analysing results of studies, researchers must be aware of these factors.
In conclusion, zebrafish are a reliable model for various pathologies associated with DR,
and they can be used to extend and improve the toolbox that mammalian models have
provided for DR research so far.

Table 1. Zebrafish models of diabetic retinopathy. Abbreviations: 4-HNE = 4-hydroxynonenal, dpf = days post fertilization,
GCL = ganglion cell layer, GS = glutamine synthetase, hpf = hours post fertilization, i.p. = intraperitoneal, INL = inner
nuclear layer, IPL = inner plexiform layer, MG = methylglyoxal, n.e. = not evaluated, ONL = outer nuclear layer, OPL = outer
plexiforme layer, RGC = retinal ganglion cell, STZ = streptozotocin, “+” indicates positive findings.

Model Induction Angiogenesis
Endothelial Cell

Dysfunction
Pericyte

Loss
Müller Glia
Activation

Photoreceptor
Degeneration

Neurodegeneration

Gleeson,
Connaughton
et al. 2007 [16]

Exposure to
alternating

glucose/water
solutions for 28
days (adult zf)

n.e. n.e. n.e. n.e. n.e. +(decreased IPL
thickness)

Cao, Jensen
et al. 2008 [44]

Experimental
hypoxia for up to
15 days (adult zf)

+ n.e. n.e. n.e. n.e. n.e.

Alvarez, Chen
et al. 2010 [43]

Exposure to
alternating

glucose/water
solutions for 30
days (adult zf)

n.e.

+ (thickening of
vessel basement

membrane, wider
tight and adherens

junctions)

n.e. +

+(abnormal
retinal

histology,
impaired cone

ERGs)

-

Olsen, Sarras
et al. 2010 [47]

i.p. or direct caudal
fin injection of STZ

(adult zf)
n.e. n.e. n.e. n.e. +(decreased

PRL thickness)
+(decreased IPL

thickness)
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Table 1. Cont.

Model Induction Angiogenesis
Endothelial Cell

Dysfunction
Pericyte

Loss
Müller Glia
Activation

Photoreceptor
Degeneration

Neurodegeneration

Carnovali,
Luzi et al.
2016 [102]

Exposure to 4%
glucose solution for
28 days (adult zf)

n.e.

+(increased vessel
diameter,

aneurysm-like
structure, marked

fragility of the
anatomical
structure)

n.e. n.e. n.e. n.e.

Jung, Kim et al.
2016 [62]

Treatment with 130
mM glucose from

3–6 days post
fertilisation (zf

larvae)

-

+(increased vessel
diameter, irregular
and discontinuous
staining of ZO-1)

n.e. n.e. n.e. n.e.

Tanvir, Nelson
et al. 2018 [100]

Exposure to
alternating

glucose/water
solutions for 28
days (adult zf)

n.e. n.e. n.e. n.e. +(impaired
ERG)

+(increased IPL
and OPL thickness)

Ali, Mukawaya
et al. 2019 [78]

Experimental
hypoxia for up to
15 days (adult zf)

-(however:
remod-

elling by
intussus-
ception)

+(decrease in ZO-1
abundance,

increased vessel
permeability)

n.e. n.e. n.e. n.e.

Li, Zhao et al.
2019 [103]

Incubation with
500µM

methylglyoxal with
or without 30 mM
glucose starting at
10 hpf to 4 dpf (zf

larvae)

+(MG
induces an
increase in
vascular
area and
branch
points)

n.e. n.e. n.e. n.e. n.e.

Lodd,
Wiggenhauser
et al. 2019 [57]

CRISPR/Cas9
generated

knockout zebrafish
line for glo1 +

overfeeding of
artemia (adult zf)

+ n.e. n.e. n.e. n.e. n.e.

Singh, Castillo
et al. 2019 [95]

Exposure to 4 and
5% D-Glucose in a
pulsatile manner

from 3 hpf to 5 dpf
(zf larvae, adult zf)

+(adult zf
show an
increased
number of

hyaloid
blood vessel
sprouts at

100 dpf
after

glucose
treatment
from 3 hpf
to 5 dpf)

+(increased vessel
permeability) n.e.

(+) (reduced
number of
Müller glia

cells)

n.e.

+(decreased IPL
thickness,

increased INL
thickness,

increased GCL
thickness;

decreased number
of RGC)

Ali, Zang et al.
2020 [53]

Pdx1 mutant fish
generated through

the Zebrafish
Mutation Project
(as described by
Kimmel, Dobler

et al. 2015)
(adult zf)

+

+(vessel
constriction and

stenosis, reduction
of average vessel
diameter, reduced
ZO-1 expression,
reduced GLUT1

expression,
increased vessel

permeability)

(+) (re-
duced
expres-
sion of
trans-

gelin1)

+(enhance
expression of

GS,
hypertrophic

changes)

+(reduced
numbers of

rods and cones,
impaired ERG)

+(increased nuclei
in the INL,

decreased nuclei in
the ONL)
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Table 1. Cont.

Model Induction Angiogenesis
Endothelial Cell

Dysfunction
Pericyte

Loss
Müller Glia
Activation

Photoreceptor
Degeneration

Neurodegeneration

Wiggenhauser,
Qi et al.

2020 [55]

CRISPR/Cas9
generated

knockout line for
pdx1 (zf larvae,

adult zf)

+(at 6 dpf
and in the

adult retina)

+(increased
number of

endothelial cell
nuclei, increased

vessel
permeability)

n.e. n.e. n.e. n.e.

Lou, Boger
et al. 2020 [56]

Incubation with
4-HNE (zebrafish

larvae)

+(elevated
vascular
sprout

formation)

+(increased branch
diameters) n.e. n.e. n.e. n.e.
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Abstract: Mesenchymal stem/stromal cells (MSC) are well known for immunomodulation; however,
the mechanisms involved in their benefits in the ischemic retina are unknown. This study tested the
hypothesis that MSC induces upregulation of transcription factor forkhead box protein P3 (Foxp3)
in T cells to elicit immune modulation, and thus, protect against retinal damage. Induced MSCs
(iMSCs) were generated by differentiating the induced pluripotent stem cells (iPSC) derived from
urinary epithelial cells through a noninsertional reprogramming approach. In in-vitro cultures,
iMSC transferred mitochondria to immune cells via F-actin nanotubes significantly increased oxygen
consumption rate (OCR) for basal respiration and ATP production, suppressed effector T cells,
and promoted differentiation of CD4+CD25+ T regulatory cells (Tregs) in coculture with mouse
splenocytes. In in-vivo studies, iMSCs transplanted in ischemia-reperfusion (I/R) injured eye
significantly increased Foxp3+ Tregs in the retina compared to that of saline-injected I/R eyes.
Furthermore, iMSC injected I/R eyes significantly decreased retinal inflammation as evidenced by
reduced gene expression of IL1β, VCAM1, LAMA5, and CCL2 and improved b-wave amplitudes
compared to that of saline-injected I/R eyes. Our study demonstrates that iMSCs can transfer
mitochondria to immune cells to suppress the effector T cell population. Additionally, our current data
indicate that iMSC can enhance differentiation of T cells into Foxp3 Tregs in vitro and therapeutically
improve the retina’s immune function by upregulation of Tregs to decrease inflammation and reduce
I/R injury-induced retinal degeneration in vivo.

Keywords: CD4+CD25+; retinopathy; inflammation; iPSC; mitochondria

1. Introduction

Ischemic retinopathies, including diabetic retinopathy (DR), retinopathy of prematu-
rity (ROP), and retinal vascular occlusion (RVO), are increasing in prevalence, represent
a significant economic burden, and are major causes of vision loss and blindness world-
wide [1–3]. A wide variety of traditional treatment therapies, including photocoagulation
and anti-VEGF therapies during the neovascularization phase, showed benefits, with no
treatments currently approved that address underlying proinflammatory pathways that are
known to trigger neurovascular degeneration [2]. Stem cell therapies, mainly multipotent
mesenchymal stem cells (MSCs), recently gained significant attention as a potential therapy
for the treatment of ischemic retinopathies [3,4]. Our previous studies utilizing MSCs
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derived from the stromal vascular fraction of adult human adipose tissue (adipose-derived
stem cells, ASC) [5,6], and independently corroborated with bone marrow (BM-MSC) [7]
and umbilical cord (UC-MSC) [8], demonstrated substantial regeneration and recovery of
the damaged retina after treatment, although the exact mechanisms by which MSCs may
protect against vision loss, remains unclear.

MSCs are well known for being involved in immunomodulation, in part by donating
mitochondria to damaged tissue or cells [9–11]. Recent evidence also suggests that MSCs
can modulate T regulatory cells (Tregs) [12,13], in particular, Tregs expressing the Fork-
head box P3 (Foxp3) transcription factor, which is part of the adaptive immune system
and are principal regulators of inflammation and immune homeostasis [14]. The Tregs
can migrate to the diseased tissue and dampen inflammation by increasing the milieu of
anti-inflammatory cytokines and activating macrophages to clear the debris and restore
the damaged tissue [15–17]. Since CD4+ T cells may mediate retinal ganglion cell (RGC)
degeneration and loss of retinal function after injury [18], it may be possible to reprogram
the CD4+ T cells at the site of injury to acquire a Treg phenotype. This might aid in the
rescue of retinal damage and, as a result, decrease cell loss and enhance immunotoler-
ance [19]. Therefore, in the present study, we hypothesized that intravitreal injection
of MSCs in ischemia-reperfusion (I/R) injured retina reprogram CD4+ T cells to Tregs,
dampen inflammation, and improve visual function. Interestingly, our data visualized
that MSC actively transferred mitochondria to immune cells to suppress effector T cells
and promoted differentiation of CD4+CD25+ Tregs in coculture with mouse splenocytes.
Intravitreal injection of MSCs in the I/R eye significantly increased Tregs in the retina,
decreased retinal inflammation, and improved visual function compared to saline-injected
I/R eyes. These findings indicate that harnessing the immunosuppressive capacity of
MSCs is a potential therapy for the treatment of ischemic retinal diseases.

2. Materials and Methods
2.1. Cell Isolation and Culture

iMSCs were prepared from human urinary tubular epithelial cells (UEs) through
the generation of iPSCs via reprogramming with a cocktail of Oct-4, Sox-2, Klf-4, c-Myc,
and Lin-28 mRNAs and subsequently differentiated into MSC as described by us pre-
viously [20,21]. Briefly, iMSCs from healthy human urine tubular epithelial cells (UEs)
expressing epithelial markers CK19 and ZO1 were used to generate iPSCs via reprogram-
ming with a cocktail of Oct-4, Sox-2, Klf-4, c-Myc and Lin-28 mRNAs [20]. To induce MSC
differentiation, the UE-iPSCs were cultured under conditions conducive for mesenchymal
differentiation in Mesencult ACF plus medium for 18–21 days and were characterized
for MSC markers. iMSC were positive for CD105, CD90, and CD73 while negative for
CD31 and CD45 (Supplemental Figure S1). To validate the mechanism of action of iMSC,
ASC was used as a well-known control in in-vitro studies. ASCs used in the current
study were obtained from Lonza (Cat#PT-5006), cultured in EGM-2MV media, and used
between p2 and p7 in all experiments as previously described [22]. All studies involving
human ASC and iMSC were approved for research as per the University of Tennessee
Institutional Biosafety and as an exempt study by the Institutional Review Board. Human
monocytes, THP-1 cells were purchased from ATCC (Cat#TIB-202) and cultured in RPMI
1640 complete medium as a suspension culture. In addition, primary mouse splenocytes
were prepared as described previously [23]. Briefly, 6–8 weeks old wild type (C57BL/6)
mice were euthanized, the spleen was collected and washed in PBS. The tissue was crushed
on a 70-micron cell strainer with 5 mL syringe plunger, rinsed with RPMI 1640 media; cells
were pelleted by centrifugation. Subsequently, RBCs were lysed using ACK lysis buffer,
inactivated the reaction using 10% FBS. Finally, splenocytes were pelleted and resuspended
in RPMI 1640 complete media and filtered through 40-micron cell strainer. Trypan blue
negative splenocytes were counted as live cells and used for experiments. All cell cultures
were maintained at 37 ◦C and 5% CO2 in a humidified atmosphere.
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2.2. Coculture and Microscopy

iMSC or ASC were plated at 1 × 106 cells/cm2 in a 60 mm dish and we let them
adhere. Following this, 1 × 106 cells were stained with fluorescent MitoTracker Red
CMXRos (100 nm, Life Technologies, Grand Island, NE, USA) for 45 min at 37 ◦C. Labeled
cells were washed 2× with PBS, trypsinized, and seeded into a 6-well plate containing
10 mm coverslips at 1 × 105 cells per well. On the second day, 1 × 106 THP-1 cells labeled
with CellTracker fluorescent probe green (0.5 µM, Life Technologies) were cocultured with
iMSC or ASC in a 1:10 ratio for 24 h. After 24 h of coculture, cells were fixed with 4%
paraformaldehyde (PFA) and stained with DAPI nuclear stain, mounted using ProLongTM
diamond antifade mountant (Life Technologies). Similarly, 1 × 106 iMSC or ASC were
stained with fluorescent MitoTracker Green (100 nm, Life Technologies) to assess the
mitochondrial transfer through F-actin nanotubes. Following this, 1 × 105 cells were
seeded into a 6 well plate containing 10 mm coverslips. On the second day, 1 × 106 THP-1
cells labeled with CellTracker CMAC blue (0.5 µM, Life Technologies) were cocultured with
iMSC or ASC in 1:10 ratio for 24 h and treated with 350 nm of cytochalasin B (CytoB, Sigma-
Aldrich, Inc., St. Louis, MO, USA). Tubular microstructure tunneling nanotubes were
assessed by costaining for F-actin using Phalloidin- Tetramethylrhodamine B isothiocyanate
(Sigma) in the presence or absence of CytoB. The mitochondrial transfer was assessed from
images captured with an EVOS fluorescence microscope (Life Technologies) or captured
with a laser scanning confocal microscope (Zeiss LSM 710, Carl Zeiss Microscopy, LLC,
White Plains, NY, USA). For quantification of mitochondrial transfer, THP-1 positive for
CMAC blue in the coculture experiments were identified with a region of interest (ROI)
and the pixel intensities of MitoTracker Green were computed for each ROI using ImageJ.
At least 20 cells/image were considered, and the data were expressed as Mean fluorescent
intensity (MFI) values/cell.

2.3. Seahorse Flux BioanalyzerV

THP-1 cells were pretreated for 2 h with 500 nM Rotenone (acts as a potent inhibitor
of complex I of the mitochondrial respiratory chain). Following this, cells were washed
(2×) and cocultured with iMSC or cultured as a monoculture. Cocultured THP-1 cells
were transferred to a Seahorse 24-well tissue culture plates and oxygen consumption rate
(OCR) was measured, and parameters were calculated as previously described [24]. Briefly,
prior to the assay, the media was changed to unbuffered DMEM (Gibco #12800-017, pH 7.4,
37 ◦C), and cells were equilibrated for 1 h at 37 ◦C. After measuring basal respiratory
rate, Oligomycin (Sigma; 1 µM; uncouples ATP-coupled respiration by inhibiting ATP
synthase), FCCP (Sigma; 1 µM; carbonyl cyanide 4-(trifluoromethoxy)-phenylhydrazone
(FCCP), mitochondrial uncoupling agent; uncouples mitochondrial respiration from ATP
to determine maximal respiratory rate), and electron transport chain (complex I and III)
inhibitors, rotenone (Sigma; 0.5 µM) and antimycin A (Sigma; 0.5 µM; to eliminate all
mitochondrial respiration) were injected sequentially during the assay. Basal mitochondrial
respiration and ATP-linked respiration were determined in whole cells.

2.4. Coculture and Flow Cytometry

About 1 × 105 MitoTracker green-labeled iMSC or ASC seeded in 12-well cell culture
plate for 24 h. The next day, 1 × 106 freshly prepared splenocytes (1:10 ratio as described
above) were added to the top of the stem cell monolayer in complete RPMI 1640 media.
After 24 h of coculture, non-adherent and loosely bound splenocytes were collected, washed
2× with PBS. Single-cell suspension of splenocytes was stained in FACS buffer (2% FBS in
PBS), incubated with the Fc-block anti-CD16/CD32 (2.4G2) antibody followed by a panel of
fluorochrome-coupled antibodies (Table 1). While viability dye eFluor 506 (eBioscience, San
Diego, CA, USA) excluded dead cells, a MitoTracker dye uptake assessed mitochondrial
transfer by flow cytometry. Stem cells were pretreated for 2 h with 500 nM Rotenone
to study the functional relevance of mitochondria transfer and cocultured with primary
mouse splenocytes.
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Table 1. List of fluorophores-coupled FC antibody.

Antibody Catalog Number Manufacturer

CD4 (RM4-5)-PE 12-0042-82 eBioscience, San Diego, USA

CD8a (53-6.7)-PerCp/Cyanine 5.5 100733 Bio-legend, San Diego, USA

B220 (RA3-6B2)-AF700 103231 Bio-legend, San Diego, USA

CD69 (H1.2F3)-FITC 11-0691-82 eBioscience, San Diego, USA

CD25 (PC61)-V450 561257 BD Biosciences, Franklin Lakes, USA

Foxp3 (FJK-16s)-APC 17-5773-82 eBioscience, San Diego, USA

To assess Treg differentiation, freshly prepared splenocytes were activated in the
presence of coated anti-CD3 (BD, 10 µg/mL) and soluble anti-CD28 antibody (BD, 1 µg/mL)
and recombinant IL-2 (PeproTech, Cranbury, NJ, USA, 1 ng/mL) for 24 h. Activated
splenocytes were cocultured on the monolayer of iMSC or ASC in differentiation medium
[RPMI 1640 medium, 10% FBS, 1 ng/mL IL-2 (PeproTech) and 5 ng/mL TGF-β (R&D)]
for five days with media change at day 3. After 5 days of coculture, nonadherent and
loosely bound splenocytes were collected, washed 2× with PBS. Single-cell suspension of
splenocytes was then analyzed by flow cytometry as described above using specific surface
markers (Table 1). For Foxp3 intracellular staining, cells were fixed and permeabilized
using Foxp3/Transcription Factor Staining Buffer (eBioscience). Following this, cells were
incubated with anti-Foxp3 (eBioscience) antibody for 50 min, washed and resuspended
in the FACS buffer, kept at 4 ◦C, protected from light till acquisition. Data were acquired
using a Bio-Rad ZE5 cell analyzer and analyzed by FlowJo software v10.8 (Flowo, Ashland,
Wilmington, DE, USA).

2.5. RNA Isolation and Quantitative RT–PCR

Total RNA was isolated from cells using Nucleospin miRNA isolation kit (Macherey-
Nagel Inc, Allentown, PA, USA), following the manufacturer’s protocol. RNA quality
and integrity were measured by absorbance at 260/280 and 260/230 nm using NanoDrop
1000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). cDNA was pre-
pared in a reverse transcription reaction using 500 ng of RNA and a high-capacity cDNA
reverse transcription kit (Thermo Fisher Scientific) following the manufacturer’s instruc-
tions. About 100 nanograms of template RNA and 5 nM of each forward and reverse
human-specific primers related to nanotube formation (ACTN1, NEXEN, CAP2, and 18S)
(Table 2) were used in SYBR green-based qPCR. Total RNA was isolated from Sham, I/R
injured, and I/R injured with iMSC treated mice retina at day 7 postinjury, and gene ex-
pression was quantified using TaqMan probe-based gene-specific mouse primers (Table 3)
and accompanying Master Mix (Applied Biosystems, Foster City, USA) using QuantStudio
3 (Applied Biosystems) Real-Time PCR system. Data were expressed as relative gene
expression or fold mRNA expression using the 2−∆∆Ct method and normalized to 18S
housekeeping gene.

Table 2. List of Primer Sequences Used for SYBR green-based qPCR.

Gene Forward Reverse

ACTN1 5′-ACATGCAGCCAGAAGAGGAC-3′ 5′-ACACCATGCCGTGAATGTCT-3′

NEXN 5′-ACGGAGGAGGAACGAAAACG-3′ 5′-TGTCCTCAATCTGTTCAGCCC-3′

CAP2 5′-AGCTGTGTCTCCCAAACCTG-3′ 5′-ACCCAATCCACATGACGCAA-3′

18S 5′-GCAATTATTCCCCATGAACG-3′ 5′-GGCCTCACTAAACCATCCAA-3′
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Table 3. List of Taqman assay IDs for qPCR.

Gene Assay ID Reference

18S ribosomal RNA (18S) Mm04277571 NR_003278.3

Laminin, alpha 5 (LAMA5) Mm01222029 NM_001081171.2

Chemokine (C–C motif) ligand 2 (CCL2) Mm00441242 NM_011333.3

Vascular cell adhesion molecule 1 (VCAM-1) Mm01320973_m1 NM_011693.3

Interleukin 1 β (IL1β) Mm00434228_m1 NM_008361.3

2.6. Mice, Retinal IR Injury, Electroretinography, and Immunohistology

Animal studies were approved by the Institutional Animal Care and Use Committee,
University of Tennessee Health Sciences Center (UTHSC), Memphis (IACUC ID: 20-0152,
Approved 16 June 2020) following the guidelines as per the Association for Research in
Vision and Ophthalmology (ARVO) Statement for the Use of Animals in Ophthalmic and
Vision Research. C57BL/6 wild-type (B6) mice, between 12- and 16-weeks-old, were used
for the study. Animals were housed under a 12-h light/dark cycle and kept under pathogen-
free conditions with unlimited food and water supply. Mice were anesthetized with a
mixture of 70–90 mg/kg of ketamine and 0.04–0.08 mg/kg of dexdomitor (Orion Pharma
Animal Health, FI-02101 Espoo, Finland). Retinal I/R injury was induced unilaterally in the
right eye. The pupil was dilated with 1% tropicamide (Akorn, Inc., Lake Forest, CA, USA),
and 0.5% proparacaine hydrochloride (Alcon Laboratories, Inc., Fort Worth, TX, USA)
was applied topically onto the cornea. The eye’s anterior chamber was cannulated under
microscopic guidance with a 32 1/2 inch-gauge needle connected to a silicone infusion
line providing a balanced salt solution (Baxter, Deerfield, IL, USA), avoiding injury to the
corneal endothelium, iris, and lens. Retinal ischemia was induced by raising intraocular
pressure of cannulated eyes to 70 mm Hg (as measured by iCare Tonovet) for 60 min
by elevating the saline reservoir. Whitening of the fundus was observed to ensure the
induction of retinal ischemia. After 24 h of injury, about 1000 iMSCs/2 µL saline were
intravitreally injected into the IR injured eye. Following this, on day 7, ERG (Celeris Rodent
Electrophysiology system, Diagnosys LLC, Lowell, MA, USA) was recorded as described in
previous publications [25]. Briefly, animals were dark-adapted overnight and anesthetized
with ketamine (50 mg/kg) and dexmedetomidine (0.25 mg/kg) cocktail. Pupil dilation
was achieved with 1% tropicamide. The electrodes were positioned on the surface of both
the corneas. Light pulses were delivered at a frequency at 0.01, 0.1, and 1 cd-s/m2, and the
responses were recorded simultaneously from both eyes. All the offline analyses were done
with Diagnosys software to calculate b-wave amplitudes. At least three-five responses to
light stimuli were averaged to determine the b-wave amplitude. Following ERG, mice were
euthanized, enucleated the eye, fixed in paraformaldehyde; the retinal cup was isolated.
Retinas were permeabilized and blocked before incubation with the primary antibody.
Retinas were immuno-stained with anti-Foxp3 antibody (1:200, Cell signaling) for 48 h
followed by incubation with goat antimouse IgG Alexa Fluor 546 secondary antibody. To
distinguish vasculature, retinas were incubated with Alexa Fluor 488-Isolectin B (Invitrogen,
Carlsbad, USA) and flat-mounted on a glass slide using ProLongTM diamond antifade
mountant (Life Technologies). Imaging of retinal flat mounts was examined under a laser
scanning confocal microscope (Zeiss LSM 710). The number of Foxp3 positive cells were
counted in a blinded fashion from each image from all groups, and results were expressed
as Foxp3 positive cells per square millimeter of the retina.

2.7. Statistical Analysis

Results are expressed as mean ± SEM for all experiments. One-way ANOVA fol-
lowed by post hoc t-tests with the Bonferroni correction was used for multiple group
comparisons using GraphPad Prism software 6.0. Comparisons of ERG data between the
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groups were performed using the Student’s t-test. Values of p < 0.05 were considered
statistically significant.

3. Results
3.1. Mitochondrial Transfer from MSCs to Immune Cells

To explore whether MSC can transfer their mitochondria to the immune cells, donor
cells (iMSC or ASC) labeled with mitochondria-specific fluorescent probes (CMXRos
red) were cocultured with CellTracker (green) labeled THP-1 cells in 1:10 ratio for 24 h
(Figure 1A). Fluorescence imaging of cocultures revealed both iMSC and ASC can success-
fully transfer their mitochondria to recipient (THP-1) cells, as shown by colocalization of
red fluorescent mitochondria in green labeled THP-1 cells (yellow, Figure 1B). To study the
functional relevance of mitochondria transfer, rotenone challenged MSC were cocultured
with primary mouse splenocytes at a 1:10 ratio. Mitochondria-specific fluorescent probe
(MitoTracker green) labeled iMSC or ASC were treated with rotenone (500 nm, 2 h) and
without, cocultured with primary mouse splenocytes, and analyzed by flow cytometry after
24 h of coculture (Figure 1C). Flow cytometry analysis demonstrated mitochondria transfer
from stem cells to splenocytes (Figure 1D). While splenocytes cocultured with native iMSC
had 43.4 ± 0.38 percent of MitoTracker green positive splenocytes, rotenone treated cocul-
tures showed only 30 ± 0.81 percent positive cells (Figure 1D; p < 0.001). Similarly, native
and rotenone treated ASC when cocultured with splenocytes demonstrated 30.4 ± 0.3
and 18.67 ± 1.3 (Figure 1E; p < 0.001), percent of MitoTracker green positive splenocytes,
respectively. Incubation of primary mouse splenocytes with culture medium obtained
by MitoTracker-labeled ASCs, but without ASCs, failed to demonstrate any fluorescence
signal in splenocytes (Supplemental Figure S2), ruling out the possibility of passive transfer
of the mitochondrial stain to splenocytes due to MitoTracker probe leak. To determine
if the changes in mitochondrial content also altered mitochondrial function, bioenergetic
analysis was undertaken. THP-1 cells pre-incubated with rotenone significantly blunted
oxygen consumption compared to untreated cells as expected (Figure 1F, blue to red line).
Upon coculture with iMSC, those cells exposed to rotenone demonstrated near-normal
basal respiration. When ATP production was quantified, rotenone treated THP-1 cells
showed a reduced ATP production though the data did not reach statistical significance
while those cells cocultured with iMSC demonstrated significantly greater ATP production,
which is not significantly different from untreated THP-1 cells (Figure 1F; p < 0.05).

3.2. MSC Efficiently Transfer Mitochondria in a Dose-Dependent Manner to CD4+ and CD8+
T Cells

To further explore the mitochondrial transfer to specific cell populations in splenocytes,
mitochondria-specific fluorescent probes (MitoTracker green) labeled iMSC or ASC were
cocultured with primary mouse splenocytes at different ratios and analyzed by flow
cytometry. After 24 h of coculture, nonadherent splenocytes analyzed demonstrated
mitochondria transfer from stem cells into all studied lymphocyte subsets, mainly directed
to B220+ B lymphocytes (86.8%), T helper CD4+ (50.68%) rather than T cytotoxic CD8+
(10.29%) lymphocytes (Figure 2A and Supplemental Figure S3; p < 0.001). Interestingly,
donor iMSCs increased mitochondria transfer to T cells (CD4+ and CD8+) with splenocytes
at increasing ratios (1:100, 1:25, and 1:10), with an average number of mitochondria of 31.2,
37, and 49.4% respectively in CD4+ T cells and with an average number of mitochondria of
4.6, 5.1 and 9.9% respectively for in CD8+ T cells (Figure 2B; p < 0.001). Similarly, when
donor ASCs were cocultured with recipient splenocytes at increasing ratios (1:100, 1:25, and
1:10), an average of 31.7, 59.2, and 79.5% cells demonstrated mitochondria in CD4+ T cells
and with an average of 5.7, 16.9, and 30.3% for mitochondria in CD8+ T cells, respectively
(Figure 2B; p < 0.001). The level of mitochondria transferred to B220+ B cells from iMSCs
or ASCs cocultured with primary mouse splenocytes ranged from 78–85% with minimal
change noted with increasing coculture ratio (Figure 2B; p < 0.001). Altogether, these results
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indicate that both iMSCs and ASCs can transfer their mitochondria efficiently into primary
mouse splenocytes.

 

Figure 1. Both iMSC and ASC effectively transfer mitochondria to immune cells. (A) Schematic
representation of stem cells and THP-1 coculture setup and fluorescence microscopy analysis. (B) Mi-
toTracker CMXRos labeled iMSC (Red) or (C) ASC (Red) independently cocultured with cell tracker
green-labeled THP-1 cells (Green) for 24 h, stained with nuclear dye DAPI (Blue), and images cap-
tured under fluorescence microscope shows increased donor-derived mitochondria in THP-1 cells
(yellow; arrows). (D) Schematic representation of stem cells and THP-1 coculture setup and flow
cytometry analysis. (E) Overlays and histograms showing flow cytometry analysis of mitochon-
dria transfer from iMSC and (F) ASC to mouse splenocytes cocultured at 1:10 ratio. MitoTracker
green-labeled iMSC and ASC pretreated with rotenone (RT) (500 nm, 2 h) and without rotenone
treatment cocultured with splenocytes for 24 h. Mitochondria transfer to splenocytes is expressed as
percent MitoTracker positive green splenocytes. Flow cytometry data were analyzed using Flowjo
(v10.8) software and represented as mean ± SEM from triplicates of same experiment and statistical
analysis by one-way ANOVA with Bonferroni correction (* p < 0.01, *** p < 0.0001, ns-not significant).
(G) Schematic representation of stem cells and THP-1 coculture setup and OCR analysis. iMSC and
RT treated THP-1 coculture was set up at 1:1 ratio for 24 h. From coculture, THP-1 were harvested
and seeded onto a Cell-Tak coated Seahorse XF-24e V7 PS cell culture microplate, and oxygen con-
sumption rate (OCR) was determined, followed by quantification of basal OCR and ATP production.
Data shown as mean ± SEM from a single experiment repeated independently with similar results
(* p < 0.01, *** p < 0.0001 one-way ANOVA).
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Figure 2. Dose-dependent transfer of mitochondria from iMSC or ASC to mouse T and B cells in vitro.
(A) Representative flow cytometry dot plots showing increased MitoTracker positive CD4+ T, CD8+
T, and B220+ cells in splenocyte-iMSC coculture compared to that of monoculture. (B) Quantification
of percent mitochondria transfer to CD4+ T, CD8+ T, and B220+ B cells increased with decreased
ratio with both iMSC (upper panel) and ASC (lower panel). Data shown as mean ± SEM from a
single experiment repeated independently with similar results (*** p < 0.0001 one-way ANOVA).

3.3. Tunneling Nanotubes Mediate Mitochondrial Transfer from MSC to THP-1 Cells

After confirming the mitochondrial transfer from iMSCs or ASCs to immune cells
next, we investigated whether F-actin-positive tubular microstructure known as tunnel-
ing nanotubes (TNTs) are involved in intercellular mitochondrial transfer from donor to
recipient cells. To this end, MitoTracker green-labeled iMSCs or ASCs were cocultured
with CMAC blue labeled THP-1 cells with and without CytoB (Figure 3A–D). As expected,
fluorescence imaging revealed the transfer of mitochondria (green) from iMSC or ASC into
THP-1 cells (blue) via F-actin positive TNT’s (red; Figure 3E,G,J). Interestingly, those cells
that were pre-incubated with CytoB demonstrated a substantial reduction in mitochondrial
transfer to THP-1 cells (Figure 3F,H,I). To further confirm TNT-mediated mitochondrial
transfer, cocultures in the presence or absence of CytoB were assessed for the gene ex-
pression of CAP2, NEXN, and ACTN1 that are known to associate with F-actin synthesis.
Whereas the expression of CAP2, NEXN, and ACTN1 increased by 1.5–45-fold (p < 0.001)
in cocultures as compared to monocultures, CytoB treatment significantly decreased gene
expression of all three markers (Figure 3K; p < 0.01). Taken together, the data suggest that
mitochondrial transfer from iMSCs or ASCs to immune cells occurs via F-actin-positive
tubular tunneling nanotubes.

3.4. MSC Suppresses T Cell Population

Different T cell populations of splenocytes interact closely; their ratio at a given time
results from a balance between their mutual effects. Mitochondrial transfer to recipient
cells can increase cell metabolism, resulting in cell division or cell differentiation. To better
understand the impact of mitochondrial transfer to immune cells, we first assessed cell
viability in mouse splenocyte coculture with either iMSC or ASCs. While the viability
of splenocytes in monoculture is 48.7%, the viability in cocultures with iMSC and ASC
increased to 65.7 and 64.3%, respectively (Figure 4B; p < 0.001). Similarly, the frequency of
B220+ B lymphocyte cells in splenocytes cocultures with iMSC and ASC also significantly
increased to 64.3 (p < 0.001) and 58.5%, respectively (Figure 4B; p < 0.01). Next, to better
understand the effects of mitochondria transfer from stem cells to immune cells on their
subpopulation, we assessed non-adherent splenocytes from cocultures with monoclonal
antibodies for CD4, CD8, and B220 and compared them to monoculture in the presence

140



Cells 2021, 10, 3006

or absence of rotenone. While the helper CD4+ T cells of splenocytes in monoculture is
21%, the coculture levels with iMSC and ASC significantly reduced to 15.4 and 15.9%,
respectively (Figure 4B; p < 0.001). Similarly, 17% cytotoxic CD8+ T cells in splenocytes
monoculture reduced to 12.9 and 12.8% in iMSC and ASC coculture with splenocytes,
respectively (Figure 4B; p < 0.001). Interestingly, rotenone challenged cocultures demon-
strated a small but significant increase in percent immune cells in both iMSC and ASC as
compared to cells without rotenone. Altogether, these results indicate that both iMSCs
and ASCs suppress the effector T cell population upon transferring their mitochondria to
immune cells.

 

Figure 3. Tunneling nanotubes mediate mitochondrial transfer from iMSC to THP-1 cells. (A) Schematic
representation of experimental design of iMSC or ASC coculture with THP-1 cells in presence
and absence of cytochalasin-B. (B–H) Representative fluorescence microscopy images showing
MitoTracker green positive iMSC (B), CMAC blue positive THP-1 cells (C), F-Actin red positive ASC
(D), ASC and THP-1 coculture in absence (E) and in presence (F) of cytochalasin-B and, iMSC and
THP-1 coculture in absence (G) and presence (H) of cytochalasin-B. (I) Mitochondria transfer from
iMSC or ASC to THP-1 cells reduced with cytochalasin-B. Mean fluorescent intensity (MFI) values
calculated using ImageJ. Data shown as mean ± SEM from a single experiment (*** p < 0.001 one-way
ANOVA). (J) Representative Confocal images of intercellular mitochondrial transfer between iMSC
and THP-1 via F-Actin positive nanotubes. Marked area magnified to show MitoTracker positive
mitochondria in F-actin positive nanotube. (K) qRT-PCR analysis of genes related to nanotubes
formation (CAP2, NEXN, and ACTN1) increased significantly during mitochondria transfer from
donor (iMSC) to recipient (THP-1) cells. On other hand, cells exposed to cytochalasin-B significantly
reduced CAP2, NEXN, and ACTN1 expression. Data shown as mean ± SEM from a single experiment
repeated independently with similar results (** p < 0.001, *** p < 0.0001 one-way ANOVA).
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Figure 4. Both iMSC and ASC suppress effector T cell population. (A) Representative flow cytometry
dot plots showing decreased CD4+ T cells in iMSC-splenocytes and ASC-splenocytes coculture
compared to monoculture. (B) Quantification data represented as bar graphs after flow cytometry
analysis of live cells, CD4+ T cells, CD8+ T cells, and B220+ cells in mouse splenocytes monocultures
and cocultures with iMSC, ASC, as well as iMSC, and ASC pretreated with rotenone (500 nm, 2 h)
at 1:10 (iMSC/ASC and splenocytes) ratio. Data shown as mean ± SEM from a single experiment
repeated independently with similar results (* p < 0.01, ** p < 0.001, *** p < 0.0001 one-way ANOVA).

3.5. MSC Differentiates T Cells into Tregs and Suppresses CD69 Expression

The suppression of immune cell activation is one of the manifestations of MSC-
mediated immunomodulation [12,26]. To assess whether mitochondrial transfer from stem
cells to primary mouse splenocytes impacts T-cell differentiation, activated splenocytes
were cocultured with iMSCs or ASCs and subsequently assessed for the expression of
T regulatory cells (Figure 5A and Supplemental Figure S4). The dot plots from flow cy-
tometry analysis clearly showed double-positive CD25+Foxp3+ cells in the upper right
quadrant that were gated on CD4+ T cells (Figure 5B). While the level of CD25+Foxp3+
cells in monoculture is 2.7%, the levels in cocultures with iMSC and ASC increased to
7.1 and 7.4%, respectively (Figure 5B,C; p < 0.001). To further confirm the immunosuppres-
sion capability of iMSCs and ASCs, the expression of CD69, a potent immune activation
marker, was evaluated. While the level of CD69+ cells in monoculture is 18.43%, the levels
in cocultures with iMSC and ASC significantly decreased to 7.2 and 6.5%, respectively
(Figure 5D; p < 0.001). Taken together, our data suggests that both iMSC and ASC manifest
their immunomodulation via increased Treg population with a significant reduction in
CD69+ cells in splenocyte coculture.

3.6. iMSC Significantly Increases Regulatory T Cells in the Retina of I/R Injured Mice

MSC are well known to protect against retinal I/R damage [27–30]. To better under-
stand if iMSC also can protect against retinal damage, we tested the intravitreal injection of
iMSCs in the retinal I/R injury model in-vivo (Figure 6A). After 7 days, the retinal func-
tion, assessed by Electroretinogram (ERG), demonstrated improved b-wave amplitudes
in I/R mice receiving iMSC as compared to saline-injected I/R eyes (at 1cd.s.m2 139 ± 48
v/s 48 ± 10 µvolt, p = 0.05) (Figure 6B). To further correlate the improved visual function
observed with iMSC in I/R mice, gene expression analysis of proinflammatory markers
was performed. Figure 6D shows normalized data of individual genes in all 3 groups of
mice. I/R mice receiving saline had a significantly increased abundance of gene transcripts
involved in microglial activation (IL1β) [31], endothelial activation (VCAM1, CCL2) [31,32],
and T-cell regulation (LAMA5) [33] compared to sham mice. Interestingly, I/R mice re-
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ceiving iMSC significantly ameliorated the increased gene expression (Figure 6C). The
normalized fold change in expression of IL1β (I/R, 27.08 ± 8.69 vs. I/R+iMSC, 8.69 ± 1.54,
p < 0.01), CCL2 (I/R, 13.63 ± 2.7 vs. I/R+iMSC, 3.52 ± 0.96, p < 0.0001), LAMA5 (I/R,
2.4 ± 0.37 vs. I/R+iMSC, 1.09 ± 0.09, p < 0.001) and VCAM1 (I/R, 7.4 ± 1.48 vs. I/R+iMSC,
2.2 ± 0.96, p < 0.01).

 

β

Figure 5. Both iMSC and ASC increase differentiation of T cells into Tregs and suppress CD69
expression. (A) Timeline and experimental details of iMSC/ASC coculture with mouse splenocytes
(B) Representative flow cytometry dot plots showing increased CD25+Foxp3+ Tregs in iMSC/ASC
cocultures with activated splenocytes. (C) Quantification of a percent increase in CD25+Foxp3+
cells with (D) a reduction in CD69+ cells in cocultures. Data shown as mean ± SEM from a single
experiment repeated independently with similar results (*** p < 0.0001 one-way ANOVA).

Subsequently, to correlate the iMSC ability to provide immunomodulation through
increased Tregs, retinal flat mounts analyzed for Tregs in the retina by confocal microscopy
revealed positive immunostaining (red) only in I/R and I/R+iMSC groups (Figure 6D).
Neither the uninjured contralateral eye nor the iMSC injected into the uninjured eye
was positive for Foxp3 expression (Supplemental Figure S5), suggesting the specificity of
immunostaining and the correlation of Foxp3 upregulation to I/R injury. While the number
of positive Foxp3 cells in the Sham group was 3.6 ± 1.2, the I/R injury retina demonstrated
a significant upregulation with 57 ± 8.7 Tregs per mm2 area (p < 0.001). Interestingly, those
I/R injury animals that received iMSC demonstrated a further significant increase in Tregs
to 112 ± 11 cells per mm2 area (p < 0.0001; Figure 6E).
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Figure 6. iMSC improves b-wave amplitudes, reduces inflammation correlated with increased
regulatory T cells in retina of I/R injured mice. (A) Schematic representation of in-vivo experimental
timeline and analyses. (B) B-wave amplitudes as measured by ERG show an expected decrease in
I/R with a significant improvement in iMSC group. Data are shown as mean ± SEM, n = 7–13/group.
t-test. (C) An increase in proinflammatory markers in I/R decreased with iMSC. Data are shown as
mean ± SEM, one-way ANOVA. (D) Immunofluorescence images of Sham, I/R injured, and I/R
injured with iMSC stained with isolectin B4 (green) and anti-Foxp3 (red) at day 7 post-injury. White
arrows indicate Foxp3 cells. (E) Quantification of Foxp3 cells significantly increased in I/R injured
animals with iMSC compared to both Sham and I/R. Data shown as mean ± SEM, one-way ANOVA
with Bonferroni correction (* p < 0.01, ** p < 0.001, *** p < 0.0001, ns = not significant).

4. Discussion

Our study is the first to demonstrate that iMSC reprograms mouse CD4-T cells into
Foxp3 regulatory Tregs to the best of our knowledge. Additionally, we show that in-
travitreal delivery of iMSCs in a retinal ischemia-reperfusion (I/R) injury model display
therapeutic potential and suggests the mechanism of action may involve recruitment
of Foxp3Tregs. Our in-vitro culture data show that iMSCs transferred mitochondria to
immune T cells via F-actin nanotubes, suppressed effector T cells, and promoted differen-
tiation CD4+CD25+Foxp3+ Tregs in coculture with mouse splenocytes on par with ASC.
Importantly, we also demonstrated that the increased recruitment of Foxp3+Tregs in the
retina correlated with dampened retinal inflammation and improved b-wave amplitudes
in the I/R injury model. Our findings are in keeping with published data by others that
have demonstrated Tregs act as part of the adaptive immune system, and thereby (A) serve
as important regulators of inflammation and play a critical role in immune homeosta-
sis [14]; (B) are inversely correlated with retinal ischemia [34]; and (C) are well known for
immunomodulation, with recent evidence suggesting that MSCs can enhance Foxp3+Treg
differentiation and stability from activated T cells in part through mitochondrial trans-
fer [12,13,35].
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Recent evidence suggests that MSCs can modulate Tregs [12], particularly Tregs
expressing the Foxp3 transcription factor, part of the adaptive immune system and principal
regulators of inflammation and immune homeostasis [14]. Although Tregs primarily
originate in the thymus (tTregs), during tissue damage, the CD4+ (TH) cells at the site of
injury can also be reprogrammed and acquire the Treg phenotype, also known as peripheral
Tregs (pTregs) and regulate immunotolerance [19]. Vice-versa tTregs acquire CD4+ (TH)
cell phenotype and become defective to perform its immunomodulatory function [35].
Thus, the ability of Tregs to migrate to the damaged tissue and dampen inflammation is an
attractive strategy to curtail the ongoing inflammation [15–17]. Following this, we show
increased Foxp3 positive cells in the retina after retinal damage that further increased with
intravitreal injection of iMSC in the ischemic retina. This initial increase in Tregs under
acute ischemia compared to sham injury aligns with a previous observation in the oxygen-
induced retinopathy mouse model [28]; however, Treg numbers are likely insufficient to
repair the retinal damage. On the other hand, those animals that received iMSC probably
reached the optimal levels of Foxp3 cells to dampen the retinal damage. One limitation of
our initial study is that it is unclear if the increased Foxp3 Tregs are reprogrammed from
the local CD4+ T cells that were shown to be upregulated and causally linked to retinal
damage [19] or were recruited from elsewhere. Another limitation is that how the increased
Foxp3 Tregs regulate retinal tissue inflammation is not explored. Future studies beyond the
scope of this study need further analysis on how iMSC induces Tregs and, thus, regulates
retinal tissue damage.

Understanding the molecular basis of Treg generation and its stability is an active
area of research, with several agents proposed to upregulate and stabilize Foxp3 expres-
sion [36,37]. Notably, some agents have even been shown to be effective under hypoxic
conditions [38]. MSCs grown as “feeder cells” with Tregs significantly increased Treg
cell number, suppressive function, and ex vivo expansion, primarily through mitochon-
drial transfer from adjacent MSCs, coupled with the promotion of Foxp3 cotranscriptional
proteins [13]. Thus, a primary mechanism of action of MSCs may involve an increase
in Treg cell number and/or function via Foxp3 stability. To this end, we show increased
differentiation of Foxp3 cells from a mixed population of mouse splenocytes cocultured
with iMSC, a feature also observed with ASC cocultured with whole human peripheral
blood mononuclear cells [12]. One limitation of our current study is that it is unclear if
the reprogramming of Foxp3 Tregs primarily occurs through mitochondrial transfer from
adjacent iMSCs or other unknown mechanism(s). To this end, genome-wide patterns of
DNA methylation of Foxp3 locus were implicated with FOXP3 gene expression, which
determines the tTreg generation, pTreg generation, Treg stability, and tTreg and pTreg prolif-
eration [39]. One possibility is that iMSC affects the epigenetic stability of the FOXP3 gene
in Tregs, thus might increase its stability. Future studies need to explore these hypotheses.

MSCs help in the intercellular exchange of mitochondria to restore and regenerate
the damaged tissue [9], specifically in various ocular cells [10]. Therefore, iMSC by mi-
tochondrial transfer to Tregs or immune cells may modulate them towards more stable
and functional pTregs phenotype in-vivo and aid in the suppressive ability to protect from
I/R-injury. To this end, we show that iMSCs can transfer mitochondria to CD4+ T-cells and
suppress the CD4+ cell population. Interestingly, both these activities are dependent on
mitochondria transfer as evidenced by either blocking mitochondrial function via rotenone
or the use of Cytochalasin-B, a known agent that blocks actin polymerization that caused
a significant reduction in tunneling nanotubes and a significant reduction in mitochon-
dria transfer to recipient cells. In support of our study, a previous study showed such
tunnel nanotube-mediated transfer of mitochondria occurs in MSC [13]. The predominant
mechanism of cytochalasin B is the inhibition of actin filament polymerization by bind-
ing to the end of growing filaments. Since F-actin filaments are dynamic in nature and
their formation between donor and recipient cells is influenced by the activity of many
actin-binding genes/proteins, we studied the transcriptional regulation of F-actin genes
as also shown previously by Jiang et al. [10]. Based on our gene expression data, it is
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conceivable that cytochalasin B might indirectly affect transcriptional regulation of the
F-actin-related genes and thus influences the mitochondrial transfer. Future studies are
required to decipher the causal link of these actin-related genes to mitochondria transfer in
our studies as mitochondria from MSCs are transferred to other cells via their exosomes [40]
or gap junctions [41,42] or simply by non-mitochondrial paracrine factors [43]. Finally, one
alternate hypothesis could be that a direct transfer of mitochondria, a phenomenon known
as mitoception, shown for bone-marrow MSC, [44] should be explored for iMSC.

iMSC obtained in the current study were obtained by reprogramming human urine-
derived epithelial cells with mRNA reprogramming, the fastest and most reliable repro-
gramming method to date [45]. Furthermore, our study demonstrates an iPSC line that has
unlimited proliferation potential [21] and has the ease of obtaining without any surgical
interventions will likely address the current challenges of cell therapies in the ischemic
retina [46]. Furthermore, since iPSC lines can also be obtained from diseased or aged
individuals [47], our studies will likely benefit future personalized medicine studies. In
conclusion, our study demonstrates that iPSC-derived MSCs can transfer mitochondria to
T cells to enhance differentiation into Foxp3 Tregs. Additionally, our current data indicate
that MSC can improve the retina’s immune function by upregulation of Tregs to decrease
inflammation and reduce I/R injury-induced retinal degeneration.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/cells10113006/s1, Figure S1: Gating strategy for iMSC characterization and representative
plots. Overlay plots showing MSC characteristics positive and negative surface markers percent
expression on iMSC.; Figure S2: Flow cytometry representative plots showing splenocytes incubated
with media ob-tained from mitoTrackergreen stained ASC were negative for MitoTrackerGreen. ASC
were stained with mitoTrackerGreen and cultured for 2 h. The cell supernatant was then incubated
with splenocytes for 24 h, washed and assessed for mitoTrackerGreen.; Figure S3: Gatingstrategy for
flow cytometry analysis and representative plots for transfer of mitochondria from iMSC to mouse T
and B cells in vitro.; Figure S4: Representative gating strategy and flow cytometry dot plots showing
CD25+Foxp3+ Tregs in iMSC/ASC co-cultures with activated splenocytes.; Figure S5: Retinal flat
mounts analyzed for Tregs in the retin the iMSC injected contralateral eye (left) and un-injured cina
by confocal microscopy revealed no posi-tive immunostaining ontralateral eye (right) for Foxp3
expression. IsolectinB4 staining was used to identify blood vessels. The data shown is representative
of n = 3–4 eyes/group.
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Abstract: Our study assesses the effects of anti-VEGF (Vascular Endothelial Growth Factor) drugs
and Trichostatin A (TSA), an inhibitor of histone deacetylase (HDAC) activity, on cultured ARPE-19
(Adult Retinal Pigment Epithelial-19) cells that are immortalized human retinal pigment epithelial
cells. ARPE-19 cells were treated with the following anti-VEGF drugs: aflibercept, ranibizumab, or
bevacizumab at 1× and 2× concentrations of the clinical intravitreal dose (12.5 µL/mL and 25 µL/mL,
respectively) and analyzed for transcription profiles of genes associated with the pathogenesis
age-related macular degeneration (AMD). HDAC activity was measured using the Fluorometric
Histone Deacetylase assay. TSA downregulated HIF-1α and IL-1β genes, and upregulated BCL2L13,

CASPASE-9, and IL-18 genes. TSA alone or bevacizumab plus TSA showed a significant reduction
of HDAC activity compared to untreated ARPE-19 cells. Bevacizumab alone did not significantly
alter HDAC activity, but increased gene expression of SOD2, BCL2L13, CASPASE-3, and IL-18 and
caused downregulation of HIF-1α and IL-18. Combination of bevacizumab plus TSA increased
gene expression of SOD2, HIF-1α, GPX3A, BCL2L13, and CASPASE-3, and reduced CASPASE-9

and IL-β. In conclusion, we demonstrated that anti-VEGF drugs can: (1) alter expression of genes
involved in oxidative stress (GPX3A and SOD2), inflammation (IL-18 and IL-1β) and apoptosis
(BCL2L13, CASPASE-3, and CASPASE-9), and (2) TSA-induced deacetylation altered transcription for
angiogenesis (HIF-1α), apoptosis, and inflammation genes.

Keywords: AMD; age-related macular degeneration; trichostatin A (TSA); HDAC; histone deacetylase;
vascular endothelial growth factor (VEGF)

1. Introduction

Pathological angiogenesis, which subsequently leads to choroidal neovascularization,
subretinal fibrosis, and exudative hemorrhage, is an underlying cause of the severe, late-
stage, wet form of AMD (Age-related Macular Degeneration) [1].

Wet or neovascular AMD, which accounts for 10–20% of cases, is the less common
of the two types of AMD. However, 90% of AMD-associated irreversible vision loss is
attributed to wet AMD [2]. Dry AMD is characterized by degeneration of Retinal Pigment
Epithelial (RPE) cells and accounts for 80% of AMD cases.

VEGF (Vascular Endothelial Growth Factor) is a signaling growth factor for vascular
endothelial cells and a critical angiogenic factor that stimulates ocular neovascularization.
Therefore, the most widely used wet AMD treatment targets the pro-angiogenic activity of
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VEGF to inhibit ocular neovascularization [3]. Administration of intravitreal injections of
anti-VEGF drugs, such as ranibizumab (Lucentis), bevacizumab (Avastin), and aflibercept
(Eylea), to wet AMD patients is successfully and routinely being used as a wet AMD
therapy worldwide [4,5]. Despite the widespread use of anti-VEGF drugs, 10–15% of
patients fail to respond to rigorous treatment protocols in clinical trial settings [6–10]. This
variability in AMD patients’ response to therapy has been attributed to several clinical,
behavioral, and genetic factors [11]. Pharmacogenetic studies have identified VEGFA,
VEGFR2 (VEGF Receptor 2), CFH (Complement Factor H), and ARMS2 (Age-Related
Maculopathy Susceptibility 2) as potential biomarkers for response to anti-VEGF drugs [12].
Many investigators, including the CATT (Comparison of Age-related Macular Degeneration
Treatments) and IVAN (Inhibition of VEGF in Age-related choroidal Neovascularisation)
research groups, did not find any significant association between genes polymorphism
and visual or anatomic responses to treatment [13–17]. This inconsistency in findings
by pharmacogenetic studies could be explained in part by possible gene–gene or gene–
environmental interactions [18,19].

Genetic and environmental factors contribute to the development and progression
of AMD. Genome-wide association studies (GWAS) have identified 52 genetic variants
distributed across 34 loci associated with AMD [20]. Furthermore, epigenetic modifica-
tions, which include DNA methylation, histone acetylation/deacetylation, non-coding
RNA-mediated gene silencing, and chromatin remodeling [21] have been implicated in the
pathogenesis of AMD by selective transcription of genes involved in angiogenesis, inflam-
mation, and oxidative stress pathways [22,23]. Epigenetic mechanisms result in covalent
modifications in the DNA and regulate gene transcription either by activation or repression,
in response to environmental stimuli and are often heritable [24]. Epigenetics can elucidate
gene–environment interactions and explain why a certain genotype frequently results in
different phenotypes [25]. Histone acetylation is catalyzed by histone transferases (HATs)
and acts to destabilize nucleosomes and unwrap DNA to make it accessible to transcription
factors. Conversely, histone deacetylation, carried out by histone deacetylases (HDACs),
stabilizes nucleosomes and represses DNA transcription [26]. Histone acetylation is known
to regulate the expression of 2–10% of genes. Other non-histone proteins, particularly
transcription factors, are also regulated by acetylation/deacetylation. This could explain
the fact that gene expression is not always silenced by deacetylation [27].

AMD being a leading cause of blindness in the United States and the third major cause
of visual impairment worldwide, [28] poses a major health risk to the elderly population,
and AMD risk is projected to increase by 54% in the United States in the next five year [29].
Therefore, we speculate that delving into the mechanisms of action of the currently used
anti-VEGF drugs might contribute to the design of more effective therapeutic strategies
for wet AMD. To this end, the current in vitro study was designed to examine the effects
of anti-VEGF drugs on epigenetic regulation in immortalized human ARPE-19 cell lines.
The ARPE-19 cell line used in this study was originally developed from the retinal pigment
epithelium (RPE) of a human donor eye and resembles the phenotype and properties
characteristic of aged native human RPE cells, lack of pigmentation, weak tight junctions,
reduced expression of all-trans retinol, Pigment-Epithelium-Derived Factor (PEDF), and
RPE markers, and hypersensitivity to VEGF activity, thereby making the ARPE-19 cell line
an ideal in vitro AMD model [30]. However, it should be emphasized that the ARPE-19
cell line loses some of the aging RPE characteristics, especially with increasing passages,
such as morphology, retinoid metabolism, and VEGF secretion. Furthermore, it should be
mentioned that depigmentation in the RPE of AMD eyes is different from that of ARPE-19
cells. Melanosome density in the RPE decreases significantly with normal aging and more
evidently in AMD, but melanin is not completely lost. More importantly, RPE melanin in
AMD loses its antioxidant properties [31].

RPE cells in vivo form the outer blood-brain barrier and support photoreceptor cells
and enable phototransduction. The outer blood-brain barrier is formed of a continu-
ous layer of tight junctions that enable transepithelial transport and phototransduction.
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Pigment-Epithelium-Derived Factor (PEDF), which maintains barrier integrity and is en-
dogenously secreted by RPE in vivo in large amounts, shows only basal levels in aged
eyes. The in vitro ARPE-19 cell line is a rapidly growing immortalized human cell line
derived from primary RPE cells from the globes of a 19-year-old male donor. ARPE-cell
lines express RPE cell-specific markers CRALBP and RPE65 and form a viable cuboidal
to columnar epithelium monolayer in culture media. Our recent study characterized and
confirmed the expression of the following RPE-specific markers in the ARPE-19 cell line
used in our lab: Cellular retinaldehyde binding protein-1 (CRALBP), Bestrophin1 (BEST1),
and Keratin-18 (KRT18) [32]. Although ARPE-19 cells retain the characteristic features of
RPE, including defined cell borders and pigmentation, they require considerable time for
differentiation and are unable to completely differentiate into RPE-like layers found in vivo.
ARPE-19 cells show partial polarization as some of the cells in the monolayer resemble the
morphology of differentiated RPE cells such as apical microvilli, polarized distribution of
organelles, basolateral infoldings, and junctional complexes on the apical plasma mem-
brane. ARPE-19 cells exhibit low transepithelial resistance (TER) that reaches a maximum
value of 50–100 Ω cm2 after 28 days of culture in low-serum media in laminin-coated
Transwell-COL filters. It is speculated that the low TER might be due to heterogeneity of
the cell line since some of the cells show polarization [33].

The present study demonstrated that treatment of ARPE-19 cells with anti-VEGF
drugs altered the total HDAC protein activity and the gene expression levels of apoptotic,
inflammatory, and oxidative stress-related genes. Moreover, addition of Trichostatin-A
(TSA), an HDAC inhibitor, along with an anti-VEGF drug modulated the gene expression
of VEGF, apoptotic and inflammatory markers. These results suggest that epigenetics
modulation in ARPE-19 cells is strongly influenced by anti-VEGF drug treatment.

2. Materials and Methods
2.1. ARPE-19 Cell Culture

Human RPE cells (ARPE-19 cells, ATCC, Manassas, VA, USA) were cultured till con-
fluent in 175 cm2-flasks containing DMEM/F-12 culture medium (Dulbecco’s Modification
of Eagle’s Medium, Mediatech, Inc., Manassas, VA, USA), 10% dialyzed fetal bovine serum,
antibiotics (penicillin G 100 U/mL, streptomycin sulfate 0.1 mg/mL, gentamicin 10 µg/mL,
amphotericin B 2.5 µg/mL) and 17.5 mM glucose. All ARPE-19 cells were at passage 10
and cultured side-by-side under identical standard conditions of 37 ◦C in 5% CO2 and 95%
relative humidity, in order to avoid any potential technical variability.

ARPE-19 cells are a spontaneously arising RPE cell line derived by Amy Aotaki-
Keen from the normal eyes of a 19-year-old male who died from head trauma in a motor
vehicle accident in 1986. The ARPE-19 cell line, established using the cuboidal basal
cell layer cultured in specific culture media, expresses the RPE-specific markers cellular
retinaldehyde binding protein and RPE-65.

In our study we utilized ARPE-19 cells at passage 10 in all our experiments to ensure
the cells retained acceptable fidelity.

2.2. Drug Treatment of ARPE-19 Cell Cultures

ARPE-19 cells were plated in triplicate for 24 h in 6-well plates at a density of
500,000 cells per well, culture media were removed and replaced with the same media
containing anti-VEGF drugs: aflibercept, ranibizumab or bevacizumab at 1× and 2× con-
centrations of the clinical intravitreal dose (12.5 µL/mL and 25 µL/mL, respectively). The
clinical dose was calculated by assuming that the amount of each drug clinically used in
intravitreal injections distributes equally throughout the 4 mL human vitreous. Untreated
cells were used as control.

In order to further explore the potential relationship between anti-angiogenic treat-
ment and the acetylation status of the target genes expression, a subset of ARPE-19 cells
was treated with trichostatin A (TSA), an inhibitor of histone deacetylase (HDAC) activity,
at 0.3 µM concentration, or a combination of 1X bevacizumab plus 0.3 µM TSA.
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The control and anti-VEGF treated cultures were incubated for an additional 24 h,
then RNA was isolated to be used for Quantitative Real-Time PCR (qRT-PCR) analyses.

Proteins extracted from cultures of untreated ARPE-19 cells, as well as cells treated
with 1X bevacizumab, 0.3 µM TSA, and a combination of both drugs were analyzed for
HDAC activity as described below.

2.3. RNA Extraction, Amplification of cDNA, and Quantitative Real-Time PCR (qRT-PCR) Analysis

ARPE-19 cells were pelleted for RNA isolation using a PureLink RNA Mini Kit
(Ambion, Thermo Fisher Scientific, Waltham, MA, USA). For qRT-PCR analyses, 100 ng
of individual RNA samples were reverse transcribed into complementary DNA (cDNA)
using SuperScript VILO Master Mix (Thermo Fisher Scientific, Waltham, MA, USA).

We investigated transcription profiles of downstream genes known to play a role in
AMD pathogenesis. RNA samples were isolated from cells that were (a) untreated; (b)
treated with 1× or 2× concentrations of the three anti-VEGF drugs; (c) treated with 0.3µM
TSA alone; and (d) treated with 1× bevacizumab plus TSA (bevacizumab/TSA). qRT-PCR
was performed using primers for downstream pathway genes, including angiogenesis
(VEGF-A and HIF-1α), apoptosis (BCL2L13, CASPASE-3, and CASPASE-9), inflammation
(IL-18 and IL-1β) and oxidative stress (GPX3A and SOD2) (Table 1). The qRT-PCR was
performed on individual samples using QuantiFast SYBR Green PCR Kit (Qiagen, Inc.,
Germantown, MD, USA) on StepOne Plus Real-Time PCR system (Thermo Fisher Scientific,
Waltham, MA, USA). For the various target genes, housekeeping genes that had comparable
amplification efficiencies were chosen in order to maximize the accuracy of our ∆∆CT
values. The housekeeper genes were either hypoxanthine phosphorbosyltransferase 1
(HPRT1) or hydroxymethylbilane synthase (HMBS). Untreated samples were used as
control. ∆∆Cts (differences in cycle thresholds) were obtained and folds calculated using
the formula 2∆∆Ct.

2.4. Protein Extraction and HDAC Activity Assay

ARPE-19 cell samples were lysed using RIPA buffer (Cat. #89900, Life Technologies
Corp., Calsbad, CA, USA), supernatants were transferred to a new microfuge tube and
protein concentrations were measured using the Bio-Rad DC Protein Assay system (Bio-Rad
Laboratories, Richmond, CA, USA) according to the manufacturer’s instructions. Protein
samples were kept in a −80 ◦C freezer until time of use in the HDAC activity assay.

HDAC activity in the protein samples was measured using the Fluorometric Histone
Deacetylase Assay Kit (Sigma–Aldrich, St. Louis, MO, USA) according to the manufac-
turer’s protocol. Briefly, protein samples, assay buffer and HDAC substrate solution were
added to the wells of a 96-well plate. Each well contained 20 µL of the protein sample, 30 µL
of assay buffer and 50 µL of HDAC substrate solution. The plate was incubated at 30 ◦C
for 30 min, then 10 µL of Developer solution added to each well. The plate was incubated
10 min at room temperature, and fluorescence measured with a microplate spectrofluorom-
eter (Gemini XPS, Molecular Devices, Sunnyvale, CA, USA) using an excitation wavelength
of 350 nm and an emission wavelength of 440 nm. Samples were plated in triplicate and
Hela cell lysate used as a positive control for HDAC activity. Experiments were performed
on three replicates i.e., in triplicate. The plate in which the cells were plated was read three
times and the fluorescence intensity was averaged. The entire experiment, i.e., treatment
and reading the fluorescence was repeated three times to ensure reproducibility. Protein
samples from untreated ARPE-19 cells were used as control and were normalized to 100%.

2.5. Statistical Analyses

Statistical analyses of the data were performed by unpaired t-test using GraphPad
Prism, Version 5 (GraphPad Software, Inc., La Jolla, CA, USA). p < 0.05 was considered
statistically significant. Untreated samples (controls) were normalized to a value of 100%
for comparison to treated samples.
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Table 1. Gene symbols, names, gene bank accession numbers, and functions.

Gene Symbol a Gene Name b Gene Bank
Accession Num. c Function d

VEGF-A

Vascular
endothelial

growth
factor A

NM_001025366,
NM_001025367,
NM_001025368,
NM_001033756,
NM_001171623,
NM_001171624,
NM_001171625,
NM_001171626,

NM_001171629, NM_003376,
NM_001287044

Member of PDGF/VEGF growth factor family and
encodes a protein that specifically acts on endothelial cells,

mediating increased vascular permeability, inducing
angiogenesis, vasculogenesis, and endothelial cell growth,

promoting cell migration, and inhibiting apoptosis.

HIF-1α
Hypoxia

inducible factor
1 alpha

NM_001243084, NM_001530,
NM_181054

Master regulator of cellular and systemic homeostatic
response to hypoxia by activating transcription of many
genes, including those involved in energy metabolism,

angiogenesis, apoptosis, and other genes whose protein
products increase oxygen delivery or facilitate metabolic

adaptation to hypoxia.

SOD2

Superoxide
dismutase 2,

mitochondria

NM_000636
NM_001024465

Binds to the superoxide byproducts of oxidative
phosphorylation and converts them to H2O2 and O2.

GPX3
Glutathione
peroxidase 3

NM_002084 Catalyzes the reduction of hydrogen peroxide.

BCL2L13

BCL2-like 13
(apoptosis
facilitator)

NM_015367
Encodes a mitochondrially-localized protein with conserved
B-cell lymphoma 2 homology motifs. Overexpression of the

encoded protein results in apoptosis.

CASPASE-3 Caspase 3 NM_004346, NM_032991

The protein encoded by this gene is a cysteine-aspartic acid
protease that plays a central role in the execution phase of
cell apoptosis. It cleaves and inactivates poly (ADP-ribose)
polymerase while it cleaves and activates sterol regulatory

element binding proteins, as well as caspases 6, 7, and 9.
This protein itself is processed by caspases 8, 9, and 10. It is

the predominant caspase involved in the cleavage of
amyloid-beta 4A precursor protein, which is associated with

neuronal death in Alzheimer’s disease

CASPASE-9 Caspase 9 NM_001229, NM_032996

This gene encodes a member of the cysteine-aspartic acid
protease (caspase) family that plays a central role in the

execution phase of cell apoptosis. This protein can
undergo autoproteolytic processing and activation by the
apoptosome, a protein complex of cytochrome c and the

apoptotic peptidase activating factor 1; this step is thought
to be one of the earliest in the caspase activation cascade.
This protein is thought to play a central role in apoptosis

and to be a tumor suppressor.

IL-18 Interleukin 18
NM_001243211

NM_001562

Proinflammatory cytokine that augments natural killer
cell activity in spleen cells and stimulates interferon

gamma production in T-helper type I cells.

IL-1β

Interleukin 1,
beta (also
known as

IL-1β)

NM_000576,
XM_006712496

Produced by activated macrophages as a proprotein and
processed to its active form by caspase 1 (CASP1/ICE). It is
an important mediator of the inflammatory response; and is
involved in cell proliferation, differentiation, and apoptosis

a Official gene symbol by HUGO (Human Genome Organization) Gene Nomenclature Committee (HGNC). b Official gene name by HUGO
Gene Nomenclature Committee (HGNC). c Gene Accession Bank Number from the primers used (Qiagen, Valencia, CA). d Gene function
modified from PubMed gene.
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3. Results
3.1. Measurement of HDAC Activity in ARPE-19 Cells before and after Treatment with
Anti-VEGF and TSA

Treatment of ARPE-19 cells with 0.3 µM TSA resulted in significant reduction of HDAC
activity (p = 0.0003), as did the combination of bevacizumab 1× plus TSA (p < 0.0001)
(Figure 1). Although treatment with bevacizumab 1X alone did not significantly alter
HDAC activity (p = 0.15), its addition to TSA significantly potentiated its inhibition of
HDAC activity (p = 0.0001).

Figure 1. Histone deacetylase (HDAC) activity as determined by relative fluorescence (%) in un-
treated and treated ARPE-19 cultures. *** p < 0.001; Bars with no asterisk represent nonsignificant
difference. UNT: Untreated; B: Bevacizumab 1× conc.; T: Trichostatin A 0.3 µM; B+T: Bevacizumab
1× conc. + Trichostatin A 0.3 µM. HeLa: Hela cell lysate positive control for HDAC activity. Error
bars represent ‘Mean ± SEM’.

3.2. Effect of Anti-VEGF Treatment and HDAC Inhibition on the Expression Profiles of
Downstream Genes

Aflibercept 1×-treated ARPE-19 cells showed upregulation of VEGF-A (1.12-fold,
p = 0.67), HIF-1α (1.03-fold, p = 0.63), GPX3A (1.13-fold, p = 0.49), BCL2L13 (1.26-fold,
p = 0.05), CASPASE-3 (1.21-fold, p = 0.04), CASPASE-9 (1.32-fold, p = 0.003) and IL-1β

(1.38-fold, p = 0.22); and downregulation of SOD2 (0.76-fold, p = 0.14) and IL-18 (0.95-fold,
p = 0.051), compared to untreated cells (Table 2, Figure 2).

Treatment with aflibercept 2× downregulated the expression of VEGF-A (0.98-fold,
p = 0.94), HIF-1α (0.67-fold, p = 0.002), SOD2 (0.52-fold, p = 0.005), GPX3A (0.96-fold,
p = 0.87), and IL-18 (0.78-fold, p = 0.002), and led to upregulation of BCL2L13 (1.21-fold,
p < 0.0001), CASPASE-3 (1.36-fold, p = 0.006), CASPASE-9 (1.19-fold, p = 0.004) and IL-1β

(1.14-fold, p = 0.55) (Table 2, Figure 2).
ARPE-19 cells treated with ranibizumab 1× showed downregulation of VEGF-A (0.75-

fold, p = 0.40), HIF-1α (0.85-fold, p = 0.05), GPX3A (0.96-fold, p = 0.89), and IL-1β (0.84-fold,
p = 0.43) and upregulation of SOD2 (1.22-fold, p = 0.16), BCL2L13 (1.21-fold, p > 0.0001),
CASPASE-3 (1.73-fold, p = 0.004), CASPASE-9 (1.61-fold, p < 0.0001) and IL-18 (1.67-fold,
p < 0.0001) (Table 2, Figure 2).
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Table 2. Expression folds for downstream genes in untreated and anti-vascular endothelial growth factor (anti-VEGF)-treated
ARPE-19 cultures *.

Aflibercept Ranibizumab Bevacizumab

1× 2× 1× 2× 1× 2×

Gene Fold p-value Fold p-value Fold p-value Fold p-value Fold p-value Fold p-value

Angiogenesis

VEGF-A 1.12 0.67 0.98 0.94 0.75 0.40 0.72 0.20 0.95 0.80 0.82 0.41

HIF-1α 1.03 0.63 0.67 0.002 0.85 0.05 0.76 0.008 0.85 0.26 0.63 0.001

Antioxidant

SOD2 0.76 0.14 0.52 0.005 1.22 0.16 1.28 0.09 1.80 0.009 1.54 0.06

GPX3A 1.13 0.49 0.96 0.87 0.96 0.89 1.09 0.60 1.28 0.23 0.91 0.63

Apoptosis

BCL2L13 1.26 0.05 1.21 <0.0001 1.21 <0.0001 1.40 <0.0001 1.80 <0.0001 1.07 0.16

CASPASE-3 1.21 0.04 1.36 0.006 1.73 0.004 1.26 0.04 1.50 0.003 1.04 0.39

CASPASE-9 1.32 0.003 1.19 0.004 1.61 <0.0001 2.82 <0.0001 1.04 0.52 2.16 <0.0001

Inflammation

IL-18 0.95 0.051 0.78 0.002 1.67 <0.0001 1.32 0.002 1.33 0.0003 0.86 0.02

IL-1β 1.38 0.22 1.14 0.55 0.84 0.43 0.54 0.04 0.81 0.42 0.68 0.12

* Fold change was calculated using the formula: 2∆∆CT. Untreated samples had a value of 1.

Ranibizumab 2×-treated cells showed downregulation of VEGF-A (0.72-fold, p = 0.20),
HIF-1α (0.76-fold, p = 0.008) and IL-1β (0.54-fold, p = 0.04), and upregulation of SOD2
(1.28-fold, p = 0.09), GPX3A (1.09-fold, p = 0.60), BCL2L13 (1.4-fold, p < 0.0001), CASPASE-3
(1.26-fold, p = 0.04), CASPASE-9 (2.82-fold, p < 0.0001) and IL-18 (1.32-fold, p = 0.002)
(Table 2, Figure 2).

Treatment with bevacizumab 1× decreased the expression of VEGF-A (0.95-fold,
p = 0.80), HIF-1α (0.85-fold, p = 0.26) and IL-1β (0.81-fold, p = 0.42), and increased the
expression of SOD2 (1.8-fold, p = 0.009), GPX3A (1.28-fold, p = 0.23), BCL2L13 (1.8-fold,
p < 0.0001), CASPASE-3 (1.5-fold, p = 0.003), CASPASE-9 (1.04-fold, p = 0.52) and IL-18
(1.33-fold, p = 0.0003) (Table 2, Figure 2).

Bevacizumab 2× resulted in downregulation of VEGF-A (0.82-fold, p = 0.41), HIF-1α

(0.63-fold, p = 0.001), GPX3A (0.91-fold, p = 0.63), IL-18 (0.86-fold, p = 0.02), and IL-1β

(0.68-fold, p = 0.12); and upregulation of SOD2 (1.54-fold, p = 0.06), BCL2L13 (1.07-fold,
p = 0.16), CASPASE-3 (1.04-fold, p = 0.39), and CASPASE-9 (2.16-fold, p < 0.0001) (Table 2,
Figure 2).

TSA treated (0.3 µM) ARPE-19 cultures resulted in downregulation of VEGF-A (0.75-
fold, p = 0.24), HIF-1α (0.66-fold, p = 0.001) and IL-1β (0.2-fold, p = 0.001), and caused
upregulation of SOD2 (1.69-fold, p = 0.11), GPX3A (2.11-fold, p = 0.06), BCL2L13 (1.13-fold,
p = 0.0003), CASPASE-3 (1.14-fold, p = 0.07), CASPASE-9 (1.49-fold, p = 0.003) and IL-18
(1.69-fold, p < 0.0001) compared to untreated cells (Table 3, Figure 3).

The combination of bevacizumab 1× plus TSA resulted in upregulation of VEGF-A
(1.42-fold, p = 0.25), HIF-1α (1.60-fold, p = 0.006) SOD2 (1.97-fold, p = 0.005), GPX3A (4.03-
fold, p = 0.03), BCL2L13 (1.28-fold, p = 0.0007) and CASPASE-3 (1.2-fold, p = 0.05), and
decreased expression of CASPASE-9 (0.59-fold, p = 0.09), IL-18 (0.89-fold, p = 0.09) and
IL-1β (0.37-fold, p = 0.008) compared to untreated cells (Table 3, Figure 3).

When comparing cells treated with both drugs to cells treated with TSA alone, the
addition of bevacizumab 1× significantly reversed the effect of TSA on the expression of
VEGF-A (p = 0.02), HIF-1α (p = 0.0003), CASPASE-9 (p < 0.0001), and IL-18 (p = 0.0003),
reduced its effect on an IL-1β (p = 0.0006), and potentiated its effect on BCL2L13 (p = 0.008)
(Figure 3).
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Figure 2. Quantitative Real-Time PCR (qPCR) data showing Delta Cts for downstream genes in untreated and anti-VEGF
treated ARPE-19 cultures. * p < 0.05; ** p < 0.01; *** p < 0.001; Bars with no asterisk represent nonsignificant difference.
UNT: Untreated; A1×: Aflibercept 1× conc.; A2×: Aflibercept 2× conc.; R1×: Ranibizumab 1× conc.; R2×: Ranibizumab
2× conc.; B1×: Bevacizumab 1× conc.; B2×: Bevacizumab 2× conc. Error bars represent ‘Mean ± SEM’.

Table 3. Expression folds of downstream genes after treatment with Trichostatin A alone and in
combination with Bevacizumab 1× *.

TSA Compared to Untreated Bevacizumab 1×+TSA Compared to Untreated

Gene Fold p-value Fold p-value

Angiogenesis

VEGF-A 0.75 0.24 1.42 0.25

HIF-1α 0.66 0.001 1.60 0.006

Antioxidant

SOD2 1.69 0.11 1.97 0.005

GPX3A 2.11 0.06 4.03 0.03

Apoptosis

BCL2L13 1.13 0.0003 1.28 0.0007

CASPASE-3 1.14 0.07 1.20 0.05

CASPASE-9 1.49 0.003 0.59 <0.0001

158



Cells 2021, 10, 878

Table 3. Cont.

TSA Compared to Untreated Bevacizumab 1×+TSA Compared to Untreated

Gene Fold p-value Fold p-value

Inflammation

IL18 1.69 <0.0001 0.89 0.09

IL-1β 0.20 0.001 0.37 0.008

* Fold change was calculated using the formula: 2∆∆CT. Untreated samples had a value of 1.

Figure 3. Quantitative Real-Time PCR (qPCR) data showing Delta Cts for downstream genes after treatment with Tricho-
statin A and Bevacizumab. * p < 0.05; ** p < 0.01; *** p < 0.001; Bars with no asterisk represent nonsignificant difference. UNT:
Untreated; TSA: Trichostatin A 0.3 µM; B1×+TSA: Bevacizumab 1× conc. + Trichostatin A 0.3 µM. Error bars represent
‘Mean ± SEM’.
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4. Discussion

In this study, we demonstrated differential HDAC total protein activity in response to
anti-VEGF drug treatment in ARPE-19 cells. Treatment of ARPE-19 cells with anti-VEGF
drugs alone in varying concentrations as well as additive effects of TSA and anti-VEGF
drug significantly modulated the gene expression profiles of apoptotic, inflammatory, and
oxidative stress markers. Therefore, our results suggest that addition of anti-VEGF drugs
to cultured ARPE-19 cells strongly influence the regulation of epigenetic markers and
downstream molecular markers.

Environmental stimuli are thought to induce epigenetic changes that accumulate in
the cell with increasing age, as evidenced by age being the major risk factor for AMD,
as well as the discordance of disease phenotype in identical twins that possess similar
risk profiles for AMD [34]. Hypermethylation of genes encoding for reactive oxygen
species (ROS) scavengers, namely GSTM1 and GSTM5, was demonstrated in AMD RPE
and choroid, downregulating their expression and rendering the cells more susceptible to
oxidative damage. Additionally, several micro RNAs (miRNAs) have been implicated in
AMD pathogenesis through their contribution to aberrant angiogenesis, inflammation, and
apoptosis in response to oxidative stress both in vitro and in vivo [22]. Hypomethylation
of the promoter region of interleukin 17 receptor C (IL17RC), a pro-inflammatory gene,
promotes its expression and increases inflammation in AMD patients [35]. Oliver et al.
conducted the first genome-wide epigenetic study in AMD and found hypomethylation at
HTRA/ARMS2 locus, which is a major susceptibility locus for AMD. They also observed
hypermethylation of the PRSS50 locus which had not been previously associated with
AMD [23].

Over the last decade, intravitreal injection of anti-angiogenic drugs has been the
mainstay of therapy for neovascular AMD as well as for macular edema associated with
diabetic retinopathy and retinal vein occlusion [36]. The three drugs commonly used in
clinical practice are bevacizumab, ranibizumab and aflibercept. Bevacizumab is a full-
length monoclonal antibody that has a molecular weight of 149 kilodalton (kDa) and binds
all isoforms of VEGF-A rendering them inactive. Ranibizumab is an antigen-binding Fab
fragment of the same parent antibody as bevacizumab. It lacks the Fc domain and has a
molecular weight of 48 kDa. Aflibercept, a 96.9 kDa recombinant fusion protein, contains
immunoglobulin fragments from both VEGF receptors: VEGFR1 and 2, combined with
an Fc antibody fragment. It acts as a decoy receptor that not only binds VEGF-A, but
also, unlike the former two drugs, can bind VEGF-B and placental-like growth factor
(PlGF) [37–39]. The different molecular weights and structures of the three drugs may have
an effect on their ocular and systemic pharmacokinetics and pharmacodynamics [40]. All
three drugs have been shown to accumulate intracellularly. Uptake of bevacizumab and
aflibercept is mediated through their Fc portion, but ranibizumab is likely internalized
through a VEGF/VEGFR2-mediated mechanism [30].

RPE dysfunction is central to the pathogenesis of AMD, and RPE cells are the main
source of VEGF in the retina [41]. Many investigators have tested the safety of anti-
VEGF agents on RPE cells both in vitro and in animal models. Our group previously
demonstrated a good safety profile of the three anti-angiogenic drugs on ARPE-19 cell
cultures at the clinical dose, but mild cytotoxic effects were found at higher doses [42,43].
Other studies have shown similar results [44,45].

A study by Dinc et al. in which APRE-19 cells were subjected to H2O2-induced oxida-
tive stress and levels of miRNA expression were evaluated, suggested an epigenetic role
for anti-VEGF drugs [46]. In that study, several miRNAs were dysregulated in response to
oxidative stress compared to untreated samples. Preincubation of cells with any of the three
anti-VEGF drugs before H2O2 treatment significantly altered the miRNA dysregulation
induced by H2O2. The authors suggested that anti-VEGF drugs could protect RPE cells
from oxidative stress through their effect on miRNAs.

We tried to determine whether the changes in HDAC expression would affect the
activity of HDAC enzymes in ARPE-19 cells using an assay kit designed to measure the
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collective activity of all HDACs. Bevacizumab treatment alone failed to alter HDAC
activity to a significant extent compared to untreated cultures. Our inability to observe a
significant net effect on HDAC enzyme activity may be because bevacizumab had opposite
effects on the expression of both HDAC1 and HDAC6 genes, so the overall HDAC activity
after treatment was neutral. As expected, Trichostatin A (TSA) significantly inhibited
HDAC activity. TSA is known to inhibit both class I and II HDACs. Interestingly, the
combination of TSA plus bevacizumab increased significantly the frank inhibitory effect
on HDAC activity, but the mechanisms for additive effects are not clear and need to be
further investigated.

Next, the expression levels for genes known to regulate important pathogenetic
pathways for AMD after treatment with anti-VEGF drugs and TSA were measured.

4.1. Angiogenesis Genes

HIF-1α is the oxygen-sensitive subunit of HIF-1, a transcription factor upregulated in
cells in response to hypoxia. Activation of HIF-1α results in overexpression of downstream
genes, including pro-angiogenic genes, mainly VEGF-A [47]. Both class I and II HDACs
are upregulated by hypoxia and induce angiogenesis, particularly HDAC1 [48,49]. HIF-1α
is a non-histone protein target for acetylation. It is acetylated under normoxic conditions,
which decreases its stability by facilitating its proteasomal degradation. Under hypoxic
conditions, HIF-1α becomes deacetylated by HDACs, which makes it more stable and
prolongs its half-life [50].

We found that all three anti-VEGF drugs downregulated the expression of HIF1-α gene
at 2×, but not 1×, concentration. This suggests that these drugs might protect cells against
oxidative damage. Treatment with TSA had the same inhibitory effect. This observation
comes in agreement with previous studies demonstrating that TSA could downregulate
both gene and protein expression of HIF-1α in vitro and in animal models [51,52]. Other
HDAC inhibitors demonstrated a protective effect against oxidative damage in vitro and
animal models. These include valproic acid (VPA), which is another broad-spectrum
HDACi, and tubastatin A (TST); a specific inhibitor of HDAC6 [53,54]. The inhibitory effect
displayed by anti-VEGF drugs and TSA in our study was reversed by the combination of
bevacizumab and TSA, which significantly upregulated HIF1-α expression.

VEGF-A is the main pro-angiogenic factor implicated in the pathogenesis of wet
AMD [55]. The expression levels of VEGF, as well as tissue response to its secretion, are
modulated by both genetic and epigenetic factors. Epigenetic regulation of angiogenesis
has been extensively studied in cancer cells. Both HDAC7 and SIRT1 promote angiogenesis
during development and disease by inducing pro-angiogenic factors and suppressing
anti-angiogenic ones [56–58]. HDAC6 has also been associated with angiogenesis due to
its ability to bind several cytoskeletal proteins in the cytoplasm and stimulate vascular
proliferation and sprouting. The anti-angiogenic properties of HDAC inhibitors are the
basis for their use as anti-cancer agents and extend beyond gene silencing to directly
acetylating angiogenic factors in the cytoplasm. Chan and colleagues demonstrated that
TSA could downregulate VEGF-A by epigenetically silencing its expression in the presence
of CoCl2, a hypoxia-inducing agent, in human RPE cells in vitro. Furthermore, they showed
that TSA could attenuate a laser induced CNV in a mouse model. However, we found that
TSA did not alter VEGF-A gene expression in ARPE-19 cells. The ability of TSA to silence
gene expression might be more pronounced under conditions of hypoxic stress that induce
aberrant upregulation of VEGF-A, which was not the case in our experiment.

Two studies explored the effect of either ranibizumab or bevacizumab on VEGF-A
gene expression in primary RPE cells. In one experiment, bevacizumab had no effect on
the baseline expression levels of VEGF-A [59]. Similarly, in another study ranibizumab
treatment did not significantly alter VEGF-A mRNA overexpression induced by white
light illumination of RPE cells [60]. In ARPE-19 cells, both aflibercept and ranibizumab
induced VEGF-A mRNA expression after 24 h of treatment. The authors postulated that
the cells upregulated the transcription of VEGF-A to compensate for blocking the VEGF-A
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protein in the culture media [43]. Similarly, another study demonstrated that ranibizumab
and bevacizumab induced overexpression of VEGF-A inARPE-19 cells that were subjected
to oxidative stress by preincubation in a hypoxic chamber [61]. Another study showed
a similar compensatory upregulation in response to bevacizumab treatment in murine
RPE cells in vivo, but not in ARPE-19 cells in vitro. These investigators suggested that the
compensatory upregulation of VEGF-A expression in complex in vivo systems might not
be captured by the simpler APRE-19 cell model. It could also be that the RPE of healthy
young animals was able to compensate for VEGF-A neutralization, unlike ARPE-19 cells,
which carry more similarities to aged RPE [62]. Other studies showed that anti-VEGF drugs
could bring down VEGF-A gene expression to control levels in human retinal pericytes [63]
and in ARPE-19 cells [19].

VEGF-A expression levels were not affected by any of the used drugs in our experi-
ment, although its expression was significantly lower in cells treated with a combination
of bevacizumab plus TSA compared to treatment with TSA alone. It seems that the ef-
fect of anti-angiogenic drugs on VEGF-A gene expression varies according to cell type,
the nature of biologic stress that the cells are exposed to as well as the in vivo versus
in vitro environment.

4.2. Oxidative Stress Genes

Oxidative stress occurs when ROS accumulation overwhelms the capacity of the cell
to detoxify them. Neural and RPE cells in the retina have a high metabolic demand and
are most prone to oxidative damage with aging. Aging is associated with differential gene
expression and chromatin reorganization mediated by epigenetic mechanisms, ultimately
leading to impaired ability of the cells to adapt to environmental stress [64].

The main antioxidant in the retina is the superoxide dismutase (SOD) family [65].
SOD2 gene encodes for a mitochondrial enzyme, which deactivates superoxide free radicals.
Polymorphisms of SOD2 have been associated with exudative AMD [66]. SOD2 expression
depends on acetylation. Being a mitochondrial enzyme, SOD2 is directly deacetylated by
SIRT3, a mitochondrial Class III HDAC, resulting in its activation [67]. Forkhead box O3a
(FoxO3a) activates the promoter of SOD2 gene inducing its expression. TSA was shown
to increase the acetylation of FoxO3a promoter region, and upregulating its expression, as
well as its target protein, SOD2, expression in vitro [68]. Treatment with bevacizumab 1×
in our study significantly upregulated SOD2 expression, as did combined treatment with
bevacizumab and TSA. Conversely, aflibercept significantly reduced SOD2 expression.

Glutathione peroxidase (GPX) is another antioxidant enzyme found in the RPE and
photoreceptors that protects the retina from oxidative damage. GPX expression is up-
regulated in AMD patients, most likely due to oxidative stress [69]. VPA induced the
expression of SOD2 and GPX genes in ARPE-19 cells in normal conditions and maintained
their expression hypoxic conditions. A similar effect was demonstrated in rat retina [70]. In
our study, only the combination of bevacizumab plus TSA was able to significantly increase
GPX3A expression.

4.3. Inflammation Genes

Inflammation has been recently recognized as a key player in the pathogenesis of
AMD. Both drusen components and intracellular lipofuscin can incite inflammasome
activation and the release of the pro-inflammatory cytokines IL-18 and IL-1β in retinal
tissues [71,72]. It is thought that epigenetic mechanisms are involved in initiating the
immune response by altering the gene expression of immune cells to allow for cytokine
production and chemotaxis [24]. HDAC6 inhibition by TST suppressed mRNA expression
of IL-1β in an inflammation model of mammary epithelial cells in vitro [73]. We found that
TSA treatment had the same effect on IL-1β gene expression in ARPE-19 cells. Cultures
treated with ranibizumab 2× and the TSA+bevacizumab combination also displayed
downregulation of IL-1β.

162



Cells 2021, 10, 878

Although inflammation significantly contributes to tissue damage in AMD, a certain
degree of inflammation might be needed to protect against neovascularization. IL-18
has exhibited anti-angiogenic properties in tumors and post-ischemic injury and is being
investigated as a potential anti-angiogenic therapy in wet AMD [74]. Shen et al. demon-
strated reciprocal suppression between VEGF and IL-18. They were able to detect increased
levels of IL-18 in the aqueous of patients receiving intravitreal ranibizumab injections
for macular edema secondary to retinal vein occlusion. Furthermore, they found that
intravitreal injection of anti-VEGF antibody in a mouse model of ischemic retinopathy
upregulated mRNA expression of IL-18. IL-18 was able to block VEGF-induced vascular
leakage and neovascularization in mice. Thus, each agent can suppress both the production
and function of the other [75]. This observation could explain our findings that IL-18
was significantly upregulated by both concentrations of ranibizumab and bevacizumab.
TSA also upregulated IL-18 expression, possibly owing to its anti-angiogenic properties.
Aflibercept 2×, however, suppressed its expression. Aflibercept has a different molecu-
lar structure than both ranibizumab and bevacizumab and could have triggered another
signaling mechanism that reduced IL-18 transcription.

4.4. Apoptosis Genes

RPE cell loss characteristic of advanced AMD is thought to represent cell death by
apoptosis. The BCL-2 family regulates the intrinsic mitochondrial pathway of apoptosis.
Accumulation of oxidized low-density lipoproteins (LDL) in drusen and basal linear
deposits, both hallmark lesions of AMD, results in upregulation of BAX, a pro-apoptotic
BCL-2 family member, and downregulation of BCL-2, an anti-apoptotic member. The
increased BAX/BCL-2 ratio tips the balance in favor of apoptosis [76]. Activation of
pro-apoptotic BCL-2 members results in opening of mitochondrial membrane pores with
subsequent release of pro-apoptotic factors, such as cytochrome c, into the cytoplasm.
Cytochrome c can recruit and activate caspase-9, an initiator caspase, which activates
effector caspases, such as caspase-3, that eventually cause degradation of genomic DNA
and cell death [77].

Anti-VEGF drug treatment of ARPE-19 cells resulted in upregulation of the 4 pro-
apoptotic genes in this study. This effect was seen with the three drugs tested at both 1× and
2× concentrations. We previously demonstrated some degree of reduced mitochondrial
membrane potential (MMP), which is an early sign of apoptosis, in ARPE-19 cells after
24 h of treatment with higher-than-clinical concentrations of ranibizumab and aflibercept.
Only bevacizumab decreased MMP at 1× concentration [42]. Another study found that
bevacizumab significantly increased apoptosis in an ARPE-19 cell model of oxidative
stress and as stress levels increased, the dose of bevacizumab capable of inducing apoptosis
decreased. The authors postulated that bevacizumab blocked the protective effects of VEGF
under high oxidative stress conditions and downregulated BCL-2 gene expression [78].
Another study showed that ranibizumab could enhance the anti-proliferation effects of
oxidative stress on ARPE-19 cells [42].

These results warrant further in vivo investigations since the net effect on retinal cells
in vivo is subject to a complex interplay of many protective and detrimental factors. Anti-
angiogenic therapy has demonstrated protective effects in our in vitro study, as evidenced
by suppressing oxidative stress and inflammatory cytokine gene transcription. However,
further research is warranted as concerns have been raised about the development of
geographic atrophy in 98% of wet AMD patients receiving chronic anti-VEGF injections
over prolonged periods of time [79].

5. Conclusions

In conclusion, we demonstrated that anti-VEGF drugs can (1) alter expression profiles
for genes involved in oxidative stress, inflammation, and apoptosis pathways and (2)
modulate intracellular signal transduction in addition to blocking VEGF-A. This could
have implications in management of resistance or nonresponse to anti-VEGF therapy in
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some AMD patients. The phenomenon of individual variation in response to anti-VEGF
treatment has also been observed in different cancers treated with bevacizumab [80–82].
Genetic variations may render vascular tissue more responsive or resistant to drug effects.
Epigenetic mechanisms may render tissues less sensitive to the anti-VEGF treatment and
influence pharmacogenetic interactions, as evidenced by miRNA regulation of enzymes
involves in drug uptake and metabolism [83,84]. The fact that these drugs could influence
the epigenome might guide precision medicine in the future by obtaining an “epigenetic”
profile for wet AMD patients to predict resistance and direct the choice of therapy.

Another avenue we believe is worth exploring is the possibility of adding HDAC
inhibitors to the therapeutic armamentarium of AMD. Epigenetic drugs have shown a
great promise in immunomodulation, neuroprotection, and angiogenesis suppression [85].
To date, 6 epigenetic drugs have been approved by the FDA for cancer therapy [51]. A
variety of epigenetic drugs, including DNMT and HDAC inhibitors are currently under
investigation as potential therapeutic agents in AMD, owing to their ability to reverse
inflammation and angiogenesis [55,86]. Specific HDAC inhibitors might be preferable
to pan-inhibitors, such as TSA, as the latter can cause undesirable alterations in gene
expression by inducing histone hyperacetylation [53].

Further studies including in vivo tests are required. Other retinal cell types are in-
volved in the evolution of AMD pathogenesis, and the impact of the studied drugs on
these cells needs to be explored as well. Human pluripotent stem cell (hPSC)-derived
retinal organoids could provide an alternative platform to study drug interactions and
intracellular signaling mechanisms that more closely approximates the retinal environment
in vivo [87].
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Abstract: Retinal degenerative diseases, such as age-related macular degeneration, retinitis pigmen-
tosa, diabetic retinopathy or glaucoma, represent the main causes of a decreased quality of vision
or even blindness worldwide. However, despite considerable efforts, the treatment possibilities for
these disorders remain very limited. A perspective is offered by cell therapy using mesenchymal
stem cells (MSCs). These cells can be obtained from the bone marrow or adipose tissue of a particular
patient, expanded in vitro and used as the autologous cells. MSCs possess potent immunoregulatory
properties and can inhibit a harmful inflammatory reaction in the diseased retina. By the production
of numerous growth and neurotrophic factors, they support the survival and growth of retinal cells.
In addition, MSCs can protect retinal cells by antiapoptotic properties and could contribute to the
regeneration of the diseased retina by their ability to differentiate into various cell types, including
the cells of the retina. All of these properties indicate the potential of MSCs for the therapy of diseased
retinas. This view is supported by the recent results of numerous experimental studies in different
preclinical models. Here we provide an overview of the therapeutic properties of MSCs, and their
use in experimental models of retinal diseases and in clinical trials.

Keywords: retinal degenerative diseases; mesenchymal stem cells; stem cell therapy; experimental
models; clinical trials

1. Introduction

The retina is a highly specialized structure composed of several layers of morpholog-
ically and functionally different cell types. The individual layers are mutually intercon-
nected and their primary function is to capture a light signal via the photoreceptors and to
convert it into electrical impulses. These impulses are relayed to ganglion cells and then
pass through the optic nerve into the visual cortex of the brain.

Individual retinal layers have an irreplaceable role in the capture and transduction
of light signals. A disease or damage to any particular cell layer has a negative impact on
the surrounding cell types and is reflected by the impairment of the vision. The progres-
sion of the retinal damage results in the development of retinal degenerative disorders.
Although the exact etiology, causes and starting mechanisms of these diseases are mostly
unknown, many factors, such as oxidative stress, light-induced damage, chemical insults,
vascular defects, cytokine imbalance, damage of blood–retinal barrier and infiltration with
immune cells or aging, have been suggested to contribute to the development of retinal
degeneration [1–3]. Irrespectively of the different etiologies and various causes of retinal
disorders, cumulative damage and loss of retinal cells, chronic inflammation, immune cell
infiltration and enhanced cytokine secretion by immune and retinal cells represent the
main pathological signs of retinal degenerative diseases, which represent the leading cause
of blindness worldwide.
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2. Retinal Degenerative Diseases

Retinal diseases are a heterogenous and multifactorial group of light-threatening
disorders, which include age-related macular degeneration (AMD), retinitis pigmentosa
(RP), diabetic retinopathy (DR), pediatric Stargardt’s macular dystrophy, glaucoma and
many other similar forms. Although retinal diseases have various causes and different
etiologies, a common characteristic is the death or dying of the specialized retinal cells and
the loss of integrity of the retina or the degeneration of the photoreceptors; and this process
then results in a visual impairment and ultimately in blindness.

In several of these disorders, including AMD, the earliest changes observed are caused
by a loss of the cells of the retinal pigment epithelium (RPE), which play a major role in
photoreceptor nutrition and in the maintenance of homeostasis. The degeneration of RPE and
photoreceptors is the main cause of AMD which may have its onset in choroidal neovascular-
ization or in accumulation of amorphous deposits. Both these causes lead to alterations in the
retina and to the impairment of its functions. Early AMD is characterized by the appearance
of soft drusen and pigmentary changes in the RPE, which can progress into two forms of
advanced AMD—dry and wet AMD. Both of these forms result in the loss of central vision [1].
AMD is a leading cause of vision loss, affecting tens of millions of elderly people worldwide.
Similarly, in DR, which is primarily caused by hyperglycemia in diabetes mellitus, the reduc-
tion in the number of pericytes at the vascular level, and the decreased number of retinal
neurons and glial cells result in the interruption of retinal integrity and a progressive loss of
vision. Nearly all patients with type I diabetes and over 60% of patients with type II diabetes
have some degree of retinopathy after 20 years duration. DR is a leading cause of blindness in
developed countries. RP is a genetic disorder of the eye which is caused by a progressive loss of
the rod photoreceptor cells on the back of the eye [4]. Similarly, Stargardt’s macular dystrophy
is also an inherited retinal disease that begins in childhood or adolescence and that affects the
macula. On the contrary, the main risk for a group of eye diseases called glaucoma is increasing
age and high pressure in the eye. The mechanism of glaucoma is believed to be a slow exit of
the aqueous humor through the trabecular meshwork, which results in damage to the optic
nerve and causes vision loss. In addition to these degenerative processes associated with the
loss of the specialized retinal cells, local inflammation significantly contributes to the triggering
and development of retinal diseases. Among the main contributors to inflammation belong
the various types of infiltrating immune cells and activated microglia. Increased numbers of
glial cells have been observed in the retina with the degeneration of the photoreceptors [5].
Activated microglia can contribute to the production of proinflammatory factors and to the
damage of the hematoretinal barrier [6]. Furthermore, different populations of glial cells
expressing genes associated with AMD (such as VEGFA and HTRA1), have been identified in
the retina with this type of disease [7]. Alternatively, it has been shown that the inhibition of
the microglia delays retinal degeneration in the experimental retinal vein occlusion in mice [8].

To date, the treatment options for retinal diseases have been very limited. In the advanced
stages, laser photocoagulation remains the main method of treatment for DR. Other therapeutic
approaches are represented by a vitrectomy or different microsurgery interventions, which
involve complicated surgery and are highly invasive procedures. Recently, less invasive
treatment of some forms of retinal degenerative diseases has been based on the administration
of inhibitors of vascular endothelial growth factor (VEGF) or other drugs. However, these
inhibitors only induce short-term effects and just slow down the progression of the disease.
Therefore, the need for a safe and less invasive approach to prevent development and to treat
these sight-threatening manifestations of retinal diseases is vital.

3. Perspectives of Cell Therapy for Retinal Diseases

Since the loss of specialized retinal cells and local inflammatory reactions are the main
causes contributing to the progression of retinal degenerative diseases, the inhibition of inflam-
mation and a support for the surviving retinal cells appear to be prospective approaches to
manage these diseases. Recent studies have indicated that various types of stem cells could
contribute, by paracrine effects, to the support of the survival of the residual retinal cells, and to
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the inhibition of inflammation [9]. A therapeutic possibility is offered by embryonic stem cells
(ESCs), which can be isolated from blastocysts and which have a high differentiation potential.
Another possibility is represented by the induced pluripotent stem cells (iPSCs), prepared by
the reprogramming of normal adult fibroblasts or other cells. Both ESCs and iPSCs have the
potential for differentiation into various retinal cell types [10,11]. However, the use of ESCs or
iPSCs is limited by the possibility of immune rejection, teratogenicity and ethical restrictions in
the case of ESCs. For these reasons, mesenchymal stem cells (MSCs) show great potential and
could be a prospective tool for the treatment of retinal diseases. MSCs can be obtained from
the bone marrow or adipose tissue of a particular patient and after separation and culturing
in vitro could be used as autologous cells without the danger of immune rejection. It has been
shown that after an injection of MSCs into the vitreous body, the cells can survive for a long
period of time and can protect retinal ganglion cell survival or stimulate axon regeneration
after optic nerve crush [12,13].

MSCs are multipotent stem cells which can be obtained relatively easily in a sufficient
amount from various types of tissues and expanded in vitro for autologous application. It has
been shown that MSCs retain their differentiation potential during their in vitro expansion,
and that they can be differentiated into different cell types including cells expressing RPE or
photoreceptor cell markers [14–16]. Similarly, the anti-inflammatory properties of MSCs [17,18]
and their ability to support ocular surface healing [19–23] have been well documented. An
advantage of MSCs is also their safety in use. The experiments in animal models confirmed
that the subcutaneous administration of MSCs did not induce tumor growth during several
months of observation [24]. Similarly, an extensive meta-analysis of studies using MSCs in
over 1000 patients did not reveal a significant association between MSC treatment and the
toxicity of infusions, internal organ infection, cancer or death [25].

4. Mesenchymal Stem Cells
4.1. Characteristics of MSCs

MSCs currently represent the most frequently studied type of adult stem cells. Origi-
nally, these cells were described as a population of bone marrow-derived cells that adhere
to plastic and form fibrocyte-like colonies [26]. They have differentiation potential, which
they retain during their in vitro expansion, as was demonstrated by their differentiation
into other cell types of the mesenchymal cell line [27,28]. For therapeutic purposes, MSCs
are mainly isolated from the bone marrow or adipose tissue. However, no specific marker
that could characterize these cells has been identified. According to the International
Society of Cellular Therapy, human MSCs are characterized by the ability to adhere to
plastic surfaces in standard culture conditions, by being positive for the surface markers
CD105, CD73 and CD90 and negative for hematopoietic markers CD45, CD34, CD14,
CD19 and CD11b, and by their ability to differentiate into adipocytes, chondroblasts and
osteoblasts [29]. It has been shown that MSCs possess potent immunmodulatory and
anti-inflammatory properties, produce a number of cytokines and growth factors, and
contribute to tissue healing and regeneration. The great advantage of these cells is their
relatively easy isolation from the bone marrow or adipose tissue, good growth properties
during their propagation in vitro and the possibility to use them as autologous (patient´s
own) cells. It has also been demonstrated that MSCs from different sources (bone marrow,
adipose tissue, umbilical cord blood, etc.) have similar function properties [30–32]. All
these characteristics make them a promising candidate for the cell therapy of inflammatory
and degenerative diseases.

4.2. Immunoregulatory and Anti-Inflammatory Properties of MSCs

The immunomodulatory properties of MSCs are mediated by multiple mechanisms
including regulation by direct cell-to-cell contact, the production of various immunomod-
ulatory molecules, the negative effects on antigen-presenting cells or the activation of
regulatory T cells (Tregs). The complexity of the immunoregulatory effects of MSCs is also
evident from the observation that MSCs inhibited lymphocyte proliferation induced by
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mitogens and alloantigens by different mechanisms [33]. In general, MSCs have potent
immunosuppressive properties. It has been shown that MSCs inhibit T and B cell prolif-
eration, the production of cytokines and activity of cytotoxic T and NK cells [17,34]. In
in vivo experimental models, the administration of MSCs prolonged the survival of skin
allografts in baboons [35] and mice [36], prevented the rejection of corneal allografts [37,38],
decreased the incidence of graft-versus-host disease in mice and humans [39,40] attenu-
ated septic complications [41] and suppressed the incidence and severity of autoimmune
diseases [42,43]. These suppressive effects of MSCs can be mediated by multiple mech-
anisms. It has been shown that MSCs express numerous molecules contributing to the
immunosuppression, such as indoleamine 2,3-deoxygenase (IDO), cyclooxygenase-2 (Cox-
2), TNF-α stimulated gene 6 protein (TSG-6), programmed death-ligand 1 (PDL-1) or Fas-L
molecule [38,44–46]. Furthermore, MSCs produce a number of cytokines which can nega-
tively influence in immune reaction. It has been shown that MSCs produce transforming
growth factor-β (TGF-β) and interleukin-6 (IL-6) which are the principal cytokines regulat-
ing the development of anti-inflammatory Tregs and proinflammatory Th17 cells [47,48].
The spectrum of cytokines produced by MSCs depends on the state of their activation.
We have demonstrated that a cytokine environment, where MSCs reside, considerably
influences their secretory and immunoregulatory potential [49]. The beneficial effects of
MSCs after their systemic application in vivo are supported by the demonstration of their
ability to migrate to the site of injury or inflammation and to contribute to tissue healing
and regeneration [50–52]. In this respect we showed that mouse bone marrow-derived
MSCs (BM-MSCs) administered intravenously migrated in a significantly higher number
to the injured eye than into the contralateral healthy eye [53], and that adipose tissue-
derived MSCs (A-MSCs) delivered intraperitoneally into transplanted mice were detected
in a significantly higher amount in skin allografts than in healthy skin [54]. It has been
suggested that the cytokines and chemokines produced by immune cells in the site of an
injury attract MSCs to migrate to the damage site, where they participate in the attenuation
of inflammation [55,56].

4.3. Antiapoptotic Properties of MSCs

Degenerative and inflammatory reactions in the diseased retina are regularly associ-
ated with a locally enhanced production of a variety of cytokines. These molecules can be
produced either by inflammatory immune cells or by the activated cells of the retina [57].
It has been shown in vitro and in vivo that increased levels of proinflammatory cytokines
can induce apoptosis of the surrounding cells [58,59]. Moreover, chronic inflammation
is associated with endoplasmic reticulum stress, which also promotes the induction of
apoptosis [60]. Furthermore, proinflammatory cytokines induce changes in the expression
of various genes (such as Bcl-2, Bax, p53) associated with apoptosis. Any damage in the
retina attracts the cells of the immune system which produce chemokines and cytokines,
and thus potentiate inflammatory and apoptotic reactions. Therefore, the inhibition of a
local inflammatory reaction and attenuation of apoptosis might be promising approaches
to alleviate and inhibit the development of retinal injury. In this respect, MSCs by their im-
munoregulatory, anti-inflammatory and antiapoptotic properties could also be a promising
therapeutic tool for developing retinal disorders [18,61]. We have recently shown that MSCs
inhibit the expression of proapoptotic genes and decrease the number of apoptotic cells
in the corneal explants cultured in the presence of apoptosis-inducing proinflammatory
cytokines [62].

4.4. The Production of Growth Factors by MSCs

MSCs are potent producers of various growth and trophic factors. Some of these
factors are produced by MSCs constitutively, while others are only secreted after activation
with proinflammatory cytokines, mitogens or other signals. It has been suggested that
the production of growth factors and their paracrine action are the main mechanisms
of the therapeutic action of MSCs. Among the growth factors which are produced by
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MSCs and that could contribute to retinal regeneration are hepatocyte growth factor (HGF),
nerve growth factor (NGF), glial cell-derived neurotrophic factor (GDNF), insulin-like
growth factor-1 (IGF-1), pigment epithelium growth factor (PEGF), fibrocyte growth factor
(FGF), platelet-derived growth factor (PDGF), epidermal growth factor (EGF), angiopoietin-
1, erythropoietin, VEGF and TGF-β [16,57,63–66]. Some of these factors are secreted
spontaneously by untreated MSCs, and their production is enhanced after stimulation with
proinflammatory cytokines [16]. On the contrary, the production of some other cytokines
which are produced spontaneously (such as TGF-β, HGF) is significantly decreased in
the presence of proinflammatory cytokines [16]. We also showed that higher levels of
some growth factors are produced by MSCs after their differentiation into cells expressing
retinal cell markers [16]. The expression of genes Ngf, Gdnf and Il-6 was enhanced in
differentiated MSCs, which suggests a higher potential of differentiated MSCs for the
regeneration of diseased retinal tissue. It was demonstrated that the supernatants from
light-injured retina significantly promote the secretion of neurotrophic factors by MSCs and
slow down the process of apoptosis in damaged retinal cells [67]. Another study showed
that the secretion of neurotrophic factors by MSCs promoted the viability of photoreceptors
in vitro, and supported their survival after the subretinal transplantation of MSCs in a
retinal degeneration model [68]. All these observations indicate that MSCs differentiated
into cells with characteristics of retinal cells have a higher secretory activity than untreated
MSCs, and could have a better regenerative potential than primary MSCs.

4.5. The Ability of MSCs to Differentiate into Cells with Retinal Cell Characteristics

One of the characteristics of stem cells is the ability to differentiate or even transdiffer-
entiate into different cell types. With regards to differentiation into ocular cells, relatively
extensive data exist about the differentiation of MSCs and other stem cells into cornea-like
cells [69–72], but the data are less abundant on the differentiation of MSCs into neurons [73]
or various types of retinal cells [74,75].

The ability of different types of stem cells and MSCs to differentiate into retinal cells
has been reviewed by Salehi et al. [76]. For example, MSCs isolated from rat conjunctiva and
cultured in the presence of taurine expressed markers characteristic of photoreceptors and
bipolar cells [75]. Taurine, together with activin A and EGF, has been used in other studies
to differentiate MSCs to photoreceptors. The cells cultured in differentiation conditions for
8–10 days expressed the Rho and Rlbp genes [74]. The same authors also showed that MSCs
injected into the subretinal space are able to integrate into the retina and express markers
specific for photoreceptors. Other studies demonstrated that the transplantation of MSCs
into the damaged retina induced the expression of markers typical for photoreceptors,
bipolar and amacrine cells in grafted MSCs [77–79]. Several other studies also showed
the differentiation of MSCs into RPE cells [79,80], which play an important role in the
nourishment of photoreceptors.

In our study, to simulate the environment of the damaged retina, we cultured mouse
BM-MSCs with the retinal cell extract and with supernatant from Concanavalin A-stimulated
mouse spleen cells. MSCs cultured for 7 days in such conditions differentiated to cells
expressing retinal cell markers such as rhodopsin, S antigen, retinaldehyde binding protein,
calbindin 2, recoverin and retinal pigment epithelium 65 [16]. Interferon-γ, present in the
supernatant from activated spleen cells was identified as the main factor supporting the
retinal differentiation of MSCs. In addition, the differentiated MSCs produced a number
of neurotrophic factors which are important for retinal regeneration. This study, and the
results of other authors [78–80], indicate that the signals from the damaged retina induce
the differentiation of MSCs into cells expressing retinal cell markers, and that the MSC
differentiation is supported by cytokines produced by activated immune cells [81,82].

4.6. Additional Mechanisms Contributing to the Therapeutic Action of MSCs

In addition to the ability of MSCs to produce several growth, immunoregulatory or
neurotrophic factors, MSCs release various types of extracellular vesicles (EVs). These
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particles encapsulate different functional molecules which could support the survival
of cells [83,84]. For example, it has been shown that intravitreally injected EVs were as
effective as MSCs in improving vision in experimental model of retinal laser injury [85].
Similarly, Mead and Tomarev [86] showed that MSC-derived exosomes protected retinal
ganglion cell function in a rat optic nerve crush model.

Furthermore, mitochondrial transfer has been described as additional mechanism
which MSCs can use to support anti-inflammatory conditions and cell survival [87,88].
Since mitochondrial disfunction has been proved in many retinal diseases, the mitochon-
drial transfer therapy might have an impact on the treatment of retinal diseases [89].

Finally, the ability of MSCs to fuse with other cell types has been documented in
various models [90,91]. Therefore, the possibility of the fusion of MSCs and the cells of
diseased retina cannot be excluded, and should be considered as another mechanism
contributing to the therapeutic action of intraocularly administered MSCs.

5. The Potential of MSCs for the Treatment of Retinal Diseases

Abundant experimental data demonstrate the beneficial therapeutic effects of MSCs
on retinal diseases [92–94]. It has been shown that MSC transplantation significantly delays
retinal degeneration, supports the regeneration of RPE, cone cells and axons, and improves
the survival of retinal ganglion cells. On the basis of these encouraging results, the potential
to use MSCs for the treatment of retinal diseases has been proposed and tested [95–99]. The
main mechanisms of the therapeutic action of MSCs for the treatment of retinal diseases
are shown in Figure 1.

Figure 1. The main mechanisms of the therapeutic effect of mesenchymal stem cells (MSCs) for retinal diseases. MSCs
contribute to treatment of retinal disorders by multiple mechanisms involving the production of growth and neurotrophic
factors, immunomodulatory actions, by antiapoptotic effect and by direct cell differentiation.

Although several questions about the clinical use of MSCs still remain unanswered,
for the purpose of great interest to use stem cells for the treatment of currently incurable
retinal diseases, the first clinical trials using MSCs have been initiated [100,101]. However,
before the introduction of the stem cell-based therapies into clinical practice, extensive
research is needed to optimize the therapeutic procedures. For this reason, experimental
animal models using pharmacologically induced degeneration of the individual retinal cell
types or using animals with genetically induced retinal diseases, have been introduced. The
pharmacological models use the application of sodium iodate (NaIO3) for the destruction of
RPE cells that mimic progression of macular degeneration [102,103], or the application of N-
methyl D-aspartic acid (NMDA) or N-methyl-N-nitrosourea (MNU) that induces apoptosis
and the selective degeneration of ganglion cells and photoreceptors that are processes
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resembling hereditary RP or glaucoma [104,105]. The studies using these preclinical
experimental models support the idea that the treatment of retinal diseases with stem cells
could represent the most modern and prospective approach for the treatment of currently
incurable severe retinal disorders, and to improve the patient´s quality of life [106–108].

6. Possible Problems and Limitations Associated with MSC-Based Therapy

Although stem cell therapy is safe, as shown in both animal studies and clinical
trials [24,25], there are still several issues that have to be taken into account before final
translation of MSC-therapy from preclinical models into clinical therapy.

First at all, there is a heterogeneity of individual MSC samples, based on differences in
the cell source, isolation and culture procedure. MSCs are used at different time intervals
after their isolation and different doses of cells are used. It has been documented that
a longer cell culture duration has an impact on MSC morphology, secretory potential
and migratory properties [109,110]. Therefore, there should be an agreement about the
preparation of MSCs for individual types of application.

There is still controversy about in vivo survival of in vitro cultivated MSCs. Al-
though MSCs are considered immune privileged cells which do not express costimulatory
molecules and MHC Class II molecules, in the presence of some cytokines they can express
these molecules and become a target for immune cells. Without respect to these observa-
tions, numerous studies suggested a long-term survival of allogeneic or even xenogeneic
MSCs in immunocompetent recipients. In contrast to these studies, Eggenhofer et al. [111]
claimed that in vitro cultured MSCs are extremely short-lived and do not survive in vivo.
However, there is a possibility that in immunologically privileged sites, such as those in
the eye, MSCs could survive.

Another unresolved issue is the fate and immunological functions of MSCs after their
transfer into the inflammatory environment of the diseased retina. There is a possibility
that immunosuppressive MSCs, transferred into an environment where there are proinflam-
matory cytokines present, can turn out into a cell population supporting the development
of aggressive proinflammatory Th17 cells.

The route of MSC administration is also very important. After the intravenous in-
jection of MSCs, only a small proportion of the delivered cells can be found in the eye
(our preliminary observations). Therefore, for the treatment of the retina, the intraocular
delivery of cells appears more effective. Using experimental models, especially based on
small animals, the intravitreal injection of MSCs is the most common way. However, in
the healthy eye, only a few cells can be detected in the vitreous cavity, and the occurrence
of side effects after such delivery of MSCs was reported [112]. Therefore, other routes of
MSC application have been tested. These approaches include subretinal application [113],
suprachoroidal delivery [114] and subtenon injection [115].

7. The Use of MSCs for the Treatment of Retinal Diseases in Experimental Models

To study the mechanisms of retinal diseases and to validate new therapeutic ap-
proaches for these diseases, various experimental models resembling different types of
retinal damage have been established and tested. These models are based on pharmaco-
logical interventions which induce the degeneration of specialized retinal cells, or utilize
mutant animal strains, genetically modified recipients or various mechanical damages or
injuries [116]. We review here the selected experimental models that have been used to test
the therapeutic potential of the various types of MSCs.

7.1. Experimental Models of AMD

AMD is characterized by a progressive degeneration of the RPE and photoreceptors,
and this process represents the major cause of visual impairment and irreversible blindness
in the elderly population. Numerous experimental models have been established to study
the individual steps of AMD progression. Transgenic experimental animal models provide
systems to explore the cellular and molecular mechanisms of this disease. Some advantages
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are offered by laser-induced models. Other approaches are based on the application of
pharmacological agents inducing pathological changes in the retina. One of the well-
established pharmacological models is based on the systemic or a local administration of
NaIO3. NaIO3 is a chemical which selectively induces the degeneration and death of RPE
cells. It was shown in vitro that the exposure of human RPE cell line ARPE-19 to NaIO3
induces the activation of inflammasome, changes the expression of molecules involved in
the apoptosis, induces cell dysfunctions resembling conditions in AMD and finally causes
RPE cell death [117,118]. In this model, human A-MSCs decreased the levels of mRNA for
proapoptotic molecules and provided a rescue effect for ARPE-19 cells cultivated in the
presence of NaIO3 [118]. In our recent study we have observed that NaIO3 increases the
expression of genes for proinflammatory cytokines IL-1α and IL-6 or for proapoptotic Bax
and p53 molecules in cultured mouse retinal explants. This increase was inhibited in the
presence of mouse BM-MSCs, or by using a supernatant obtained after the cultivation of
MSCs (Palacka et al., preliminary observations).

The intravenous or intraperitoneal application of NaIO3 in vivo causes a rapid de-
generation of the RPE cells and consequent damage to the outer nuclear layer. Increased
levels of mRNA for Htra-1 a C3, the genes associated with the development of AMD, were
detected in the retina of the NaIO3-treated recipients [103,119,120]. The intravitreal or
subretinal application of NaIO3 thus provides a suitable experimental model for study of
the late phase of nonvascular AMD called geographic atrophy. The subretinal delivery of
NaIO3 in rats causes the formation of an atrophic area characterized by the degeneration
of RPE cells and photoreceptors [121]. The intravitreal administration of NaIO3 in rabbits
after vitrectomy induced retinal atrophy and diffused outer retinal degeneration [122]. In
these in vivo models, MSCs provided protection of the retinal cells from degeneration. The
intravitreal injection of human A-MSCs in mice treated with NaIO3 protected the RPE
layer, photoreceptors and other nuclear cells from the damage [123]. Gong et al. [124]
showed that rat BM-MSCs transplanted into the subretinal space can differentiate into
cells expressing retinal markers, and can protect the retina in the experimental models
of NaIO3-induced retinal damage. Since the RPE cells are the first damaged cell type in
the progression of AMD, the protective effect of MSCs may be a promising option for the
treatment of this condition.

7.2. Experimental Models of DR

DR represents a common complication of diabetes which is caused by hyperglycemia
and by injury in retinal microvasculature and neurons. This disorder represents one of
the leading causes of blindness globally. Despite the high prevalence of DR and extensive
research, the treatment options for this disease are still strongly limited. Various experi-
mental animal models have been established for the study of treatment possibilities. These
models have been generated by a selective inbreeding or genetic modifications, the feeding
of a galactose diet, or by a pharmacological induction using streptozotocin. This chemical
selectively damages the β cells of the pancreas, increases blood glucose level and decreases
the number of ganglion cells. To date, various animal models have been used to test the
possibilities of treating DR by the application of stem cells [125]. In the majority of these
models, the beneficial effects of a systemic or local application of MSCs were observed.

In models of streptozotocin-induced diabetes and DR, the application of MSCs had a
positive effect on the retinal architecture. For example, Ezquer et al. [126] showed that the
local application of mouse A-MSCs prevented the loss of retinal ganglion cells in diabetic
mice. Levels of neurotrophic factors, such as NGF, GDNF and bFGF were increased in the
eyes treated with A-MSCs. Although donor A-MSCs were found integrated into the host
retina, these authors did not observe the differentiation of MSCs into retinal cells. In other
studies, the intravitreal administration of MSCs obtained from the human umbilical cord
attenuated capillary damage in streptozotocin-induced DR and increased levels of BDNF
and NGF in the treated eyes. Donor MSCs also restored the visual function measured
by ERG [94,127,128]. Yang et al. [92] showed that the administration of human A-MSCs
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improved the integrity of the blood–retinal barrier and ameliorated DR in streptozotocin
diabetic rats. Slightly enhanced levels of BDNF in the retina were also obtained after
the transplantation of neural stem cells differentiated from umbilical cord MSCs, thus
suggesting that this type of cells originated from MSCs may represent another suitable
option for neuroprotection in DR [127]. Since MSCs isolated from mice with DR have lower
proliferative abilities and higher levels of apoptosis compared to cells from healthy individ-
uals [129,130], attempts were made to improve their therapeutic properties with the aim of
using these cells for autologous transplantation in patients with DR. It has been shown that
the treatment of BM-MSCs from mice with streptozotocin-induced diabetes with Wharton’s
jelly extract (containing a number of growth factors and other cytokines) significantly
improved their proliferative abilities and therapeutic potential [130]. It suggests that the
preconditioning of diabetic MSCs could improve their therapeutic properties.

In addition to models of pharmacologically induced diabetes, several studies used
models of spontaneously or genetically induced diabetes. These models were described in
detail by Robinson et al. [131] and Lai and Lo [132]. For example, the Akita (Ins2Akita) mice
were created by a point mutation in the insulin-2 gene and represent a spontaneous type-l
diabetes model. It was shown that hyperglycemia in these mice causes neurodegenerative
effects in the retina resulting in retinal thickness [133]. In addition, elevated levels of VEGF,
PEGF and placental growth factor (PlGF) and an increased expression of Iba-1 (activated
glial marker) and monocyte chemoattractant protein-1 (MCP-1) were observed in the neural
retina and RPE layer in Ins2Akita mice during the progression of the diseases [133]. The ther-
apeutic administration of human A-MSCs into the vitreal cavity of Ins2Akita mice improved
vascular permeability and vision in this model of nonproliferative DR. Similar results were
also obtained after the application of the conditioned medium from human A-MSCs which
were pretreated with TNF-α and IFN-γ. The conditioned medium from A-MSCs also
reduced the retinal expression of GFAP, the gene associated with neuroinflammation [134].
The experimental mouse model of proliferative DR was created by the mutation causing
an overexpression of VEGFa (Akimba mice). In the retina of the Akimba mice, hemorrhage
and neovascularization, the degeneration of photoreceptors, the activation of microglial
cells and infiltration with monocytes and macrophages were detected. The inflammatory
environment is manifested by a local increase in the expression of genes for IL-1β and
IL-6 and by the upregulated activation of the NLRP3 inflammasome in the retina [135,136].
Locally administered A-MSCs obtained from mice without mutation in the Insulin 2 gene
were mainly found in the perivascular space and improved the vascular density in the
retina [129].

7.3. Experimental Models for RP

RP is a group of inherited neurodegenerative diseases characterized by a loss of
photoreceptor cells, leading to visual impairment and eventually to blindness. The experi-
mental models (natural and transgenic) of this disease are based on the use of spontaneous
or genetically induced degeneration of the photoreceptors, and on the administration of
chemicals inducing degeneration of the retinal cells [137–139]. A frequently used model
for RP is the rd mouse with a mutation causing the early loss of the photoreceptors. For
example, the rd1 mouse is characterized by mutation in the PDE6b gene which is, under
physiological conditions, important for the signal transmission. In addition, it was shown
that activated microglia with proinflammatory polarization occur in the rd1 retina [140]. It
is also possible to use an rd10 mouse which has a spontaneous mutation in the PDE gene
for rod-phosphodiesterase. This mutation causes the degeneration of photoreceptors and
other retinal cell types [141]. Moreover, it has been shown that (as with rd1 mice) activated
microglia can play a role in the development of a pathological condition [142]. Another
example is an rd6 mouse carrying a mutation in the Mrfp gene, which is expressed in the
RPE layer of cells [143]. In addition to mouse experimental models, the Royal College of
Surgeons (RCS) rat is often used to study RP. The RCS rat carries a mutation in the Merkt
gene, causing photoreceptor damage and an increase in microglial activation in the retina,
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resulting in inherited retinal degeneration [144,145]. Some of these models have been
used to study the therapeutic effects of MSCs. Treatment with MSCs has supported the
survival of photoreceptors and showed therapeutic benefits. For example, the application
of MSCs to the eyes of rd1 and rd10 mice provided a rescue effect for retinal cells [146]. The
administration of genetically modified MSCs with an overexpression of BDNF resulted
in increased antiapoptotic signaling in the retina, and in a reduction in cell damage in the
rd6 mouse [147]. Moreover, the donor cells preferentially integrated into the outer retinal
layers. In addition, the combined transplantation of the human retinal progenitor cells
and BM-MSCs into the subretinal space provided an effective immunomodulation in the
eye of RCS rats and prevented pathological changes more effectively than with a single
therapy [148]. Decreased levels of TNF-α and IL-1β and an increased expression of growth
factors, such as BDNF and NGF, were observed in the treated eye.

Another approach to imitate the retinal degeneration observed in RP is based on the
administration of N-methyl-N-nitrosourea (MNU). A single systemic administration of
MNU causes retinal degeneration in various species [139]. Deng et al. [149] showed that
the treatment of mice with MNU induces retinal degeneration that can be attenuated by
the administration of MSCs, and that the therapeutic effect was decreased if MSCs were
prepared from the aging mice with bone progeria.

Thus, as in the case of other experimental models of retinal degeneration, the positive
therapeutic effects of MSC therapy were also demonstrated in RP models.

7.4. Experimental Models for Glaucoma

Glaucoma is a heterogenous group of eye diseases mainly caused by increased in-
traocular pressure and characterized by the progressive loss of retinal ganglion cells. So far,
numerous experimental models have been established to study this disease. They include
the intracameral injection of microbeads, laser photocoagulation, episcleral vein cauteriza-
tion, the injection of hyaluronic acid and various models based on genetically modified
rodents [150–153]. These models lead to increased intraocular pressure, the degeneration
of retinal ganglion cells, the activation of glial cells in the retina and increased levels of
inflammatory factors in the retina [154,155]. All these models, having their advantages
and limitations, were used to study new therapeutic approaches involving MSC-based
therapy. Various types of MSCs have been tested with a positive impact on the decrease
of intraocular pressure and on the protection of the retina. For example, Mead et al. [156]
showed that an intravitreal administration of A-MSCs, BM-MSCs or dental pulp stem cells
decreased ocular pressure and offered a neuroprotective effect.

A trabecular meshwork regeneration observed after intraocular administration of
BM-MSCs was described in a model of a laser-induced retinal damage model [157,158].
The enhanced neuroprotective effects were observed in these models using MSCs with an
increased secretion of BDNF. The neuroprotective effect of A-MSCs was also described in a
model of hyaluronic acid-induced glaucoma in rats [159]. Another therapeutic approach
is provided by the application of BM-MSC-derived exosomes. It has been shown that the
administration of the exosomes secreted by BM-MSCs promoted the survival of retinal
ganglion cells and improved the retinal structure in the eye of rats after optic nerve crush
injury, and in glaucoma models with ocular pressure induced by an intracameral injection
of microbeads [86]. Similarly, the application of umbilical cord MSC-derived exosomes in a
glaucoma model induced by an optic nerve crush injury in rats promoted retinal ganglion
cell survival and glial cell activation [160]. Thus, MSC-derived exosomes injected into the
vitreous provide a significant therapeutic benefit for glaucomatous eyes and for other types
of retinal degenerative diseases.

Altogether, the animal models indicated positive therapeutic effects of MSC-based
therapies in various types of retinal diseases. Selected experimental models where MSCs
were used are summarized in Table 1.

178



Cells 2021, 10, 588

Table 1. Selected experimental models of MSC-based therapy for retinal degenerative disorders.

Induction of Retinal
Diseases

Species Treatment Result Reference

NaIO3

Mouse Human A-MSCs
Protection of RPE cells, photoreceptors

and outer nuclear layer
[123]

Rat Rat BM-MSCs
Differentiation of transplanted MSCs into

cells with retinal markers
[124]

Streptozotocin

Mouse Mouse A-MSCs
Enhanced levels of neurotrohpic factors,

protection of retinal ganglion cells
[126]

Rat

Neural stem cells
(derived from humal

umbilical MSCs)

Enhanced levels of neurotrohpic factors,
protection of retinal ganglion cells

[127]

Human A-MSCs
Decreased apoptosis, decrease in
expression of genes related to DR

[94]

Human umbilical
MSCs

Increased expression of NGF [128]

Rat BM-MSCs Improvement in visual function [161]

Insulin 2 gene mutation Mouse
Human A-MSCs Decreased vascular permeability [134]

Conditioned medium
from human A-MSCs

Decreased vascular permeability,
improvement in visual function

[134]

Insulin 2/VEGFa gene
mutation

Mouse Mouse A-MSCs
Increased vascular density, incorporation

of host MSCs into the retina
[129]

Cauterization of 3
episcleral veins

Rat Rat BM-MSCs
Regulation of intraocular pressure,
protection of retinal ganglion cells

[162]

Laser damage
Rat

Rat BM-MSCs Protection of retinal ganglion cells [157]

Rat BM-MSCs
(engineered to express

BDNF)

Improvement in ERG function, protection
of retinal ganglion cells

[163]

Optic nerve crush
injury

Rat
Exosomes from human

BM-MSCs
Protection of retinal ganglion cells [96]

PDE gene mutation (rd
10 mouse)

Mouse Mouse BM-MSCs Protection of photoreceptors [146]

Mfrp mutation (rd 6
mouse)

Mouse
Mouse BM-MSCs

(engineered to express
BDNF)

Induction of antiapoptotic signaling,
improvement in ERG

[147]

Mertk gene mutation
(RCS rats)

Rat
Human BM-MSCs with

human progentitor
retinal cells

Inflammatory modulation, promoting
differentiation of donors cells into

photoreceptor
[148]

8. Clinical Trials Using MSCs for Retinal Diseases

Currently, several clinical trials are in progress to test the potential of MSCs for the
treatment of retinal degenerative diseases. Most of these studies are in the phase 1 or 2
focused on the safety of MSC application. The first finished studies showed that the admin-
istration of MSCs is not associated with serious complications [164,165]. Moreover, some
studies have also showed an improvement in visual function based on the examination of
in visual acuity, visual field and electroretinography. The effects of the treatment have been
studied in patients with variety types of retinal diseases, such as AMD, DR, RP, glaucoma,
inherited retinal dystrophy, optic nerve diseases or macular holes. MSCs obtained from
various sources have been used for the treatments and BM-MSC or A-MSC were tested
as an option for autologous transplantation. In addition, the effects of the administration
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of the conditioned medium obtained from cultured MSCs or the application of exosomes
prepared by the ultracentrifugation of a conditioned medium are also examined.

The application of MSCs appears safe and no serious treatment-related problems were
observed in the eyes of patients with AMD, RP or retinal vascular occlusion six months
after the administration of autologous BM-MSCs in the phase 1 testing. An improvement
in visual function was also noted, but as the studies were designed to assess the safety
of the treatment, it was not possible to definitely confirm whether this improvement was
caused by the MSC application [164]. Similar results were observed in clinical trials after
the application of autologous BM-MSCs in patients with RP [165]. There were no severe
complications associated with cell transplantation in the treated eye. This conclusion is
also supported by the study of Gu et al. [166] who showed that autologous BM-MSCs were
beneficial in DR subjects with correction in macular thickness, and the improvement in
visual acuity was also observed. In addition, the administration of autologous BM-MSCs
improved visual acuity in patients with RP [167]. A similar improvement in visual function
after the injection of autologous BM-MSC was observed in patients with optic nerve
diseases and nonarteritic ischemic optic neuropathy [168,169]. In addition to the application
of autologous BM-MSC, Wharton’s jelly-derived MSC transplantation improved outer
retinal thickness and visual acuity in patients with RP in phase 3 clinical study [115].

However, further clinical trials with a higher number of patients and a longer follow-
up are still needed to evaluate the efficacy of MSC therapy. It will also be necessary to
evaluate the benefits and advantages of autologous MSCs and the transplantation of stem
cells obtained from another source, such as Wharton’s jelly or the umbilical cord, or the
use of a conditioned medium or exosomes. Selected clinical trials with MSCs for retinal
degenerative disorders and their results are shown in Table 2.

Table 2. Selected examples of clinical trials using MSCs for retinal degenerative diseases.

Retinal Disease Cells For Treatment Result Reference

AMD, RP, retinal vascular
occlusion

Autologous BM-MSC
(intravitreal)

Phase 1, no severe safety issues
associated with treatment

[164]

RP, cone-rod dystrophy
Autologous

BM-MSC(intravitreal)
Phase 1, no severe safety issues

associated with treatment
[165]

RP
Autologous BM-MSC

(retrobulbar, subtenons,
intravitreal, intravenous)

Improvement in visual function [167]

Optic nerve diseases
Autologous BM-MSC

(retrobulbar, subtenons,
intravitreal, intravenous)

Improvement in visual function [168]

Ischemic optic neuropathy
Autologous BM-MSC

(retrobulbar, subtenons,
intravitreal, intravenous)

Improvement in visual function [169]

RP, inherited retinal dystrophy
Wharton’s jelly-derived MSC

(subtenons)
Improvement in visual acuity and

in outer retinal thickness
[115]

DR
Autologous MSCs

(intravenous)
Improvements in macular thickness

and in visual acuity
[166]

RP
Umbilical cord- derived MSC

(suprachorodial)

Improvements in best corrected
visual acuity, electroretinography

and visual field
[114]

RP A-MSC (subretinal)
Minor ocular complicaions, no

severe safety issues associated with
the treatment

[113]
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9. Conclusions

Sight-threatening retinal degenerative diseases represent the main cause of visual
impairment or even blindness worldwide. Despite great endeavors, there is still a lack
of effective therapeutic approaches to stop or even cure these disorders. A prospective
option has recently been offered by stem cell therapy. Experimental data from numerous
animal models and using different types of stem cells offer promising results. Although
the data from the experimental models are encouraging, numerous questions about the use
of stem cell therapy have to be resolved to make this therapy more effective and safe [170].
Nevertheless, abundant clinical trials on the use of stem cells for retinal diseases have
already been initiated [101,171,172]. These trials are focused on the study of the safety of
the therapy, the selection of the optimal stem cells and their activation or modification
prior to application, the optimalization of the dose of cells, the routes of application and
the possibility of replacing the cells with their paracrine products.

One of the most important issues associated with MSC-based therapy, the safety of
MSC administration, has been tested in numerous preclinical studies and clinical trials. Var-
ious experimental models and clinical studies using an intravitreal administration of MSCs
demonstrated the safety of this therapy without any undesirable side effects [100,101].
Another issue that deserves attention is the mechanism of MSC therapy. Although some
authors showed a long-time survival of therapeutically applied MSCs and demonstrated
their presence in the eye even a few months after application, other studies suggested that
MSCs are short-lived, do not survive in the recipients and can be only detected for a few
days [111]. Moreover, in some experimental animal studies human MSCs were adminis-
tered intravitreally and their biocompatibility, long survival and positive therapeutic effects
were observed [173–175]. There arises a question about the mechanisms of this therapeutic
effect across the interspecies barrier. Namely, Lohan et al. [176] demonstrated that human
MSCs injected into rats do not have the same therapeutic effect as rat MSCs have, and that
the immunoregulatory action of human MSCs is strongly limited by the interspecies barrier.
These differences in the therapeutic effect between autologous/syngeneic and xenogeneic
MSCs have to be taken into consideration, when human MSCs are applied therapeutically
in rodent recipients and the knowledge from such experimental studies is translated to the
clinical situation.

Finally, the immunoregulatory action of MSCs could strongly depend on the cytokine
environment [49]. The inflammatory conditions in the diseased retina can significantly
change the immunoregulatory properties of MSCs. We showed that unstimulated MSCs
are immunosuppressive and spontaneously produce high levels of TGF-β, but not IL-6 [48].
TGF-β is a negative regulator of immunity and is also a factor determining the development
of suppressive Tregs. However, in the presence of proinflammatory cytokines MSCs secrete,
in addition to TGF-β, high levels of IL-6 [48,177]. The combination of TGF-β and IL-6
determines the development of proinflammatory Th17 cells [178]. Therefore, there is a
danger that the application of MSCs into the inflammatory environment of the diseased
retina could result in the inhibition of the immunosuppressive action of MSCs and in the
preferential activation of proinflammatory Th17 cell population.

Although there are still many issues to be addressed before the final approval of MSC
therapy for retinal degenerative diseases, the results obtained so far in preclinical animal
models and in clinical trials are promising and encouraging. Therefore, the stem cell-
based therapy offers a prospective option, especially for the patients without alternative
therapeutic options. However, before the definitive expansion of the clinical use of MSC-
based therapies, several questions, such as the sources of MSCs, the conditions of the
in vitro propagation of MSCs, the routes of the cell applications or the possibility of the use
of MSC products have to be answered and carefully verified.
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Abstract: The kallikrein-kinin system (KKS) contributes to retinal inflammation and neovasculariza-
tion, notably in diabetic retinopathy (DR) and neovascular age-related macular degeneration (AMD).
Bradykinin type 1 (B1R) and type 2 (B2R) receptors are G-protein-coupled receptors that sense and
mediate the effects of kinins. While B2R is constitutively expressed and regulates a plethora of
physiological processes, B1R is almost undetectable under physiological conditions and contributes
to pathological inflammation. Several KKS components (kininogens, tissue and plasma kallikreins,
and kinin receptors) are overexpressed in human and animal models of retinal diseases, and their
inhibition, particularly B1R, reduces inflammation and pathological neovascularization. In this
review, we provide an overview of the KKS with emphasis on kinin receptors in the healthy retina
and their detrimental roles in DR and AMD. We highlight the crosstalk between the KKS and the
renin–angiotensin system (RAS), which is known to be detrimental in ocular pathologies. Targeting
the KKS, particularly the B1R, is a promising therapy in retinal diseases, and B1R may represent an
effector of the detrimental effects of RAS (Ang II-AT1R).

Keywords: kallikrein-kinin system; kinin receptors; diabetic retinopathy; age-related macular
degeneration

1. Preface

Ocular pathologies involving chronic inflammation of the retina are particularly dev-
astating in terms of visual acuity. Among these, age-related macular degeneration (AMD)
and diabetic retinopathy (DR) are the leading cause of severe vision loss in the elderly
and active population of industrialized countries, respectively. In addition to the chronic
inflammation, vascular dysfunction and neovascularization, which correspond to the for-
mation of new pathological branches from pre-existing retinal or choroidal vessels, occur.
The inflammatory process includes a breakdown of the blood–retinal barrier, leukocyte
adhesion on the blood vessel wall, macrophage and microglial activation, and cytokine
and chemokine production. Current treatments of these diseases are only compensatory
and consist commonly of invasive treatments such as quarterly intravitreal (ITV) injections
of anti-angiogenesis agents (anti-VEGF antibodies) or laser coagulation to prevent loss
of sight due to aberrant neovascularization. Moreover, a large population of patients
does not respond to anti-VEGF therapy. To offer alternative and comfortable treatment to
nonresponders, such as a topical approach, our team’s ongoing research effort has shown
that the kallikrein-kinin system (KKS)—involved in inflammation—is overexpressed in
the human AMD and DR retina and contributes to the development of pathological events
in animal models of these diseases. Moreover, we were able to specifically target the KKS
via topical ocular kinin B1 receptor (B1R) antagonist administration, which decreased
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neovascularization and retinal inflammatory responses. The purpose of this review is thus
to better describe the possible involvement of the KKS in retinal diseases and therapeutical
approaches that can prevent deleterious events that lead to blindness.

2. The kallikrein-kinin system

The kallikrein-kinin system (KKS) is a complex multi-enzymatic and peptidergic
system known to play a critical role in human physiology, but also in pain and inflam-
mation [1–3]. Its physiological functions encompass nociception, cardiovascular and
renal functions, vasomotricity, and host defense to infectious diseases [2,4]. The KKS is
constituted by a panel of vasoactive peptides (kinins), synthesized and metabolized by
different enzymes (kallikreins and kininases), and two G-protein-coupled receptors (GPCR)
(Figure 1).

 

Figure 1. Biosynthesis and metabolism of kinins. Low- and high-molecular-weight kininogens
are cleaved by tissue kallikrein and plasma kallikrein, respectively, into kallidin (in humans) and
kallidin-like peptide (in rodents) [5,6], and bradykinin. Bradykinin, kallidin, and kallidin-like peptide
are then either converted by the action of kininase I to des-Arg9-bradykinin, des-Arg10-kallidin, and
des-Arg10-kallidin-like peptide, respectively, or inactivated by kininase II, neutral endopeptidase
24.11 (neprilysin, NEP), and the endothelin-converting enzyme [4,7–11]. ACE, angiotensin-1- con-
verting enzyme (also known as kininase II); APP, aminopeptidase P; B1R, bradykinin type 1 receptor;
B2R, bradykinin type 2 receptor; BK, bradykinin; ECE, endothelin-converting enzyme; KD, kallidin;
KLP, kallidin-like peptide, which is Arg(1)-kallidin (Arg(0)-bradykinin); NEP, neutral endopeptidase;
PK, plasma kallikrein; TK, tissue kallikrein.

2.1. Kinins Generation

Kinins are small peptides of 9–11 amino acids, including bradykinin (BK), kallidin
(KD or Lys-BK), kallidin-like peptide (Arg(1)-kallidin (Arg(0)-bradykinin)), and T-kinin

192



Cells 2021, 10, 1913

(Ile-Ser-BK; expressed exclusively in rats), which are generated from high-molecular-
weight kininogen (88 to 120 kDa) (HK) and low-molecular-weight kininogen (50 to 68 kDa)
(LK) under the action of plasma kallikrein (PK) and tissue kallikrein (TK) [4–6]. BK
generation in plasma takes part in the intrinsic coagulation pathway activation, involving
the interaction of Factor XII (Hageman factor), prekallikrein (PPK), and Factor XI with HK
on negatively charged surfaces, such as components of the extracellular matrix or other
negatively charged particles (cholesterol sulfate, urate, or phospholipid acid), leading to
prothrombotic and inflammatory effects [2,12]. Aminopeptidase P transforms KD and KLP
into BK, while kininase I that includes carboxypeptidases N (CPN) and M (CPM) transforms
BK, KD, and KLP into des-Arg9-BK, lys-des-Arg9-BK (or des-Arg10-KD), and des-Arg10-
KLP, respectively. Alternatively, kininase II (also called angiotensin-1-converting enzyme
(ACE)), neutral endopeptidase 24.11 (neprilysin, NEP), and the endothelin-converting
enzyme (ECE) degrade BK, KD, and KLP into inactive fragments on the canonical B1 and
B2 receptors [4,7–11]. Moreover, ACE and NEP can metabolize des-Arg9-BK, des-Arg10-KD,
and des-Arg10-KLP into inactive metabolites. It is worth noting that the enzymes involved
in the catabolism of kinins are also involved in the metabolism of other peptides belonging
to other systems such as angiotensin, endothelin, anaphylatoxins C3a and C5a, substance P,
neurotensin, enkephalins, atrial natriuretic peptides, and chemotactic peptide [5,8,13–20].

2.2. Kinin Receptors

The KKS operates through the activation of two GPCR, bradykinin type 1 (B1R), and
type 2 (B2R) receptors. While BK, KD, and KLP are the endogenous agonists of B2R,
their kininase I metabolites (deprived of C-terminal Arginine) are the preferred agonists
of B1R [3,21]. The agonist selectivity of mouse B1R differs from human and rabbit B1R;
des-Arg9-BK is the preferred B1R agonist in mice, while des-Arg10-KD displays much
higher selectivity for human and rabbit B1R [22]. B2R can activate a plethora of signal-
ing pathways either indirectly by interacting with guanine nucleotide-binding proteins,
mainly with Gαq and less commonly with Gαs, Gαi, and Gα12/13, as reviewed in [23];
or directly by interacting with endothelial nitric oxide synthase (eNOS), phospholipase
A 2 (PLA2), and tyrosine phosphatase (SHP2) [4]. B1R interacts with the same guanine
nucleotide-binding proteins as those of B2R, but preferentially with Gαq to activate the
phosphatidyl inositol-mitogen-activated protein kinase (MAPK) pathway, and with Gαi
to activate the extracellular signal-regulated kinase (ERK)-nducible nitric oxide synthase
(iNOS) pathway [4,23,24].

Most physiological effects of kinins are mediated by the constitutive B2R, since B1R
is virtually absent in healthy tissues. BK is a potent endothelium-dependent vasodilator
that has important cardiovascular and renal functions via the B2R [25]. Moreover, B2R
contributes to the therapeutic effects of angiotensin-1-converting enzyme inhibitors (ACEI)
and angiotensin AT1 receptor blockers [26]. These benefits derive primarily from its va-
sodilatory, antiproliferative, antihypertrophic, antifibrotic, antithrombic, and antioxidant
properties [4,26–36]. However, it is worth noting that B2R can also contribute to inflamma-
tion. Indeed, uncontrolled production of kinins and excessive activation of B2R may lead to
unwanted pro-inflammatory side effects as observed in angioedema, septic shock, stroke,
hypertension, and Chagas vasculopathy, in which B2R antagonism is salutary [4,26,37–41].

B1R, however, is induced and upregulated during tissue injury involving the cytokine
pathway, oxidative stress, and the transcriptional nuclear factor NF-κB [2,38,39,42–44]. The
highly inducible character of B1R is often symptomatic of the occurrence of autoimmune,
infectious, cardiac, kidney, and bowel inflammatory diseases [2,45–49]. However, B1R may
play a compensatory role for the lack of B2R, and its upregulation during tissue damage
may be a useful mechanism of host defense [25,50–52].

2.3. Kinin Receptors in Inflammation and Neovascularization

B1R antagonism or deletion plays a protective role in inflammation, organ damage,
and lethal thrombosis in septic shock in diabetes [53]; lipopolysaccharide (LPS) mediated
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acute renal inflammation [54]; renal ischemia-reperfusion injury [55]; and in cardiovascu-
lar [56] and retinal [57–60] inflammatory diseases. B1R inhibition reversed vascular [61]
and retinal [58,60] inflammation induced by diabetes mellitus. Moreover, genetic deletion
of B1R or administration of B1R antagonist in mice reduced pro-inflammatory mediators’
expression and increased anti-inflammatory mediators [55]. Besides the well-described
pro-inflammatory roles of both kinin receptors, an anti-inflammatory effect has been at-
tributed to B2R. For instance, intramyocardial injections of tissue kallikrein reduced the
expression of many inflammatory mediators through B2R activation [62]. Moreover, BK
can counteract the inflammation in the brain [63]. Indeed, BK reduced LPS-induced TNF-α
release from microglia activated by B1R [63]. Recently, a neuroprotective role for B2R was
highlighted, and the use of B2R agonists was proposed as a possible therapeutic option
for patients diagnosed with Alzheimer’s disease [64]. Altogether, these findings support
a dual role of B2R in inflammation, whereas B1R is mainly involved in the inflammatory
responses, especially those triggered by cytokines or pathogens [65–67]. Because B1R is a
potent activator of iNOS and NADPH oxidase, it is associated with vascular inflammation,
increased vascular permeability, insulin resistance, endothelial dysfunction, and diabetic
complications [24,43,44,68–70].

The contribution of kinin receptors to neovascularization has been widely studied
in various models and diseases. In some vascular diseases, drugs are used to inhibit
neovascularization (i.e., cancer, neovascular retinal pathologies, etc.), while in others such
as ischemia, treatments aim to stimulate neovascularization. Therefore, both activation and
inhibition of kinin receptors are important drug targets of vascular diseases. For instance,
the activation of B1 and/or B2 receptors may be beneficial, notably in neovascularization
and angiogenesis in diabetic mice, renal ischemia/reperfusion injury, diabetic nephropathy,
and cerebral and heart ischemia [38,71–78]. B1R deletion or antagonism was shown to im-
pair neovascularization, while B1R agonist had a positive outcome in a model of hindlimb
ischemia in diabetic mice [77]. In the same model, B1R or B2R agonists administration
induced revascularization by stimulating the mobilization of monocytes and proangiogenic
CD34/VEGFR-2 mononuclear cells, and the infiltration of macrophages [76]. Moreover,
B1R inhibition prevented the revascularization, as well as VEGF, eNOS, and basic fibroblast
growth factor (FGF2) upregulation, induced by ACE inhibitor [79]. While the proangiogenic
effect of ACE inhibitor was attributed to an increase in BK generation (Figure 1) and the
activation of B2R in diabetic ischemia [80], B1R was more implicated than the B2R in ACE
inhibitor mediated angiogenesis in Ang II type 1a receptor knockout (AT1aKO) mice after
hindlimb ischemia [81]. Indeed, the B1R antagonist reversed the neovascularization and
reduced VEGF-A and VEGFR-2 expression, while the B2R antagonist had less impact [81].

Cancer is among the diseases for which inhibiting kinin receptors would be beneficial.
Indeed, the role of kinin receptors in promoting angiogenesis was supported by many
experimental studies using cancer cells/tissues. For instance, B1R activation was shown to
increase IL-4 and VEGF generation from human keratinocytes and to stimulate endothe-
lial cell migration, thus promoting neovascularization [82]. Furthermore, when human
endothelial cells were co-cultured with neuroblastoma cells, B1R and B2R expression was
observed at the sites of interaction between these two cell types, regulating angiogenesis
and tumorigenesis [83]. Interestingly, blockade of either B1R or B2R reduced tumor vas-
cularization in vivo and significantly inhibited proliferation and migration of colorectal
cancer cells in vitro [84]. In studies of mice bearing sarcoma 180 cells, it was suggested that
BK promotes angiogenesis in the early phase of tumor development by increasing vascular
permeability via B2R, expressed in the endothelial cells and not via B1R, and in the late
phase by stimulating the upregulation of VEGF via B2R in the stromal fibroblasts [85–87].
BK was also found to increase VEGF expression in human prostate cancer cells and further
promote tumor angiogenesis. Interestingly, B2R blockade using antagonists or genetic
deletion reduced VEGF expression and abolished prostate cancer cell conditional medium-
mediated angiogenesis [88]. Altogether, these studies suggest that kinins play a pivotal
role in angiogenesis through B1R, B2R, or both.
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The dual beneficial and deleterious effects of kinin receptors raise questions about the
therapeutic value of B1R/B2R agonists or antagonists in various diseases. Hence, the Janus
face of kinin receptors needs to be seriously addressed in each pathological setting. The
discovery of the expression of kinin receptors and other KKS components in the eye led
many investigators to address their physiological and pathological roles, particularly in
the retina.

3. kallikrein-kinin system in the Eye

Similarly to other organs, the KKS in the eye is a double-edged sword, as it contributes
to many physiological processes including blood-flow regulation and vascular tone control,
but also partakes in the complex processes of inflammation [4,57,89]. It was reported that
the KKS underlies a number of ocular pathologies (DR, AMD, choroidal neovasculariza-
tion, macular edema) associated with inflammation and pathological neovascularization,
particularly in the human and rat retina [57–60,69,90–93]. For instance, PK and HK, by
binding to the vascular endothelium, release BK and subsequently activate B2R, which
plays a key role in the control of vascular tone [4]. However, in diabetic rats, an increase in
PK mediates retinal vascular dysfunction and induces retinal thickening [91]. Moreover,
tissue kallikrein (TK) was expressed in the human retina, cornea, and ciliary body [94]. TK
does not seem to be implicated in retinal pathologies, particularly in diabetic retinopathy,
as it was slightly detectable in vitreous fluids of patients with severe proliferative DR [95].
An expression of TK, B1R, and B2R was also reported at multiple tissue sites in the anterior
portion of the human eye [96]. Nevertheless, B2R but not B1R was expressed in the control
human retinae [93]. BK produces B2R-mediated vasodilatation of retinal vessels in control
rats [97]. This response involves the COX-2 pathway, including prostacyclin [97]. Hence,
B2R contributes to retinal blood flow control. On the other hand, the vasodilatation medi-
ated by kinins is associated with B2R and B1R in streptozotocin (STZ)-diabetic rats and
involves both NO and prostacyclin [97]. A protective compensatory role on retinal microcir-
culation was attributed to B1R at day 4 but not at 6 weeks following diabetes induction [98].
Likewise, both B1R and B2R contribute to the increased retinal vascular permeability in
STZ-diabetic rats [58,60,99]. Collectively, these studies support the presence of the KKS
throughout the eye and its ability to influence ocular function in health and disease.

It is still unclear whether the KKS expression is generated locally in the eye, or if it
is a result of a systemic infiltration of KKS components. While the observation of some
KKS components in the healthy eye [94] suggests a local production of these components,
Phipps and Feener have suggested an infiltration of these components from the systemic
circulation that could happen in DR [100]. This was explained by the increase of KKS
components expression in the plasma of diabetic patients, and their infiltration in the retinal
interstitium and vitreous that may occur following the increase in vascular permeability
and hemorrhages in the retinal vessels [100]. Nonetheless, whether the origin of the KKS
expression is local or a result of its infiltration from the systemic circulation in the eye, all
these studies support an implication of the KKS in the pathogenesis and development of
retinal diseases, such as DR and age-related macular degeneration (AMD).

4. kallikrein-kinin system in Diabetic Retinopathy

DR is one of the most common microvascular complications of diabetes, observed in
up to 90% of patients with type 1 diabetes and 50 to 60% of patients with type 2 diabetes,
despite a tight glycemic control [101–103]. If left untreated, DR can cause severe vision
loss. Current therapeutic strategies target the advanced stages of the disease and aim
to slow its progression without really reversing its outcome [104]. Among the current
treatments for proliferative DR and macular edema are laser photocoagulation, vitrectomy,
and intravitreal injections of corticosteroids or anti-VEGF that could prevent further vision
loss [105]. However, the curative activity of these treatments is limited by side effects. For
instance, pan-retinal photocoagulation can cause a loss of peripheral vision, color vision,
and night vision [106]; intravitreal injection of anti-VEGF has a short effect duration and
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can cause a tractional retinal detachment and endophthalmitis [107], and many patients
are refractory to it [108–110]. Importantly, there is no effective treatment for the highly
widespread early stages of the disease [111]. Thus, there is an urgent need for less-invasive
and more-effective therapeutic strategies.

Kallikreins and Kinin Receptors in Diabetic Retinopathy

A decrease in the concentration of kallikrein-binding protein (KBP), a serine protease
that binds to tissue kallikrein and inhibits kallikrein activity, was reported in the vitreous
humor of patients with proliferative DR [112]. Parallel to this study, the levels of KBP were
reported to be decreased by 60% for at least 4 months in the retina of STZ-diabetic rats [113].
Moreover, tissue kallikrein was significantly elevated in vitreous fluid in proliferative DR
patients when compared with control patients [114]. Interestingly, intravitreal injection of
kallistatin, a tissue kallikrein inhibitor, in STZ-diabetic rats reduced retinal neovasculariza-
tion; however, these effects have been attributed to the tissue kallikrein effects on the VEGF
system [115]. Other components of the plasma KKS, including PK, FXII, and HK were also
found in the vitreous fluid of patients with advanced DR [116,117]. Increased levels of PK
and PK activity were observed in the retina of diabetic rats compared with nondiabetic
controls [90,91]. PK injection increased vascular permeability in the healthy retina, and
further in the diabetic retina, yet these effects were reversed by the inhibition of PK [91].
Furthermore, the retinal thickening, as well as the increase in vascular permeability caused
by intravitreal injections of VEGF, were reduced (by 47% and 68%, respectively) in plasma
prekallikrein knockout mice [118]. In phase I.B of a recent clinical trial, PK inhibition by
one-time intravitreal injection of KVD001 was shown to be effective in treating macular
edema without creating a safety concern. The injection improved visual acuity and cen-
tral retinal thickness, and no exacerbation of the severity of DR was observed [119]. PK
contribution to DR pathogenesis was, however, attributed to B2R activation. Indeed, C1
inhibitor-deficient mice caused vasogenic edema due to increases in PK expression, BK
synthesis, and activation of B2R [120]. Given the fact that PK is a constitutive enzyme
involved in other systems, including thrombosis and blood hemostasis, its inhibition may
risk interfering with its physiological role [57].

Alternatively, B1R expression was shown to be significantly increased in retinae of
rats and humans affected by type 1 and type 2 diabetes [57,58,60,69,92]. B1R expression
was enhanced on the 4th day of STZ-diabetic retina [97], and it remained upregulated even
6 months after the induction of type 1 diabetes [58]. B1R upregulation in STZ-diabetic
rats leads to retinal microvessel vasodilation [97], vascular hyperpermeability, and inflam-
mation [60]. Importantly, these responses were reversed by eye-drop application of B1R
antagonists (LF22-0542 and R-954) [58,60]. B1R was strongly expressed in vascular en-
dothelial cells and in the retinal pigment epithelium of human and rats’ retinae, suggesting
its implication in altering the integrity of the internal and external blood–retinal barrier
(BRB) in DR and AMD [58,59,69,92,93]. B1R might disrupt the BRB [59,60,69] either by
the suppression of tight junction components (occludin, claudin, and zonula occludens-1),
or by a rearrangement of the cytoskeleton filamentous actin [121]. In human cerebral
microvascular endothelial cells, B1R agonist (des-Arg9-BK) was shown to decrease the ex-
pression of zonula occludens-1 and occludin in vitro [122]. Altogether, these data support
a strong implication of B1R in DR.

One additional mechanism by which B1R contributes to the pathogenesis of DR has
been recently suggested that involves the activation of the iNOS pathway [69]. In HEK293
cells, it was shown that B1R associated with Gαi can activate iNOS through ERK [24,123],
thereby producing sustained amounts of NO. Interestingly, iNOS inhibition in the retina
of diabetic mice caused a decrease in occludin and zonula occludens-1 expression, thus
protecting the dissociation of BRB [124]. The elevated concentrations of NO, nitration
of proteins, prostaglandin E2, superoxide, leukostasis, and retinal thickness induced by
diabetes were significantly inhibited in diabetic iNOS (−/−) mice [125]. In addition,
diabetes-induced acellular capillaries and pericyte ghosts were significantly inhibited in
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diabetic iNos (−/−) mice [125]. Given that B1R can also enhance the production of su-
peroxide anion through PLC and the activation of NADPH oxidase [44], NO produced
by iNOS upon B1R activation can react with superoxide anion to yield peroxynitrite, a
highly toxic molecule [126–128], which causes endothelial and neuronal cell apoptosis,
neuronal degeneration, and BRB breakdown in DR [125,126,129–133]. Peroxynitrite can
also activate NF-κB, and thereby can increase the expression of several pro-inflammatory
mediators, including B1R [4,43]. Hence, B1R activation can further amplify and perpetuate
the inflammatory response, as well as the oxidative stress, through a positive feedback
loop [43,69] In resonance with this hypothesis, pharmacological iNOS inhibition in the
retina of STZ-diabetic rats reversed peroxynitrite formation, the upregulation of inflamma-
tory mediators (notably B1R), and the enhanced vascular hyperpermeability induced by
B1R agonist [69]. Collectively, these data support a robust implication of the B1R in DR,
mainly by increasing and perpetuating inflammation and oxidative stress. Hence, targeting
B1R represents a promising therapeutic approach in DR, and deserves further investigation.

In the retina of 2-week STZ-diabetic rats, B2R mRNA and protein expression did
not change when compared to the control retina [69], yet a significant increase in B2R
mRNA was observed at 24 weeks in the retina of diabetic rats [58]. B2R contributes to
the increased retinal vascular permeability in STZ-diabetic rats [99]. Indeed, BK induces
vascular endothelial cadherin phosphorylation and a subsequent rapid internalization and
ubiquitination, leading to an opening of endothelial cell junctions and plasma leakage [134]
(Figure 2). However, more studies are needed in DR using recently developed selective
and stable B2R antagonists or biostable kinin analogs [41,46,135].
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Figure 2. kallikrein-kinin system in diabetic retinopathy. Schematic proposal of the signaling path-
ways activated by B1R and B2R in diabetic retinopathy. PGs, prostaglandins; PGI2, prostacyclin;
PLA2, phospholipase A2; Src, kinase proto-oncogene tyrosine-protein kinase; VEC, vascular en-
dothelial cadherin; VEC-P, phosphorylated vascular endothelial cadherin. The human eye anatomy
diagram was acquired from Shutterstock (http://www.shutterstock.com, accessed on 16 July 2021).

5. kallikrein-kinin system in Age-Related Macular Degeneration

AMD is a multifactorial disorder, highly heritable, and caused by an interplay of many
factors including age, genetic, and environmental risk factors. The prevalence of AMD is
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rising worldwide, and it is expected to increase from 196 million in 2020 to 288 million by
2040 [136,137]. In its early stages, AMD is characterized by pigmentary abnormalities and
deposits of lipoproteinaceous debris (soft drusen) between the basal lamina of the retinal
pigment epithelium (RPE) and the inner collagenous layer of Bruch’s membrane (BM) of
the central retina [138]. Early and late forms of AMD include wet (exudative) AMD and
dry (nonexudative) AMD. The late form of dry AMD is also called geographic atrophy
AMD. Exudative/wet AMD is mainly characterized by neovascularization that arises from
the choroid, but in about 10–15% of the cases, originates from the retinal vasculature in
the subretinal space [139,140]. Dry AMD is more prevalent, affecting 85–90% of patients
suffering from AMD [136,137], and is characterized by an extending lesion of the RPE
and photoreceptors [141]. Current treatments target only the neovascular AMD mainly by
anti-angiogenic therapy (anti-VEGF), which aims to decrease the vascular permeability
and to inhibit the formation of new vessels without treating the degenerative processes
and the vision loss in 30% of patients that occur in the long term [142]. On the other hand,
no effective treatment options are available for dry AMD, besides lifestyle modification
and nutrient supplementation [143].

Similarly to DR, the pathogenesis of AMD is driven by both inflammation and mi-
crovascular alterations leading to BRB dysfunction and pathological neovascularization. In-
deed, an increase of diverse transcriptional factors (NF-kB, HIF-1α) and pro-inflammatory
mediators (cyclooxygenase-2 (COX-2) products, IL-1β, TNF-α, iNOS, NO) has been re-
ported in different models of DR and AMD [58–60,69,144]. Consistently with the roles of
kinin receptors in both inflammation and neovascularization, we showed that most upreg-
ulated inflammatory mediators were blocked by B1R inhibition in DR and AMD [58–60].
B1R was shown to be expressed on Müller cells and astrocytes in these retinal pathologies
in rat and post-mortem human retina [58,59,93], and on microglia in post-mortem human
wet AMD retina [93]. Macroglia play a primary role in vascular function and neuronal
integrity of the retina [145]. These results deserve closer scrutiny and encourage further
investigations to assess the impact of an ocular treatment with a B1R antagonist on macro-
and microglial reactivity in DR and AMD.

B1R expression was upregulated in a rat model of choroidal neovascularization (CNV),
and B1R blockade reduced the size of the neovascularization [59]. B1R contribution to reti-
nal neovascularization in humans was also suggested in a recent study in post-mortem hu-
man wet AMD retinae. In these retinae, B1R was strongly expressed in endothelial/vascular
smooth muscle cells, and co-localized with iNOS and fibrosis markers. Its presence on
vascular smooth muscle cells can induce prolonged vessel constriction and consequently
contribute to retinal ischemia, a main trigger of neovascularization, mainly by activating
the VEGF-A pathway [146]. Altogether, these data highlight a contribution of B1R to retinal
pathologies associated with neovascularization. By analogy with another ocular pathology,
B1R agonist administration in the rabbit eye induced corneal neovascularization, an effect
that was reversed by B1R inhibition with the same efficacy as VEGF-A inhibition [147]. The
implication of B2R in ocular neovascular pathologies has also been suggested. For instance,
in an ischemic retinopathy model, B2R antagonist (Fasitibant) significantly decreased the
expression of VEGF and FGF2, as well as pathological retinal neovascularization [148]. In a
mice model of CNV, B2R blockade with Icatibant had a limited effect, yet concomitant inhi-
bition of B2R and kininase II had additive suppression of the CNV size [149]. We reported
no significant modification of B2R mRNA and protein expression in human neovascular
AMD retinae [93].

In addition to KKS gene expression in the ocular pathologies reviewed above, we also
mined a recent public single-cell transcriptomics database of post-mortem choroid tissues
from neovascular AMD human patients [150], using previously described analyses [151,152].
KKS genes were detected in fibroblasts and immune, RPE, and endothelial cells (Figure 3,
unpublished original results). Choroidal endothelial cell specifically expressed KLKB1,
BDKRB1, and BDKRB2 (genes for prekallikrein, B1R, and B2R, respectively), albeit at low
expression levels. Subclustering of the heterogenous choroidal endothelial cell popula-
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tion identified four subtypes (see legend of Figure 3), including vein clusters 1 and 2,
discriminated by the higher expression of SELECTIN E and VCAM1 (Figure 3f), a pattern
reminiscent of post-capillary venous identity [153]. Interestingly, vein cluster 2 showed
greater expression of KKS genes, notably BDKRB1, BDKRB2, and MME (genes for B1R, B2R,
and neprilysin, respectively) in choroid endothelial cells from AMD patients (Figure 3g).
Although the relatively low detection levels for these three genes (less than 10%) requires
cautious interpretation, their specific expression in post-capillary venous endothelial cells
of neovascular AMD patients is intriguing and warrants further investigation of kinin
receptors in AMD.

Figure 3. Transcriptomic impact of age-related macular degeneration on the kallikrein-kinin system
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in human choroid tissues by single-cell RNA seq. (a) Dimensionality reduction and cluster visualiza-
tion with UMAP plot. Color-coded clusters represent the different choroid cell types (see legend in
bottom right corner) identified by single-cell RNAseq analysis of post-mortem control (left panel)
and neovascular AMD (right panel) choroids (public data deposited on GEO with reference number
GSE135922). (b) Dotplot of the expression of the gene markers used to identify choroid cell types.
(c) Dotplot of the expression of the genes involved in the KSS pathway across choroidal cell types
from control (black legend) and neovascular (nv)-AMD (red legend) samples. As shown in (a–c),
KLKB1, BDKRB1, and BDKRB2 are mainly expressed in choroidal endothelial cells, albeit at low
expression levels; some expression was also detected in fibroblasts. (d) Dimensionality reduction
and cluster visualization with UMAP plot of the subpopulations of choroid endothelial cells of post-
mortem control (left panel) and neovascular AMD (right panel) choroids. Choroid cells clustered into
four distinct endothelial cell subtypes: two venous subtypes, one choriocapillaris subtype, and one
arterial subtype (see legend on right side). (e) Dotplot of the expression of the specific gene markers
in these endothelial subcluster, as annotated by Voigt et al., [150]. (f) Visualization with UMAP
plot of E SELECTIN (SELE) and VCAM1 expression co-localizing to vein 2 subcluster, a signature
reminiscent of post-capillary venous identity. (g) Dotplot of the expression of genes involved in the
KSS pathway across choroidal endothelial cell subtypes from control (black legend) and neovascular
(nv)-AMD (red legend) samples. Vein cluster 2 showed greater expression of KKS genes, notably
BDKRB1, BDKRB2, and MME, across all choroidal endothelial cells of control and nv-AMD choroid
samples. In all the dotplots, the size of the dots encodes the percentage of cells within a class, and the
color scale encodes the average expression level across all cells within a class (red being the strongest
value). Av. Exp., average gene expression across all cells within each cluster; % Exp., percentage of
cells with detectable gene expression within each cluster.

Although recent studies support the implication of the KKS in wet neovascular AMD,
it is still not clear if the KKS is implicated in the dry form. In the retina of aged rats,
an increase of KKS components was demonstrated, where 4-month-old rats showed a
significant decrease in KBP, and consequently an increase in tissue kallikrein compared to
2-week-old rats [113]. Recent data using post-mortem human retinal sections showed only
a weak expression of B1R and no changes of B2R in dry AMD [93].

6. kallikrein-kinin system in Other Retinal Damage

This review highlights the implication of the KKS in retinal pathologies associated
with inflammation and neovascularization. However, KKS can also be implicated in ocular
pathologies such as glaucoma and ocular ischemia. For instance, BK alters the shape of cells
in both bovine and human trabecular meshwork [154–156]. Moreover, FR-190997, a B2R
agonist, was shown to lower the intraocular pressure by promoting uveoslceral outflow in
monkeys [157]. Taken together, these results suggest that the KKS can also be implicated
in ocular diseases with elevated intraocular pressure. Intravenous administration of TK
protected against retinal ischemic damage in a retinal ischemia/reperfusion model in
mice [158]. In this model, TK administration inhibited retinal ganglion cell death, counter-
acted the retinal permeability induced by ischemia, and improved the visual function [158].
However, these protective effects seem to be independent of blood flow and might be
mediated by eNOS activation and subsequent NF-κB silencing.

7. Crosstalk between the kallikrein-kinin system and the Renin–Angiotensin System
(RAS) in Ocular Pathologies

There is compelling evidence for a local renin–angiotensin system (RAS) within the
human eye that is activated in ocular disorders and DR [159–163]. Multiple interactions
(crosstalk) exist between the RAS and the KKS [4,25,164–166] (Figure 4). In addition to the
implication of ACE (kininase II) in the degradation of kinins (acting on B1R and B2R) and
the formation of angiotensin II (Ang II) from angiotensin I (Ang I) [165], the activation of the
angiotensin II type 2 receptor (AT2R) leads to BK generation, which promotes vasodilation
through the NO/cGMP system [167]. Under the action of angiotensin-converting enzyme
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2 (ACE 2), Ang I is cleaved into angiotensin-(1-9) this is corrected (Ang-(1-9)), a peptide
that elicits vasodilation and anti-inflammatory effects through activation of AT2R [168,169].
ACE 2 can also cleave Ang II to Ang-(1-7), an agonist of AT2R and Mas-receptor (MasR) that
elicits the release of BK, vasodilatory, antiproliferative, anticoagulation, anti-inflammatory,
and antifibrotic activity, thus counterbalancing the adverse effects of Ang II mediated by
AT1R [170–172]. Importantly, ACE 2 hydrolyses B1R agonists (des-Arg9-BK and Lys-des-
Arg9-BK) into inactive metabolites and therefore impairment of ACE 2 (as under COVID-19
infection) is expected to enhance the pro-inflammatory effects of the des-Arg9-BK/B1R
axis [164,173] (Figure 4). Moreover, the pro-inflammatory effects of Ang II was attributed to
AT1R and B1R activation [174]. Following AT1R activation, Ang II enhances B1R expression
in vitro [175,176] and in vivo [174,177] by activating NADPH oxidase, IL-1β, IL-6, TNFα,
and NF-κB [174,176]. Besides ACE2, neutral endopeptidase 24.11 (NEP) was described to
be biochemically capable of producing Ang-(1-7) from Ang I and Ang-(1-9) [178]. NEP can
also hydrolyze Ang-(1-7) to form angiotensin-(1-4) (Ang-(1-4)), an inactive metabolite [179].
Hence the reciprocal interaction between the RAS and the KKS must be considered in the
development of novel therapeutic approaches in the treatment of retinal diseases.

 

β

Figure 4. Crosstalk between the kallikrein-kinin system (KKS) and the renin–angiotensin system
(RAS). ACE, angiotensin -1 -converting enzyme (kininase II); ACE2, angiotensin-converting enzyme 2;
Ang I, angiotensin I; Ang II, angiotensin II; AT1R, angiotensin type 1 receptor; AT2R, angiotensin type
2 receptor; BK, bradykinin; MasR, Mas receptor; NEP, neutral endopeptidase 24.11 (neprilysin, NEP).

7.1. Renin–Angiotensin System in Diabetic Retinopathy

The RAS is implicated in inflammation, vascular alterations, neovascularization,
and edema in retinal pathologies, notably in DR and retinopathy of prematurity [163].
An increase in prorenin level was reported in the vitreous fluid of patients with proliferative
DR [161]. Ang II induces pericyte apoptosis in the retina in vivo and in vitro in hypertensive
rats by increasing the expression of RAGE receptor for advanced glycation end products
(AGEs); these effects were reversed by an Ang II-AT1R blocker [180]. An AngII-AT1R
blocker (Candesartan) inhibits the development of DR by reducing the accumulation of
AGEs and the expression of VEGF in the retina in a rat model of type 2 diabetes [181]. This
AT1R blocker reduces retinal vascular permeability induced by diabetes and Ang II in
rats [182]. Importantly, the DIRECT study based on more than 1400 patients found that
Candesartan reduces the progression of microaneurysms in both type 1 and type 2 diabetic
patients, yet no effects were observed on the DR regression and progression, or on the
prevention of diabetic macular edema risk [183]. Another multicenter study of 285 patients
with type 1 diabetes reported that Losartan, another AT1R blocker, slows the progression of
DR [184]. Together, these studies suggest that angiotensin AT1R blockers may be effective
against DR independently of their anti-hypertensive action.

201



Cells 2021, 10, 1913

ACE inhibition was also shown to lower the risk and prevent the development and the
evolution of DR in humans [185,186]. ACE inhibition reduces retinal VEGF overexpression
and hyperpermeability in experimental diabetes [187] and vitreous VEGF concentrations
in patients with proliferative DR [188]. Interestingly, changes in circulating VEGF do not
account for the beneficial effect of ACE inhibition on retinopathy in patients with type 1
diabetes [189]. Previous clinical trials have associated the decrease in DR progression in
type 1 or type 2 diabetic patients with a reduction of hypertension [190,191]. The United
Kingdom Prospective Diabetes Study (UKPDS) with more than 1000 patients reported a
reduction in the progression of DR with ACE inhibitor and β1-adrenergic receptor blocker,
suggesting that the beneficial effect may be related to the anti-hypertensive and not to the
ACE-inhibition-specific effect [190]. Nevertheless, other studies have reported a slowdown
in DR progression in normotensive diabetic patients taking an ACE inhibitor, suggest-
ing a possible therapeutic effect of ACE inhibitors not related to the anti-hypertensive
effect [184,191]. In resonance with this, a meta-analysis of 21 clinical trials with more than
13,000 patients disclosed no effects of RAS inhibitors on DR progression in hypertensive
patients, but a reduced risk of DR, and increased possibility of DR regression in normoten-
sive patients [186]. In rank order of anti-hypertensive drug classes, the association with
risk of DR progression was lowest with ACE inhibitors, followed by Ang II-AT1R blockers,
β-blockers, and finally with calcium-channel blockers [186].

While ACE inhibitors show promising results against DR and diabetic macular edema,
several safety questions related to increased kinin levels can be raised, such as hypotension,
angioedema, and pain associated with inflammation, which are B2R-mediated [192–195].
Increased kinin levels are also associated with retinal vascular permeability, inflammation,
and neovascularization (Figure 2). A decrease in the degradation of endogenous B1R
agonist (des-Arg9-BK) was also observed in the plasma of patients treated with an ACE
inhibitor [196]. In theory, the use of kinin receptor antagonists can overcome the side effects
of ACE inhibitors in the retina.

Furthermore, Ang II-AT1R is a potent enhancer of the pro-inflammatory B1R [174–177]
and ACE inhibition ablated B1R expression in diabetic vessels [197], suggesting that B1R
acts as an effector of the RAS (Figure 4). Therefore, targeting the RAS (AT1R and ACE) in
DR may be a promising approach to prevent the induction and deleterious effects of B1R.
Nonetheless, further studies are needed to unveil the exact mechanism(s) and crosstalk
with other components of the RAS/KKS (ACE2, AT2R, and MasR) to address the beneficial
versus the detrimental effects of the dual pro- and anti-inflammatory role of B2R in retinal
disorders. Until these questions are fully answered, targeting B1R in retinal pathologies
associated with inflammation and/or vascular alterations remains by far the best asset,
with less possible interaction with other axes involved in physiological signaling pathways.

7.2. Renin–Angiotensin System in Age-Related Macular Degeneration

The implication of RAS was also reported to contribute to CNV pathogenesis. Indeed,
our single-cell RNA seq showed a high expression of ACE in the neovascular AMD
arteries and choriocapillaries (Figure 3). Furthermore, prorenin receptor blockade in a
murine model of laser-induced CNV exhibited a significant reduction of CNV, macrophage
infiltration, and the upregulation of ICAM-1, monocyte chemotactic protein-1, (MCP-1),
VEGF, VEGFR1, and VEGFR2 [198]. Moreover, AT1R inhibition pharmacologically or
genetically inhibited CNV and macrophage infiltration [198]. VEGF, ICAM-1, and MCP-1
levels, elevated by CNV induction, were significantly suppressed by ACE inhibition, which
led to significant suppression of CNV development to the level seen in AT1R-deficient
mice [149]. Despite these significant beneficial effects in rodents, antihypertensive drugs
(ACE inhibitors and angiotensin receptor blockers) failed to show any positive effects on
AMD in humans [199–201].
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8. Conclusions

Inflammatory and neovascular retinal diseases, including DR and AMD, can lead
to severe vision loss if left untreated. Current treatments for these pathologies are inva-
sive and can sometimes worsen the pathology. Besides these side effects, many patients
do not respond well or become refractory to these treatments, thus there is an urgent
need to identify new therapeutic targets and new treatment strategies. Interestingly, the
pro-angiogenic, pro-inflammatory, and vasoactive effects of the KKS make it a promis-
ing therapeutic target for treating retinal pathologies associated with inflammation and
neovascularization. However, KKS targeting needs to be carefully documented before
clinical application, as this system is also involved in physiological functions (such as organ
blood-flow perfusion and blood coagulation) [4]. To minimize as much as possible the side
effects of a complete shutdown of this system that may lead to ischemia and thrombotic
events, it is advisable to use a more selective approach by targeting directly kinin receptors
in retinal pathologies. Conflicting data are available regarding the implication of B2R in
retinal pathologies. This may be related to its important physiological role on the vascu-
lature and the regulation of blood flow. Thus, the inhibition of this receptor may cause
unwanted side effects, notably ischemia, and its role in retinal pathology warrants further
investigation. In contrast, currently available data strongly support the contribution of
B1R in inflammatory and neovascular retinal diseases. Inhibiting the inducible B1R, by
topical eye-drop treatment represents a promising noninvasive therapeutic approach in
retinal diseases. This is keeping with the finding that B1R acts as an effector of the RAS
(Ang II-AT1R) and may subserve its deleterious effects in ocular diseases.
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Abstract: Retinal neurodegeneration can impair visual perception at different levels, involving
not only photoreceptors, which are the most metabolically active cells, but also the inner retina.
Compensatory mechanisms may hide the first signs of these impairments and reduce the likelihood
of receiving timely treatments. Therefore, it is essential to characterize the early critical steps in the
neurodegenerative progression to design adequate therapies. This paper describes and correlates
early morphological and biochemical changes in the degenerating retina with in vivo functional
analysis of retinal activity and investigates the progression of neurodegenerative stages for up to
7 months. For these purposes, Sprague–Dawley rats were exposed to 1000 lux light either for different
durations (12 h to 24 h) and examined seven days afterward (7d) or for a fixed duration (24 h) and
monitored at various time points following the exposure (up to 210d). Flash electroretinogram (fERG)
recordings were correlated with morphological and histological analyses to evaluate outer and inner
retinal disruptions, gliosis, trophic factor release, and microglial activation. Twelve hours or fifteen
hours of exposure to constant light led to a severe retinal dysfunction with only minor morphological
changes. Therefore, early pathological signs might be hidden by compensatory mechanisms that
silence retinal dysfunction, accounting for the discrepancy between photoreceptor loss and retinal
functional output. The long-term analysis showed a transient functional recovery, maximum at
45 days, despite a progressive loss of photoreceptors and coincident increases in glial fibrillary acidic
protein (GFAP) and basic fibroblast growth factor-2 (bFGF-2) expression. Interestingly, the progression
of the disease presented different patterns in the dorsal and ventral retina. The information acquired
gives us the potential to develop a specific diagnostic tool to monitor the disease’s progression and
treatment efficacy.

Keywords: light damage; neurodegeneration; functional analysis; early detection; remodeling

1. Introduction

The quality of vision dramatically impacts the quality of human life [1]. Many ocular
pathologies induced by several factors, such as gene mutations, environmental stresses,
metabolic dysfunction, and aging, lead to reduced visual performance and eventually com-
plete blindness caused by inflammation, mitochondrial dysfunction, synaptic remodeling,
and neuronal death [2]. These pathologies include a heterogeneous group of photoreceptor
degenerations whereby populations of rods and cones are distinctly affected, i.e., rods are
primarily involved in retinitis pigmentosa (RP) [3], cones in age-related macular degenera-
tions (AMD) [3], and both rods and cones simultaneously in Leber congenital amaurosis
(LCA) [4] and Stargardt’s disease (STGD1, autosomal recessive [5]). Although a variety
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of new therapeutic strategies have been suggested (including stem cell transplantation to
replace photoreceptors [6,7], bionic implants [8,9], and optogenetics approaches [10–12]),
currently there are no effective cures. Common pharmacological approaches studied on
rodents [13,14] and tested on humans [15–18] have as their primary objective slowing
down photoreceptor death to preserve surviving retinal function, increase tissue resilience,
and prevent retinal reorganization. Indeed, it is well known that photoreceptors stress
initiate an unavoidable chain of events, collectively termed retinal remodeling [19,20], in
the remnant inner retina, independently of the molecular defects that initially trigger retinal
degeneration [21–24]. Abnormal reprogramming occurs in all pathology phases and can
begin even before photoreceptor death [22,25]. In their final states, these modifications
could lead to considerable changes in the receptive field properties of retinal ganglion cells,
the retina’s output cells, impinging consequently on the transmission of visual information
to the brain [26–28].

Retinal degeneration has at least three related and recognized phases [29]. The first is
the irreversible death of photoreceptors—cells with high metabolic activity predisposed to
a wide range of insults, including high-intensity light [3]. The second is the dysfunction
of surviving photoreceptors and their subsequent loss [30–32]. The third is related to
profound structural and functional abnormalities in the inner retina (i.e., neuronal cell
death, microglia migration, rewiring of retinal circuits, and glial hypertrophy) [33].

With these factors in mind, there is a need to diagnose visual impairments at early
stages to increase the chances of an effective pharmacological treatment. From a thera-
peutic perspective, it is also essential to define the critical steps during neurodegenerative
progression to design adequate therapies that arrest remodeling events or target specific
cell subtypes in the remnant tissue.

To address these clinical needs, we planned an experimental protocol with two pri-
mary aims:

1. To characterize and correlate early morphological and biochemical changes occurring
in the degenerating retina with in vivo functional analysis of retinal activity.

2. To investigate the progression of neurodegenerative stages.

In the current work, we used a consolidated rat model of light-induced retinal de-
generation, previously shown to mimic some aspects of AMD (the presence of oxidative
stress [34], inflammatory processes [35], and photoreceptor death [36]). Indeed, apart from
the relevance of this model in AMD research, we exploited its well-known characteristics
to follow a neurodegenerative process that starts in the dorsal retina and spreads over
time. Specifically, by using two different protocols (<24 h and 24 h of light exposure) and a
combination of histological and electrophysiological investigations, we first determined
the minimal duration of bright light exposure (1000 lux, white light) necessary to induce
detectable retinal functional alterations. Interestingly, our findings revealed that func-
tional changes precede anatomical ones. In the second stage, we investigated the temporal
course of the neurodegeneration following 24 h of light exposure while extending our
analyses to the inner retina by relying on antibodies against cell-type-specific markers and
trophic factors.

Altogether, the knowledges acquired will allow us to extrapolate information (i.e.,
emergent ERG signals) that might help to detect the pathology through functional tests
before a large portion of photoreceptors is already injured, the retina severely damaged,
and neuronal circuitry remodeled. Secondly, following alterations over time will provide
valuable insights for dissecting general retinal degeneration pathways that might help
develop treatments based on different dystrophy stages.

2. Materials and Methods
2.1. Animals

According to the ARVO Statement for the “Use of Animals in Ophthalmic and Vision
Research”, all experiments were carried out with authorization numbers 448/2016-PR
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and 862/2018-PR, issued by the Ministry of Health, and approved by the local Ethical
Committee of the University of L’Aquila.

2.2. Light Exposure Protocols

Albino Sprague–Dawley (SD) rats were born and housed at the University of L’Aquila
animal facilities in dim cyclic light conditions (12 h light, 12 h dark), at an ambient light
level of approximately 5 lux, with food and water available ad libitum.

Data reported in the present study were obtained from experiments conducted on
healthy control (HC) animals and animals treated with intense white light, commonly
referred to as “light damaged” (LD), which were divided into twelve groups, as depicted in
Table 1. Light damage was generated by placing adult albino rats into singular plexiglass
cages with lights positioned at the top and at the bottom to ensure an iso-luminance
environment (1000 lux, monitored through a lux meter) inside the cage. The litter was
removed from the cage to prevent rats from hiding their eyes from the light. Light exposure
started at the beginning of the day, immediately after 12 h of darkness. We analyzed
different combinations of exposure durations and periods of time following the end of light
exposure in normal light conditions. Accordingly, animals were exposed to 1000 lux light
for different durations (12 h, 15 h, 18 h, and 24 h) and allowed to recover for a post-exposure
period of 7 days (7d) in dim cyclic illumination conditions in standard cages (5 lux, cyclic
light). The second group of animals was exposed to the same light intensity (1000 lux) for
24 h and sacrificed at different recovery periods (after 0, 15, 30, 45, 60, 90, and 210 days (d)).
The same healthy control (HC) group, raised at 5 lux in cyclic light, and the group exposed
to light for 24 h and left to recover for 7 days (LD24h7d), were used in the two experiments.
In the text, we refer to short-term exposure to indicate 12 h of light exposure.

Table 1. Experimental groups.

Group Treatment
Light Exposure

Duration (hours)
Days (d) after Light

Exposure

HC Healthy Control - -

LD12h7d

LD 1000 lux

12 (short-term)

7LD15h7d 15

LD18h7d 18

LD24h0d

24 (long-term)

0

LD24h7d 7

LD24h15d 15

LD24h30d 30

LD24h45d 45

LD24h60d 60

LD24h90d 90

LD24h210d 210

2.3. Electrophysiological Recordings and Data Analysis

We performed flash electroretinogram (fERG) recordings in controls and evaluated
retinal function in each experimental group following the light exposure treatment. To
minimize variability among groups, electrophysiological recordings were performed before
exposing animals to LD (a pull of these recordings were used as HC, assuming no age-
related changes in our temporal window of interest [37,38]). Albino rats were previously
dark-adapted overnight, and electroretinograms were recorded in a dark room [14]. Briefly,
animals were anesthetized with an intraperitoneal injection of ketamine/xylazine (keta-vet
100 mg/mL, Intervet production Srl, and xylazine 1 g, Sigma Co., at 10 and 1.2 mg/100 g,
respectively). Corneas were anesthetized with a drop of Novocaine, and pupils were dilated
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with 1.0% mydriacyl tropicamide. Animals were mounted on a stereotaxic apparatus
and positioned inside the Ganzfeld dome’s opening (Biomedica Mangoni, Pisa, Italy).
Body temperature was maintained at 37.5 ◦C using a heating pad controlled by a rectal
temperature probe. Recordings were carried out for both eyes simultaneously, with a
platinum electrode loop being placed on each cornea, and individually considered. The
reference electrodes were inserted subcutaneously in the proximity of the eyes, and the
ground electrode was inserted in the anterior scalp, between the eyes. The standard ERG
protocol advocated by the ISCEV (International Society for Clinical Electrophysiology of
Vision) was used [39]. Responses were recorded at progressively brighter short flashes
(0.001–100 cd*s/m2 range, from scotopic to photopic) over 450 ms, plus 50 ms of pre-trial
baseline. Responses were amplified differentially, bandpass filtered at 0.3–300 Hz, and
sampled at 16.3 kHz. To reduce variability and background noise, responses were averaged
(n = 3 per each luminance), with an inter-stimulus interval (ISI) ranging from 60 s for lower
intensities to 5 min for the three brightest flashes. We evaluated the amplitudes (in µV)
of the a-wave (baseline to the first negative deflection), b-wave (from a-wave peak to
positive b-wave peak), and oscillatory potentials (the high-frequency wavelengths residing
on the leading edge of the b-wave separated from the ERG using a high-pass filter. The
amplitudes of wavelets OP1–4, measured from the trough to the peak of each response
component, were summed) (see Figure 5a,f). For photopic recordings (light-adapted ERG,
cone response), rats were light-adapted to background illumination (30 cd*s/m2, 10 min),
and 20 replicate responses elicited by white light (100 cd*s/m2) at a pulse frequency of
1 Hz were averaged. A 30 Hz photopic flicker response was also obtained using the same
background illumination and stimulus intensity. One hundred replicate responses were
averaged. The first and the second harmonic magnitudes were determined by performing
FFT analysis with a compiled routine (see Figure 6a,c).

In some cases, measurements were obtained from the same animal at successive sur-
vival times following light exposure cessation (not more than three ERG sessions, including
the initial one, were performed in total for a single animal). When the amplitude of either
an a-wave or a b-wave was not higher than at least 1 SD (not measurable) across the entire
recording session, the retina was discarded from the subsequent analyses (more common in
the later stages of the degeneration, i.e., LD24h210d). Custom-written procedures in IGOR
Pro 6.3 (Wavemetrics, Lake Oswego, OR, USA) software were used to analyze electrophys-
iological data. The distributions of ERG response across several experimental groups at
different light intensities were described by means and standard errors. Two-way ANOVA
followed by the Tukey post hoc test was used to compare the ERG parameters (a, b, and OP
amplitudes) between groups of animals for each flash intensity used. One-way ANOVA
followed by the Tukey post hoc test was used to analyze statistical significance in the
photopic recording (photopic ERG and flicker ERG, a single flash intensity used).

2.4. Tissue Processing, Morphological Analyses, and Immunostaining Protocols

At the end of the last recording session, rats were sacrificed by CO2 inhalation. Both
eyes were enucleated and fixed in 4% paraformaldehyde for 6 h at 4◦C and washed in
0.1 M phosphate-buffered saline (PBS, pH 7.4). The eyes were further processed to obtain
an “eyecup” consisting of the sclera, choroid, and retina. Eyecups were cryoprotected by
immersion in 10%, 20%, and 30% sucrose solution overnight, embedded in OCT compound
(Tissue Tek; Qiagen, Valencia, CA, USA), and frozen in liquid nitrogen. With eyecups
marked to maintain proper orientation, cross-sections 20 µm thick were obtained for each
retina (CM1850 Cryostat; Leica, Wetzlar, Germany), collected on gelatine poly-L-lysine
coated slides, and stored at −20 ◦C until processed. The analyses were performed on the
sections crossing the optic nerve in the dorsal-ventral direction (~8–10 central sections
per retina were collected on different slides) to minimize variations in the retinal length
and position.

The morphological analysis was carried out by labeling the nuclei with the DNA-
specific dye bisbenzimide and measuring the thickness of the outer nuclear layer (ONL)
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across the entire retinal extension from dorsal to ventral crossing the papilla, follow-
ing a previously described procedure [40]. Shortly, histological reconstructions were ob-
tained by joining consecutive acquired micrographs (each long ~380 µm, usually 10–12 per
hemiretina). To facilitate comparison between retinas, each retina was divided into 10 dor-
sal and 10 ventral fields while taking the optic nerve as a reference. Analyses included:
(1) the ratio of ONL to the total retinal thickness to measure ONL thickness (rather than the
absolute thickness of the ONL (µm), to compensate for possible oblique sectioning); (2) the
number of photoreceptor rows in the ONL; (3) damaged ONL length. ONL thickness
and ONL rows were calculated as the averages of 4 equi-spaced measurements from each
of the 20 fields (to account for slight differences within the same area). The averages of
the ONL thickness and rows measured in the 10 dorsal or ventral fields were calculated
for each section. We then evaluated the extent of damage in the photoreceptor layer by
calculating the ratio between “damaged ONL length” (clearly detectable because of the
presence of “rosette” structures [41]) and the total dorsal retinal length. Measurements
were performed using ImageJ 2.0 software (Rasband, W.S., ImageJ, U. S. National Institutes
of Health, Bethesda, MD, USA).

Together with nuclear labeling, the slides were immunolabeled with antibodies ac-
cording to Table 2. Bovine serum albumin (BSA) (Sigma-Aldrich, St. Louis, MO, USA)
or specific sera were used to block nonspecific binding sites, and Triton X−100 (Sigma-
Aldrich) was used as a detergent, when appropriate. Primary antibodies were omitted to
control for nonspecific binding of the secondary antibody. Only one of the two eyes was
used for a single marker or histological analyses; therefore, the number of analyzed sections
is equivalent to the number of animals (consequently, in figure legends, we reported N. as
the number of analyzed retinal slices).

Table 2. Primary and secondary antibodies used on retinal cryosections in this study.

Primary Antibodies Supplier Host Organism Dilution Product# Ref

Anti-ionized calcium-binding adaptor
molecule 1 (Iba1)

Wako Rabbit 1:1000 019–19741 [42]

Anti-glial fibrillary acidic protein (GFAP) Dako Rabbit 1:500 Z0334 [41]

Anti-choline acetyltransferase (ChAT) Millipore (Chemicon) Goat 1:100 AB144P [43]

Anti-L/M Opsin Millipore (Chemicon) Rabbit 1:100 AB5405 [41]

Anti-fibroblast growth factor
(FGF)−2/basic FGF

Millipore Mouse 1:200 05–117 [14]

Anti-synaptophysin (SYN) Osenses Rabbit 1:300 OSS00021W

Secondary Antibodies Supplier Host Organism Dilution Product#

Anti-rabbit IgG (H + L) Alexa Fluor 488 Thermo Fisher Scientific Goat 1:500 A−11008

Anti-rabbit IgG (H + L) Alexa Fluor 594 Thermo Fisher Scientific Goat 1:500 A−11012

Anti-goat IgG (H + L) biotinylated Thermo Fisher Scientific Rabbit 1:300 31732

Anti-mouse IgG (H + L) Alexa Fluor 488 Thermo Fisher Scientific Goat 1:500 A−11001

2.5. Microscopy and Image Analysis

Images of the retina were acquired with Leica TCS SP5 (Leica Microsystems, Wetzlar,
Germany) or Nikon80i (Nikon, Tokyo), and acquisition parameters were kept constant
throughout each imaging session. Measurements of fluorescence intensity and signal
localization were made with ImageJ Fiji software (National Institutes of Health, Bethesda,
MD, USA).

The L/M opsin signal was calculated following the method used by Rutar et al. [41].
Briefly, ten images (5 dorsal and 5 ventral) equally spaced were taken under 20× mag-
nification from a total of 5 or 6 retinal sections from different rats for each experimental
condition. We counted external outer segments (OSs) of cone photoreceptors. The number
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of positive cells is expressed as a mean of labeled cells per field or as their sum, respectively,
for the dorsal and ventral retina.

Spatial distribution and the total number of Iba1+ microglial cells were analyzed in
the ganglion cell layer and inner plexiform layer (GCL + IPL), in the inner nuclear layer,
and outer plexiform layer (INL + OPL), and in the outer nuclear layer (ONL). Each retinal
layer was determined according to the nuclear staining. The number of Iba1+ cells was
manually counted throughout the entire section from dorsal to ventral (10 images per
hemisphere acquired at 40× magnification, each micrograph covered ~380 µm of retinal
length). Results are given as the total number of microglial cells (Iba1+) per layer and
per section.

Densitometric analysis of GFAP and bFGF-2 fluorescent signals (N = 3–6 and N = 5–7
retinal sections, quantified in Figures 3 and 7, respectively) was performed using custom-
written algorithms in ImageJ Fiji software (NIH, Maryland, USA). The percentage of
areas positive for bFGF-2 or GFAP over the total area of the ONL or the entire retinal
area, respectively, was determined by applying a threshold and calculated as described in
Antognazza et al. [44].

Cholinergic neurons in the retina, known as starburst amacrine cells (SBAC), were
labeled with anti-ChAT antibody. The integrity of their processes, located in the inner plexi-
form layer (IPL), was quantified in two areas of the retina (dorsal and ventral, respectively)
relatively to the total length (N = 5 retinal sections from different rats for each experimental
condition; HC and 24 h light-exposed rats). Cell bodies density was also quantified (data
not shown because of lack of statistical significance).

Synaptophysin, a protein expressed in the presynaptic vesicles, was qualitatively
assessed (acquired under 60x magnification) in 5 retinal sections for each experimental
condition, and representative immunofluorescence images are shown in the figure.

2.6. Statistical Analysis

One or two-way ANOVA was used to evaluate the effects of different LD durations
and recovery periods. When the significance level was 0.05 or less, post hoc pairwise
comparisons were performed using Tukey’s test. Data are reported as mean ± standard
error of the mean (SEM). Values of p < 0.05 were considered to be statistically significant.
All statistical analyses were performed using Prism7 software (Graph Pad, San Diego, CA,
USA). A detailed description of each test can be found in figure legends.

3. Results
3.1. Different Durations of Light Exposure: Discrepancies between Functional Output and the
Extent of Structural Damage

This section examines the effects of different light exposure durations (i.e., 12 h, 15 h,
18 h, 24 h at 1000 lux) on retina functional, morphological, and molecular states, assessed
7 days after the treatment. For the sake of simplicity, we refer to 12 h as short-term exposure
(compared to 24 h).

3.1.1. Exposure to Constant Light for 12 h Led to Functional but Not Severe Morphological
Retinal Alterations

Figure 1 describes the effects of different exposure regimes on the retinal functional
state, as assessed through in vivo flash electroretinography (fERG). Surprisingly, our analy-
ses revealed no major functional differences between light damaged experimental groups,
with a few exceptions. Indeed, even the short-term exposure induced a significant re-
duction of a-wave and b-wave amplitudes compared to the healthy control (Figure 1a,c).
Interestingly, only the a-wave amplitude, obtained in response to the brightest stimulus
(100 cd*s/m2), was better preserved in LD12h and LD15h compared to LD24h (Figure 1a,b
for magnification; a-wave amplitude was ~2.5 times higher in LD12h and LD15h vs. LD24h,
p = 0.0011 and p = 0.0177 respectively). Instead, our evaluation did not show any signif-
icant difference between retinas exposed to light with regard to the b-wave amplitude;
as expected, they were all different compared to the HC (Figure 1c,d; p < 0.0001 for all
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stimulus intensities). In particular, fERG b-wave amplitude decreased by 30% or 15% in
rats exposed to 12 or 24 h, respectively, compared to HC (LD12h7d = 287 ± 26 µV and
LD24h7d = 150 ± 13 µV vs. HC = 1061 ± 76 µV at 100 cd*s/m2).

 

≤ ≤ ≤ ≤

Figure 1. Retinal functional impairment following different durations of light exposure. (a,c) Amplitudes of the a-wave
and b-wave in healthy control (HC) and different experimental groups (LD12h7d, LD15h7d, LD18h7d, and LD24h7d) are
plotted as functions of stimulus intensity (0.001–100 cd*s/m2). A-wave amplitude in the HC was significantly higher than
all groups exposed to light for all luminances brighter than 0.1 cd*s/m2. B-wave amplitude was significantly higher than
all experimental groups at all luminances. (b,d) Panels b and d represent a-wave and b-wave amplitudes measured at
100 cd*s/m2. LD24h7d a-wave amplitude at 100 cd*s/m2 was significantly reduced compared to LD12h7d. ## p = 0.0011,
and LD15h7d, $ p = 0.0177; two-way ANOVA with Tukey’s post hoc test. (e) Amplitudes of the OPs sum in HC and different
experimental groups are plotted as functions of stimulus intensity (0.001–100 cd*s/m2). On average, OPs sum amplitudes
were significantly affected by all durations of light exposure. (f) Panel f represents a large magnification of panel (e). The
effect of light exposure was milder after 12 h; indeed, OP amplitude was significantly preserved in LD12h7d vs. LD24h7d
at intensities brighter than 0.1 cd*s/m2. (g) The values represent the mean response amplitudes of photopic b-waves.
Statistical significance is represented as follows: *, #, $ p ≤ 0.05, **, ##, ++ p ≤ 0.01, ***, ### p ≤ 0.001, **** p ≤ 0.0001; *, #, $, +

are in comparison to HC, LD12h7d, LD15h7d, and LD18h7d, respectively; two-way and one-way ANOVA with Tukey’s
post hoc test were used to assess differences in the panels (a–g), respectively. Values represent means ± standard errors of
the means (SEM). Between 6 and 12 retinas were recorded per group.

It is worth highlighting that by studying oscillatory potentials (OPs), an indicator of
the inner retinal activity [45], some differences were unexpectedly found between the light-
exposed experimental groups. As observed for the other two analyzed ERG parameters,
the light damage paradigm caused a significant reduction of OP sum amplitude at all
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stimuli intensities (i.e., to ~35%, ~32%, and ~44% respectively in LD15 h, 18 h, and 24 h
groups compared to HC at 10 cd*s/m2; LD15h7d = 250 ± 32 µV, LD18h7d = 276 ± 48 µV
and LD24h7d = 203 ± 15 µV vs. HC = 896 ± 100 µV, in Figure 1e), but with a few
exceptions. Indeed 12 h led to a significant reduction of the OP sum compared to HC
only at stimuli intensities between 3 and 30 cd*s/m2 (reduction by ~22% at 10 cd*s/m2;
LD12h7d = 415 ± 45 µV and HC = 896 ± 100 µV). What was more interesting was the
difference between the two groups LD12h7d and LD24h7d (Figure 1f for magnification; at
light intensities higher than 0.1 cd*s/m2), revealing evidence for a different time course
and extent of light-induced lesions that interests the inner retina.

In contrast, no differences between groups (except for the reduction compared to HC)
were observed when cone functionality was assessed by photopic-ERG. Indeed, 7 days
after 12 h, 15 h, 18 h, and 24 h of light damage, the photopic b-wave amplitudes repre-
sented ~33%, ~30%, ~24%, and ~26% of the HC one, respectively (LD12h7d = 42 ± 5 µV,
LD15h7d = 38 ± 5 µV, LD18h7d = 31 ± 10 µV, LD24h7d = 33 ± 7 µV and HC = 128 ± 18 µV;
all significant vs. HC, Figure 1g).

3.1.2. Outer Nuclear Layer (ONL) Disruption Does Not Correlate with Detectable
Functional Alterations

Figure 2a indicates that exposure to high intensity light for different durations of
time (from at least 12 h to 24 h) caused a gradual alteration of the photoreceptor layer
integrity in the dorsal retina, which has extensively been shown to be the more susceptible
to induced neuronal death [41,46]. To analyze tissue structure, the cross-sectioned retinas,
from the dorsal to ventral quadrant, were stained with Hoechst and the ONL thickness
relative to the entire retina, and the number of nuclei rows in the ONL were analyzed. In
the representative retinal sections in Figure 2a, we observed that the ONL underwent a
reduction in thickness and structural changes correlated with the light exposure duration.
Surprisingly, despite showing no apparent signs of retinal damage (Figure 2a, second
micrograph) and a preserved ONL/retinal thickness ratio (Figure 2b,c; cyan, LD12h7d), the
number of photoreceptor nuclei rows was slightly reduced (not significant) in the dorsal
retina following 12 h of light exposure (Figure 2d). It is plausible to think that the loss of a
limited number of photoreceptors does not change the ratio of ONL/total retinal thickness;
indeed, the photoreceptor nuclei rows count may be a more convenient measure of mild
damage, though does not account for possible oblique sectioning. As expected, the increase
in light exposure duration produced a more significant thinning of the outer retinal layers,
specifically in the hot spot area in the dorsal hemiretina (Figure 2c; LD24h7d significantly
different compared to HC and LD12h7d, p = 0.004 and 0.0038, respectively).

In contrast, a significantly reduced number of nuclei rows compared to the HC was
observed within the dorsal hemiretina also in the LD15h7d and LD18h7d groups (Figure 2e;
LD15h7d, LD18h7d, and LD24h7d vs. HC, p = 0.0136, 0.0006 and <0.0001). This result is also
significant when comparing LD24h7d to LD12h7d (respectively 4.6 vs. 8.4 rows, p = 0.0104).
ONL disruption was then correlated with the a-wave amplitude (photoreceptors driven),
and no correlation was found (Figure 2h, p = 0.20, and p = 0.6617 for the ONL thickness
and N. rows vs. a-wave amplitude, respectively. Only 19 (LD12h7d = 5, LD15h7d = 4,
LD18h7d = 4, and LD24h7d = 6) and 13 retinas (LD12h7d = 3, LD15h7d = 3, LD18h7d = 3,
and LD24h7d = 4), for which both functional and morphological features were assessed,
were included in this analysis. No HC was included to study the effect of light exposure).
This result demonstrates that ERG prematurely diagnoses ONL matrix disorganization.
Further analyses have been performed to measure the hot spot extension, evaluated as
damaged ONL length/dorsal retinal length. Figure 2f presents a histological reconstruction
of the dorsal hemiretina central section, with retinal damage extensions labeled with white
arrows. We observed that the hot spot length increased with light exposure durations,
covering up to 60% of the dorsal retina in the LD24h7d (Figure 2g).
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Figure 2. Morphometric evaluation of the light damage resulting from different exposure times. (a) Photomicrographs of
the hot spot in the dorsal central retina of an undamaged control rat (HC) and rats exposed to 12 h, 15 h, 18 h, and 24 h of
constant light; nuclei are stained with Hoechst. The red bars show the absolute thickness of the ONL, and the blue one the
entire retinal thickness. Scale bar = 50 µm. Green asterisks signify disruptions in the ONL. Abbreviations: GCL: ganglion
cell layer; INL: inner nuclear layer; ONL: outer nuclear layer. (b,d) ONL thickness and number of rows of photoreceptor
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nuclei (±SEM) quantified in 20 equidistant retinal locations (10 dorsal, 10 ventral). (c,e) Average across all dorsal or ventral
retinal locations of the ONL thickness (ratio ONL/total retinal thickness) and the number of photoreceptor nuclei rows.
(f) Representative dorsal hemiretina reconstruction after nuclei staining. The white arrows depict the damage extensions
defined as “hot spots” on light damaged retinas. Scale bar = 200 µm. OD: optic disc. (g) Damaged ONL length/dorsal
retina length for different light damage durations. (h) Relationship between a-wave amplitudes and ONL thickness/rows
(Pearson correlation). Data in all graphs are shown as mean ± standard error of the mean (SEM). Statistically significant
differences are represented as follows: *, # p ≤ 0.05, ## p ≤ 0.01, ***, ###, $$$, +++ p ≤ 0.001, **** p ≤ 0.0001; *, #, $, + compared
to HC, LD12h7d, LD15h7d, and LD18h7d, respectively; one-way ANOVA with Tukey’s post hoc test. N = 3/12 retinas from
different rats for each experimental condition.

3.1.3. Upregulation of GFAP and bFGF-2 Was Triggered after Short Periods of Constant
Light Exposure

Figure 3 describes a gradual increase in the expression of stress (glial fibrillary acidic
protein, GFAP) and trophic markers (basic fibroblast growth factor-2, bFGF-2) in the retina,
linked to light exposure. Under normal conditions, astrocytes and Müller glia contact
retinal neurons, providing stability to the neural tissue. Stress of any origin induces an
astrocyte response with increased expression of GFAP in the radially oriented Müller cells
(MC). GFAP expression was confined to the GCL layer in the HC retinal section to form
a homogeneous plexus (Figure 3a, first micrograph). Different light damage protocols
induced upregulation of GFAP: the protein was visible along the entire length of MCs.
To evaluate the effect of different light exposure durations, corresponding retina areas
(one in the dorsal and one in the ventral) were selected to determine the relative GFAP-
labelled regions [47]. For this purpose, the images were processed with ImageJ software’s
threshold tool (see Materials and Methods). Areas of the retina marked with the threshold
overlay (GFAP+ astrocytes plus GFAP+ end-foot of the MC; Figure 3a) were included in
the measurement among study groups. Results obtained at 7d following 12 h, 15 h, 18 h,
and 24 h light damage are shown quantitatively in Figure 3c. From the one-way ANOVA,
performed separately for the dorsal and ventral retina, significant differences were found
in the dorsal retina of all light-exposed groups compared to the HC (p = 0.0155, 0.0078,
0.0023, and 0.0018 for LD12,15,18, and 24 h vs. HC, respectively). Hence, even 12 h of
light exposure was sufficient to produce retinal stress, in accordance with the ERG results.
The upregulation of GFAP also extended in the ventral retina, which was significant only
for the LD24h7d group compared to the HC (p = 0.0048). As expected, stressed retinas
also increase the expression levels of trophic factors, such as bFGF-2. Notably, the release
of bFGF-2 in the ONL negatively correlates with the b-wave amplitude [40]. In control
retinas, bFGF-2 expression was confined to the Müller cell bodies in the INL (Figure 3b,
first micrograph). Light damage induced its progressive release in the ONL (the protein
was visible around photoreceptor cell bodies), and even though exclusively significant
for the LD24h7d (p = 0.0288 vs. HC), it is noticeable that bFGF-2 levels increased in the
dorsal retina after light exposure treatment. Indeed, a significant trend (p = 0.0168, one-way
ANOVA with Trend) relates bFGF-2 release in the ONL to the duration of light exposure
(no linear trend was revealed in the ventral side).

3.1.4. Microglia Increased in the Dorsal Retina after Exposure to Constant Light

The immune response is triggered along with the degeneration of the outer retina and
macrogliosis (assessed by anti-GFAP staining) [48]. Thus, we characterized the effect of
light exposure on microglia distribution in the retina using Iba1 as a marker. Representative
images of the dorsal retina from HC and the four experimental groups (different light
exposure durations) are shown in Figure 4a (Iba1+ cells in green). As expected, [49],
under physiological conditions, microglia that showed typical resting characteristics were
located in the inner retina in HC (Figure 4b,d, GCL + IPL, and INL + OPL), and no cells
were found in the ONL in the dorsal and ventral retina (GCL + IPL > ONL + OPL > ONL;
p < 0.01). Exposure to light promoted their morphological change (from ramified to
ameboid, depicted in Figure 4a with the orange and white arrows, respectively) and
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migration to the ONL (green dashed arrow in Figure 4a, LD12h7d) [50]. Detailed analyses
of Iba1+ cells in the dorsal and ventral retina and across retinal layers are reported in
Figure 4b–e. In the retinas of LD groups, we found that Iba1+ cells accumulate significantly
in the ONL in the dorsal retina after 7 days from 18 h or 24 h of light exposure (LD18h7d
vs. HC, p = 0.0013; LD24h7d vs. HC, p < 0.0001; one-way ANOVA). Overall, when the
total number of microglia across all layers was assessed, a significant increase in Iba1+ cells
was found only in the dorsal retina in LD24h7d compared to HC, LD12h7d, and LD15h7d
(p < 0.0001, p = 0.0052, p = 0.0287, respectively). Only 24 h of light exposure induced a
significant difference between the dorsal and ventral retina (t-test, LD24h7d dorsal vs.
ventral, p = 0.04).
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Figure 3. GFAP and bFGF-2 expression in retinas of rats exposed to light for different durations of time. (a) Representative
photomicrographs illustrating GFAP+ astrocytes in dorsal retinal sections of HC and 7 days after 12 h, 15 h, 18 h, and 24 h of
light damage (in the area around the degenerating hot spot, defined “penumbra” [41]), respectively. Light exposure induced
the upregulation of GFAP in the radially oriented Müller cells; the protein was visible along the full length of the Müller
cells, from the ILM to the OLM. (b) Representative photomicrographs illustrating bFGF-2+ signal in the dorsal retinal areas
of control and light-exposed rats. Light exposure induced the upregulation of bFGF-2, released in the ONL by Müller cells;
the protein is visible around photoreceptor bodies in the ONL and Müller cell bodies in the INL. Abbreviations: GCL:
ganglion cell layer; INL: inner nuclear layer; ONL: outer nuclear layer; ILM: inner limiting membrane; OLM: outer limiting
membrane. Scale bar = 50 µm. (c) Mean GFAP+ area averaged across dorsal and ventral retinal selected areas. (d) Mean
bFGF+ area/ONL area averaged across the dorsal and ventral retina. Statistical analyses were performed with the analysis
of variance (one-way ANOVA) followed by a Tukey’s post hoc test; one-way ANOVA with Trend was also used to analyze
data in panel d. Statistically significant differences are represented as follows: * p ≤ 0.05, ** p ≤ 0.01, respectively, compared
to HC. Data are shown as the means ± SEM of at least N = 3 retinas from different rats for each experimental condition.
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Figure 4. Microglia quantification in retinas of rats exposed to light for different lengths of time. (a) Representative
photomicrographs illustrating Iba1+ cells in dorsal retinal sections (hot spot region) of HC and light-exposed retinas tested
after 7 days. Light damage induced migration of resident Iba1+ cells to the ONL (significant after 18 or 24 h of light
exposure). Orange arrows: ramified microglia; white arrows: ameboid shape; dashed green arrow: migration from the
inner to the outer retina. Abbreviations: GCL: ganglion cell layer; INL: inner nuclear layer; ONL: outer nuclear layer. Scale
bar = 50 µm. (b,d) Quantification of Iba1+ cells in dorsal and ventral retinal sections in each retinal layer. (c,e) Total numbers
of microglia along the dorsal and the ventral retina (summarized from b, d data). Subretinal Iba1+ cells were not included in
the count. Statistical analyses were performed with the analysis of variance (one-way ANOVA) followed by a Tukey’s post
hoc test. Statistically significant differences are represented as follows: *, #, $ p ≤ 0.05, **, ##, $$, ++ p ≤ 0.01, ***, +++ p ≤ 0.001,
#### p ≤ 0.0001; *, #, $, + vs. HC, LD12h7d, LD15h7d, and LD18h7d, respectively; % was used to depict differences within
layers. Data are shown as means ± SEM of at least N = 3 retinas from different rats for each experimental condition.

3.2. Long-Term Morpho-Functional Changes in the Neurodegenerative Progression

Given that 24 h of white light exposure resulted in well-established retinal structural
and functional impairment after 7 days, we decided to investigate how the neurode-
generative process evolves using this experimental protocol. After inducing damage
(24 h, 1000 lux), critical stages were determined within different retinal regions for up to
7 months.
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3.2.1. Timecourse Effects of 24 h of Bright Light Exposure Highlighted a Transient
Functional Recovery

We analyzed the time course of ERG response variations following 24 h of light-
induced damage. Long-term monitoring of neurodegenerative processes underlined a
transient increase in retinal function, followed by a further decline. Figure 5a depicts the
response series of dark-adapted flash ERG recordings (at luminance 100 cd*s/m2, repre-
sentative waveforms) before light damage (HC, age 60 days), and 7, 15, 30, 45, 60, 90, and
210 days after the light damage (24 h, 1000 lux). Quantitative analysis indicated a significant
decrease of ERG components (a-wave and b-wave amplitudes) recorded at 7 days after light
exposure and described a partial recovery, maximum at 45 days, followed by an irreversible
drop. In fact, at 7d after LD, the dark-adapted a-wave maximum amplitude (at 10 cd*s/m2)
decreased significantly compared to HC (LD24h7d = 55 ± 4 µV vs. HC = 466 ± 33 µV,
p < 0.001) to ~12% of the pre-LD level (HC), and the b-wave maximum amplitude decreased
to ~14% (HC = 1098 ± 74 µV and LD24h7d = 149 ± 10 µV, p < 0.001). Figure 5b–e indi-
cates that by 45d, the dark-adapted a and b-waves maximum amplitudes (at 10 cd*s/m2)
recovered ~34% and ~45% of their initial values (LD24h45d a-wave = 159 ± 21 µV, and
b-wave = 503 ± 49 µV vs. HC = 466 ± 33 µV and HC = 1098 ± 74 µV). This amelioration
was found to be transient: significant decrements of a-wave and b- wave amplitudes
were evident at longer recovery periods (LD24h45d vs. LD24h60d, p = 0.001 and vs. 90d,
and 210d, p < 0.001 with respect to the b-wave amplitude; and LD24h45d vs. LD24h60d,
p = 0.001, vs. 90d, p < 0.001, and 210d, p = 0.0008). Figure 5f illustrates the filtered oscillatory
potentials (OPs) from control and light-exposed retinas at different recovery times follow-
ing the same light exposure protocol. The four analyzed OPs are enumerated on the HC
trace (OP 1–4). Fifteen days were enough to detect significant partial recovery (LD24h7d vs.
LD24h15d, p ≤ 0.05 at 0.1–10 cd*s/m2). By 45d the OP sum amplitude recovered to over
50% of the initial HC value and was significantly higher than LD24h7d (HC = 897 ± 100 µV;
LD24h7d = 203 ± 15 µV vs. LD24h45d = 427 ± 53 µV at 10 cd*s/m2, p = 0.006). After
45d, the significant difference from LD24h7d was lost, meaning that OPs amplitudes di-
minished and deteriorated until 210d (Figure 5h). Light adapted responses (cone-driven
activity) followed a similar pattern: at 7d after the light-damage, the LD24h7d average
light-adapted b-wave amplitude reached only 26% of its baseline (HC = 128 ± 19 µV and
LD24h7d = 33 ± 7 µV, p < 0.001), but recovered almost completely by 45 days (indeed
LD24h45d = 92 ± 14 µV non-significant vs. HC, but significant vs. LD24h90d = 41 ± 7 µV,
p = 0.07) (Figure 6b). Moreover, responses to brief flashes at 30 Hz were recorded (with
flash intensities of 100 cd*s/m2). We analyzed the flicker ERG responses in the frequency
domain (Figure 6c), and the averaged results are illustrated in Figure 6d,e. The two graphs
illustrate the mean amplitudes of the fundamental and the second harmonics of the flicker
responses at 100 cd*s/m2. Light exposure flattened the amplitude of the fundamental and
the second harmonic in all experimental conditions. In addition, we observed a significant
worsening of function at later stages of the neurodegeneration (indeed, the first fundamen-
tal harmonic amplitudes at LD24h90d and 210d were significantly reduced compared to
LD24h45d; Figure 6d).
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Figure 5. In vivo functional assessment at different recovery times following 24 h of light exposure. (a) Representative fERG
waveforms in response to 100 cd*s/m2 flash intensity obtained from control and all experimental groups (7, 15, 30, 45, 60, 90,
and 210 days following the end of light exposure). Calibration: horizontal 50 ms, vertical 250 µV. The grey arrow indicates
when the flash stimulus was sent. (b,d) Amplitudes of the a-wave and b-wave in HC (blue line) and different experimental
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groups as a function of stimulus intensity (0.001–100 cd*s/m2). (c,e) represent magnifications of the graphs in (b,d).
(f) Representative OP waveforms, isolated by bandpass filtering the dark-adapted ERGs to bright light (100 cd*s/m2),
from HC and all experimental groups (7, 15, 30, 45, 60, 90, and 210 days following the end of light exposure). Calibration:
horizontal 50 ms, vertical 50 µV. The grey arrow indicates when the flash stimulus was sent. 1–4 depict, respectively, OP1–4,
whose amplitude was summed. (g) Amplitudes of the OP sum in HC (blue line) and different experimental groups as
a function of stimulus intensity (0.001–100 cd*s/m2). (h) represents a magnification of the graph in panel (g). A single
value represents the mean ± standard error of the mean (SEM). Statistical significance is represented as follows: *, $, +, @,
& p ≤ 0.05, **, $$, ++, @@ p ≤ 0.01, +++, @@@ p ≤ 0.001, ****, ++++, @@@@ p ≤ 0.0001; *, $, +, @, & represent comparisons with
HC, LD24h15d, LD24h30d, LD24h45d, and LD24h60d, respectively; two-way ANOVA with Tukey’s post hoc test. The
control group was significantly higher than all light damaged groups at all intensities higher apart 0.001 cd*s/m2 (only
statistical results vs. HC are shown in (b,d,g); differences between light-exposed groups are shown in (c,e,f)). N = 15/30
recorded retinas per group.
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Figure 6. In vivo photopic functional assessment at different recovery times following 24 h of light exposure. (a) Rep-
resentative averaged light-adapted ERGs in response to 20 bright flashes (100 cd*s/m2) of light at 1 Hz presented on a
rod-saturating background. Calibration: horizontal 25 ms, vertical 50 µV. No stimulus baseline is included in the traces.
(b) The values are the mean response amplitudes of photopic b-waves recorded from control animals before light exposure
(HC) and 7, 15, 30, 45, 60, 90, or 210 days after 24 h light exposure. The photopic response is affected by light exposure
but recovers almost completely by 45 days. Values represent mean ± standard error of the mean (SEM). (c) Representative
photopic flicker response in control rats elicited at 30 Hz. Each waveform was recorded for 200 ms, and responses are
the averages of 100 tests. (d,e) Amplitudes of the photopic flicker responses in LD rats are lower than those of the HC.
Values represent mean ± standard error of the mean (SEM). Statistical significance is represented as follows: *, @ p ≤ 0.05,
**, @@ p ≤ 0.01, **** p ≤ 0.0001; * and @ are in comparison to HC and LD24h45d, respectively; one-way ANOVA with Tukey’s
post hoc test. N = 15/30 recorded retinas per group.
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3.2.2. The Ventral Retinal Structural Layer Organization Was Better Preserved Compared
to the Dorsal One

The loss of photoreceptors induced by 24 h light exposure accompanied a progressive
decrease in the ONL thickness over time. Figure 7 displays the histological appearance of
the dorsal (a) and ventral (b) retina along the vertical meridian from control rats and those
exposed to 24 h of high-intensity light at different time-points following the light exposure.
The dorsal retina was more severely affected than the ventral one, whose retinal layered
structure appeared better preserved (no rosette structures or matrix disorganization). Pho-
toreceptor nuclei were few and dispersed in the dorsal side. The INL directly neighboring
the RPE, and several holes were present in the retina 30 days after light exposure (see also
Figure 9a). The average ratios and the mean number of photoreceptor rows for all twenty
quadrants (Figure 7d,f) also decreased in the ventral side in LD animals.

Furthermore, despite photoreceptor rows’ progressive reduction (Figure 7f; all LD
groups are significantly different vs. HC), relative ratios in the ventral retina were con-
served, underling a homogeneous thinning among retinal layers up to 60 days of recovery
(mean ONL/total retinal thickness overall ns vs. HC till later stages of neurodegeneration).
A further analysis was done to measure the extent of damage, evaluated as damaged ONL
length/dorsal retinal length. In the central section, crossing the optic nerve, the amount of
dorsal ONL damage increased over time, reaching 80% of the dorsal retina after 60 days
(Figure 7g).

3.2.3. Light-Induced Cone-Photoreceptor Damage

Following light exposure, the first sign of damage is observed at the level of pho-
toreceptor OSs. Retinal sections were stained with an antibody for L/M opsin, allowing
differentiation of individual cones for measuring cone density. L/M cones (in general also
referred to as L-cones, because of the opsin they express) are mainly localized in the medial
and central retina, where light exposure effects are more pronounced, and they are more
abundant than S cones (densest in the retinal rims and periphery [51]). Figure 8a shows a
composite of photographs taken from the control with uniform cone photoreceptor stain-
ing and light-exposed retinas characterized by a diminished density of cones and almost
an absence of their corresponding external segments (cone OSs) on the dorsal side. As
previously shown [41], the L/M opsin immunostaining revealed a sparse and disorganized
population of surviving cones in the hot spot. After 7days, the dorsal retina’s remaining
cones lost their normal elongated morphology and were immunoreactive to L/M opsin
throughout the soma and axon terminals [52].

The remaining L and M-cones in retinal sections are plotted in Figure 8b,c. Twenty-
four hours of light damage resulted in the loss of approximately 75% of the L/M-cone
population by 45 days: detected cones were 134.3 ± 41.81 (N = 3) at 45 days compared
to 535.40 ± 62.55 (N = 5) in the control (p = 0.0014) (Figure 8c). Sometimes, even though
it was difficult to identify associated Hoechst-stained cell nuclei within the ONL, some
residual L/M opsin immunoreactivity was present. Overall, in the ventral retina, no
significant differences were found between HC and experimental groups up to the time
point evaluated; a decrease was detectable only in the first two acquired fields (1- and 2-V)
of ventral hemiretina at LD24h45d, in proximity to the damaged area (Figure 8b,c). Animals
sacrificed after 45d were not included in cone density analysis. The number of lost cones
progressed further from 7 to 45 days after light damage, without any significant rescue.
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Figure 7. Morphological alterations were assessed at different recovery times following 24 h of light damage. (a,b) Repre-
sentative Hoechst-stained retinal cross-sections from the dorsal and ventral central retina. Light damage was more severe in
the dorsal retina, considering the matrix disorganization. Abbreviations: GCL: ganglion cell layer; INL: inner nuclear layer;
ONL: outer nuclear layer. The red and blue vertical bars show the absolute thickness of the ONL and total retinal thickness,
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respectively. Green asterisks mark the rosette structures in the ONL, and pink triangles the holes in the INL. Scale bar = 50 µm.
(c,e) Graphs showing the ONL thickness and number of photoreceptor nuclei rows (±SEM) in the ONL in 20 equidistant
retinal locations (10 dorsal, 10 ventral). (d,f) The average and standard error of ONL thickness (ratio ONL/total retinal
length) and numbers of photoreceptor rows. Photoreceptor loss (cell rows) in the retina was significant after 7 days of
recovery and progressed for up to 7 months (210 days are not shown on the graph because it was hard to quantify these
two parameters because of the tissue’s damage). (g) Damaged ONL length analyses for different recovery times. The
extension of the damaged area significantly increased over time, never reaching the retina’s ventral side. Histograms show
means ± SEM. Statistical significance is represented as follows: *, #, &, + p ≤ 0.05, **, ##, @@ p ≤ 0.01, ***, ˆˆˆ, $$$, +++ p ≤ 0.001,
****, ˆˆˆˆ, #### p ≤ 0.0001; *, ˆ, #, $, +, @, & refer to HC, LD24h0d, LD24h7d, LD24h15d, LD24h30d, LD24h45d, and LD24h60d,
respectively; one-way ANOVA with Tukey’s post hoc test. Values represent the means ± standard error of the mean (SEM)
for at least N = 5 retinas from different rats for each experimental condition.
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Figure 8. Light-induced damage to the L/M cone-photoreceptors population. (a) Retinal cross-sections from a representative
HC, and 0 and 7 days after light-induced retinal damage. Sections are labeled with an antibody against L/M opsin.
Outer segments (OSs) appear normally distributed throughout the retina in the control condition. Light-exposed retinas
immediately showed a partial reduction of cone density (0 d) depicted by the length of the orange bar and redistribution of
the signal into the soma (*, orange) in the dorsal retina, shortening the remaining OSs in the ventral at 7d. Abbreviations:
ONL: outer nuclear layer; OSs: outer segments. Scale bar = 50 µm. (b,c) Numbers of cones distributed along the retinal
sections passing through the optic nerve (ON), the totals on the dorsal and ventral sides, and their sum for HC, LD24h0d,
LD24h7d, LD24h15d, LD24h30d, and LD24h45d. Statistical significance is represented as follows: *,ˆ p ≤ 0.05, **,ˆˆ p ≤ 0.01,
*** p ≤ 0.001, ****,ˆˆˆˆ p ≤ 0.0001; * and ˆ refer to HC and LD24h0d, respectively; two-way ANOVA with Tukey’s post hoc test.
Data represent the means ± SEM of at least N = 5 retinas from different rats, for each experimental condition.

3.2.4. Light Exposure Induced Modifications in the Inner Nuclear Layer (INL), Detectable
at Least after 15 Days Following Light Exposure

Morphological analyses mostly underlined a longitudinal extension of the hot spot
area. However, as previously described from the ratio analysis (ONL thickness/total retinal
thickness) and in other studies [28,29,34,53], the inner retina is also severely implicated.
Figure 9a illustrates representative nuclei-stained retinal cross-sections after 7, 30, and
60 days post light exposure treatment. Gradually, with increasing time (after 7 days), the
INL structure appeared highly disorganized, considerably thinned, and characterized by
the presence of hole-like areas (Figure 9a; see also Figure 8a,b for a comparison between dor-
sal and ventral). Furthermore, in light of our functional data indicating a partial recovery of
the a-wave and the b-wave, peaking at 45 days, we speculated that there could be compen-
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satory retinal changes to account for the functional recovery. To assess this possibility, we
studied the expression pattern of synaptophysin (SYN), an integral membrane protein ex-
pressed in presynaptic vesicles. In control retinas, SYN was expressed in the IPL and OPL,
whereas after light exposure, the OPL signal was fainter compared to control (Figure 9b).
Accordingly, we looked for other biochemical and immunohistochemical changes in the
inner retina. Therefore, we aimed to establish whether neuronal modifications in the inner
retina occurred in the light damaged rat model using an amacrine-specific marker. We
stained retinal sections with an antibody against choline-acetyltransferase (ChAT), reveal-
ing the so-called ON and OFF starburst amacrine cells. These are critical elements in the
encoding of motion, heavily contributing to direction-selective ganglion cells properties.
We observed that although there was no reduction in the number of marked cell bodies
either in the INL or GCL (data not shown), their dendritic arborization was disrupted
30 days after light damage (Figure 9c,d; significant at 210d vs. all experimental groups
assessed at an earlier time point). As with other markers, ChAT expression in the ventral
retina was mainly unaffected by neurodegenerative progression (data not shown).

3.2.5. Spatial Differences in Glial Cells’ Reaction, bFGF-2, and Microglia Modulation:
Non-Neuronal Cells’ Involvement in Retinal Degeneration

Light-induced gliosis was assessed by studying the evolution of astrocyte alterations
during retinal degeneration through immunocytochemical localization of GFAP. Figure 10a
illustrates the representative distribution of the GFAP signal in the marginal hot spot area
(penumbra [41]). Due to the highly disorganized structure typical of the chronic phase,
GFAP expression measurements were performed in the penumbra area. Quantification
of the signal across all retinal layers (Figure 10c) discloses a significant increase in GFAP
immunoreactivity after 7 days both on the dorsal and ventral sides compared to the control.
Anyway, in the ventral retina, whose structure was better preserved, the GFAP+ area
peaked at 30 days. It slightly decreased by 45 days, with significant differences between
LD24h7d, 15d, and 30d vs. LD24h90d (one-way ANOVA, Tukey’s test, p = 0.0067, 0.0192
0.0265, respectively). Notice that at 90d GFAP+ signal in the dorsal retina was significantly
higher compared to the ventral retina (p = 0.0032).

On the contrary, in the penumbra (dorsal retina), glial cell reaction was less exacer-
bated at 15 d, 30 d, and 45 d than at 60 d and 90 d. Müller cells’ support to photoreceptors
was monitored by analyzing the distribution and the protein level of bFGF-2 in the ONL
using immunohistochemistry, at successive survival times after 24 h LD (Figure 10b). No
significant differences among groups were detected, although bFGF-2 expression was
linearly augmenting in the dorsal retina up to 60d (Figure 10d; one-way ANOVA with
Trend, p = 0.0099. Non-significant trend in the ventral side was found, p = 0.2592). On
the ventral side, bFGF-2 expression increased immediately after LD, became prominent
at about 15 d, and then decreased to control levels by 60d (indeed LD24h60d dorsal is
significantly different compared to LD2460d ventral). The immune response also accompa-
nies neurodegeneration for a considerable time. The onset of photoreceptor degeneration
activated the recruitment of retinal microglia from the plexiform layer to the injured site
(see Figure 3). The analysis of Iba1+ cells distribution among layers described a consistent
migration of resident microglia from the inner retina (GCL-IPL and INL) to the ONL, which
required more than 24 h to occur (indeed LD24h0d not significant vs. HC). Iba1+ cells
(both microglia and macrophages) decreased in the inner retina during more extended
recovery periods from the onset of neurodegeneration and increased in the ONL. Following
the initial typical acute neuroinflammatory response, from 30 to 60 days, we noticed a
significant decrease of microglial cells in the dorsal retina (Figure 11d). No differences were
detected in the ventral retina when microglia cells were summed across layers (Figure 11f).
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Figure 9. Inner retinal changes at different recovery times following 24 h of light exposure. (a) Hoechst-stained retinal
cross-sections from the dorsal (hot spot) retina. A considerable disruption of the integrity of the INL is depicted. Structures
like rosettes were formed (pink triangles) (see Figure 7b; INL holes were not present in the ventral retina). (b) Changes in
synaptophysin (SYN) expression after 24 h light exposure were assessed on retinal cross-sections stained with an anti-SYN
antibody. Compared to HC, there was a fainter expression in the dorsal OPL at 7 d (white rectangle) and almost no
expression at 45 d (white arrowhead). (c) Retinal sections immunolabeled with anti-ChAT antibody revealed positive cell
bodies in the IPL and GCL (OFF and ON Chat, respectively) and two narrowly stratified immunoreactive bands appearing
in the IPL that presented interruptions from 30 days on after the light exposure (white arrowheads). (d) ON and OFF
Chat bands were “integrity” normalized to the analyzed section length. Abbreviations: GCL: ganglion cell layer; IPL:
inner plexiform layer; INL: inner nuclear layer; OPL: outer plexiform layer; IPL: inner plexiform layer; ONL: outer nuclear
layer. Scale bar = 50 µm. Statistical significance is represented as follows: #, $, @ p ≤ 0.05, **, ˆˆ, ~~ p ≤ 0.01, +++, @@@

p ≤ 0.001; *, ˆ, #, $, +, @, ~ refer to HC, LD24h0d, LD24h7d, LD24h15d, LD24h30d, LD24h45d, and LD24h90d, respectively;
one-way ANOVA with Tukey’s post hoc test. Data are shown as means ± SEM of N = 5 retinas from different rats for each
experimental condition in panel d.
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Figure 10. Distribution and density of GFAP and bFGF-2 in light-exposed retinas at different recovery times following 24 h
of light damage. (a) Representative photomicrographs illustrating GFAP+ astrocytes in dorsal retinal sections (penumbra,
around the degenerating hot spot) of control retinas and retinas monitored several days after light exposure. Light exposure
triggered an increased expression of GFAP in the radially oriented Müller cells; the protein was visible along the full length
of the Müller cells, from the ILM to the OLM. (b) Representative photomicrographs illustrating bFGF-2+ cells in dorsal retinal
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sections (penumbra) of control and light-exposed retinas were assessed several days after. Light exposure increased the
expression of bFGF-2 released in the ONL by Müller cells; the protein was visible around photoreceptor bodies in the ONL
and Müller cell bodies in the INL. (c) Mean GFAP+ area (retinal area occupied by GFAP+ signal) averaged across the dorsal
and ventral retina. (d) Mean bFGF+ area (ONL area occupied by bFGF+ signal) averaged across the dorsal and ventral retina.
Abbreviations: GCL: ganglion cell layer; INL: inner nuclear layer; ONL: outer nuclear layer; ILM: inner limiting membrane;
OLM: outer limiting membrane. Scale bar = 50 µm. Statistical significance is represented as follows: *, $, + p ≤ 0.05, **,
## p ≤ 0.01; *, #, $, + refer to HC, LD24h7d, LD24h15d, LD24h30d, respectively; one-way ANOVA with Tukey’s post hoc test.
One-way ANOVA with Trend was also used to analyze data in panel (d). Data are shown as means ± SEM of at least N = 5
retinas from different rats for each experimental condition in panel (d).
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Figure 11. Quantification of microglia cells at different recovery times after 24 h of light exposure. (a,b) Representative
photomicrographs illustrating Iba1+ cells in dorsal retinal sections (hot spot) of control and light-damaged retinas after
light exposure. Light damage increased numbers of Iba1+ cells in the ONL by 7 d in the dorsal retina. Abbreviations: GCL:
ganglion cell layer; INL: inner nuclear layer; ONL: outer nuclear layer. Scale bar = 50 µm. (c–f) Total numbers of microglia
in the dorsal and ventral retina in each retinal layer (c,e) and summed across the entire retinal thickness (d,f). Statistical
significance is represented as follows: *, ˆ, #, $ p ≤ 0.05, **, ##, $$ p ≤ 0.01, ***, ˆˆˆ, ### p ≤ 0.001, ****, ˆˆˆˆ, #### p ≤ 0.0001; *, ˆ, #,
$ refer to HC, LD24h0d, LD24h7d, LD24h15d, respectively; one-way ANOVA with Tukey’s post hoc test. Data are shown as
mean ± SEM of at least N = 5 retinas from different rats for each experimental condition.
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4. Discussion and Conclusions

Most neurodegenerative retinal diseases are due to progressive degeneration of rods
or cones. Current treatment strategies and paradigms manage to slow down photoreceptor
loss or replace them using prosthetic devices or stem cells [6–9,11,12]. The therapeutic
efficacy of these approaches depends on the diagnosis of the disease, the timing of which is
usually related to the symptom’s occurrence. At later neurodegenerative stages, however,
therapeutical approaches are less effective. Moreover, early dysfunctions of retinal diseases
might be overcome by compensatory mechanisms of the retina, which could silence patho-
logical signs [54,55]. Therefore, it is paramount to achieve rapid diagnosis and effective,
targeted treatment at the earliest possible stage.

Aiming to understand better the critical steps involved, we exposed adult albino rats to
bright light to induce retinal neurodegeneration and followed the disease’s morphological
and functional progression. It was previously shown that this model mimics some aspects
of human retinal degenerative disorders [56]. Our experiments first goal was to determine
the minimal duration of bright light exposure necessary to induce retinal damage. Likewise,
the second goal was to study the pathophysiological changes of the diseased retina over
time, extending the focus to the inner retina.

4.1. Different Durations of Bright Light Exposure Provided Insights into Early Events in the
Pathology of Light-Induced Retinal Damage

The first aim of our experiments was to characterize retinal pathophysiological pro-
cesses following different durations of light exposure. We revealed that 12 h of homoge-
neous light exposure is sufficient to severely reduce the retinal response to light (assessed
by in vivo analyses). However, this was not associated with critical morphological changes.
Indeed, functional changes precede anatomical ones.

Specifically, the dark-adapted response is more severely impaired than the light-
adapted response, in agreement with the higher survival rate of cones compared to rods,
confirming previous studies about the etiology (rhodopsin-mediated [57,58]) of this light-
induced retinopathy [59]. Interestingly, OP sum amplitude analysis revealed that the
deterioration of OPs correlated better with the duration of light exposure than did the am-
plitudes of the a-wave and b-wave. The OPs are described as low-voltage, high-frequency
components of the ERG [45] and are believed to reflect the synaptic activity of inhibitory
feedback processes generated mainly by the amacrine cells. However, contributions of
other inner retinal cells cannot be excluded [45]. Our findings indicated that 12 h of
bright light exposure did not strongly affect the inner retinal circuitry, as suggested by the
more preserved OP amplitude at LD12h7d (at least at specific stimuli intensities) despite
continuing a-wave and b-wave amplitudes reduction.

Remarkably, by analyzing morphological features, we demonstrated that a minimum
of 15 h is required to trigger the development of a hot spot (matrix disorganization and
rosette structures formation) in the dorsal retina at 7 days after damage [41], which charac-
terizes the model of light damage. Conversely, retinal morphology seemed better preserved
after 12 h of light exposure, given the more subtle changes in photoreceptor rows and
microglia numbers. Aside from the absence of a prominent hot spot in the LD12h7d
group, the functional response (a-wave and b-wave amplitude) was similar to those of
all other groups. Therefore, histological results at the ONL level did not correlate with
those achieved at the functional level. Given this, we examined how different mechanisms
might occur even before ONL disorganization and could influence the functional in vivo
test. One such factor, the cytoskeletal type III intermediate filament protein GFAP of
astrocytes, is considered an early marker for retinal injury and is commonly used as an
index of gliosis-hypertrophy [60,61]. Twelve hours of exposure to light was enough to
activate Müller cells, which are well-known to control several retinal trophic factors [62].
Simultaneously, activation of self-protective mechanisms might impinge on the retinal
response to light, as supported by studies showing that an increase in bFGF-2 causes
a reduction of the b-wave [40,63]. Moreover, it was interesting to notice that while the
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architecture of the ventral retina is affected more moderately than the dorsal retina (the
layered structure of the retina was maintained), the inflammatory markers are upregulated
compared to their baseline values. The upregulation of a range of protective factors might
contribute to photoreceptor stability and protection; however, this does not extend to
retinal performance, as ERG reduction shows.

This study disclosed that 12 h of light damage was sufficient to elicit clear signs of
retinal dysfunction with minor morphological signs of damage in the dorsal hot spot area.
For some parameters, such as photopic ERG, the functional impairment was irrespective
of the exposure duration. Overall, this indicates that functional alterations precede mor-
phological ones. These findings could be used to develop a diagnostic test that highlights
an inflammatory condition in the retina that impinges on retinal functional output, as
demonstrated. Indeed, ERG responses, recorded with an active extracellular electrode,
according to Ohm’s law, might be affected by a change in the resistance. We are currently
investigating whether neuroinflammation can bias the ERG output by changing the resis-
tance of the eye. Consequently, the substantial initial reduction in retinal function is likely
due to both electro-mechanical problems and the neuroinflammatory state that causes a
change in tissue resistances.

4.2. Analyses Performed after Different Recovery Periods Following 24 h of Bright Light Exposure
Showed Discrepancies between the Morphological and Functional Timecourses of the Disease

To achieve our second goal, retinas exposed for 24 h to light at 1000 lux were analyzed
at different time points after the cessation of light exposure (acute phase)—up to 7 months
(chronic phase). This study allowed us to categorize the pathophysiological process at
different stages. The immediate consequence of light exposure was characterized by
a progressive and irreversible loss of photoreceptors and a significant attenuation of
retinal function in response to light. The chronic phase was characterized by a significant
partial recovery, maximal at 45 days, despite the hot spot region gradually enlarging. Our
findings suggest that during this stage, the retina attempted to recover from the light
insult. Functional rescue following a phototoxic insult is a well-known phenomenon in
light-damaged rats [36,64]. It was shown by Rutar et al. [41], as well as others, that once
the animal is returned to standard lighting conditions, regrowth of the outer segment
occurs, although we found a reduction in the total number of cones expressing L/M-opsin
up to 45 days after light exposure. Schremser and Williams [65] showed that growing
outer segments to their maximal length could take 20 days, but our study observed the
maximal ERG amplitude value at 45 days. While the a-wave’s (linked to photoreceptor
function) maximum amplitude recovered to ~34% (LD24h45d a-wave = 159 ± 21 µV and
HC = 466 ± 33 µV, at 10 cd*s/m2) [66], the b-wave’s (second-order neurons and Müller
cells) amplitude recovered to ~45% of its pre-LD value (LD24h45d b-wave = 503 ± 49 µV
and HC = 1098 ± 74 µV, at 10 cd*s/m2). Conversely, OP amplitudes recovered significantly
(~50% at 10 cd*s/m2), indicating a more pronounced rescue of the inner retina at 45 days.

We recorded ERG responses for up to 7 months and observed that retinal function de-
teriorates again after 45 days. As already described, astrocyte retinal response is triggered
after bright light exposure and is followed by an upregulation of neurotrophic factors [67].
We demonstrated that after 24 h of light damage, the retinas of adult rats enhanced the
expression of GFAP. This increase was maintained for up to 7 days in the dorsal side and
up to 30 days in the ventral, and there was a subsequent ventral reduction at 45 days (ONL
structure was more preserved) that became significant at 90 days, suggesting that GFAP
may contribute, along with bFGF-2, to improving retinal function. bFGF-2 expression
increased over time (significant trend) in the dorsal ONL for up to 60 days, but in the
ventral side, its increase started immediately after LD and became prominent at approxi-
mately 15 days. Subsequently, it declined to control levels by 60 days (indeed LD24h60d
significantly different only compared to LD24h15d). This slower downregulation of bFGF-2
in the ventral retina correlated with the increased b-wave amplitude at 45 days, as reported
in Valter et al. [40]. More studies will be necessary to unveil the mechanisms by which
worsening of the retinal function occurred after this time point.
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Thus, the initial decrease in retinal function might have been due to a combination of
OS shortening, the inhibitory effect of bFGF-2, and the change in retinal resistance due to
gliosis. In other words, as the decreases in the quantified GFAP, bFGF-2, and Iba1+ cells
accompanied an increase in OS length, a gradual gain in function occurred. Afterward,
in the last stage (at 210 days), severe photoreceptor degeneration seemed to overcome
retinal functional restoration. Interestingly, the inner retina appeared disarranged at later
stages; synaptophysin expression was reduced, and dendritic arborization of ChAT+ cells
became disorganized. These results suggest that the damage initially triggered by the bright
light exposure was too severe such that the intrinsic protective mechanisms of the retina
were insufficient to stop its deterioration. Interestingly, the evaluation of synaptophysin
expression was discordant with the results obtained in a mouse model by Luis Montalbán-
Soler et al. [64]. This difference could be explained by species-dependent differences or
by different mechanisms activated through various light damaging protocols; it must be
noted that mice (differences exist among strains) do not present a hot spot.

Nonetheless, it is worth noting that most of the retinal disorganization seen in our
model was observed in the dorsal retina for up to 7 months, with a rapid loss of photore-
ceptors followed by substantial disorganization of the inner retina. Instead, the ventral
side showed parallel reductions in the thickness of both the ONL and the inner retina. In
this chronic phase (i.e., months after the cessation of light exposure), the degree of retinal
damage was proportional to the length of the recovery period. The surviving photore-
ceptors were responsible for maintaining the a-wave. Future studies should look more
profoundly at the synaptic and cellular reorganization in the animals inner retina to better
understand the retinal network changes. If the outer retina is affected, the signals sent
to the inner retina would also be influenced, and consequently, the response of second-
order neurons would be impaired. These modifications must lead to substantial changes
in the receptive field properties of retinal ganglion cells that are ultimately reflected in
altered visual performance [26,68]. Are these changes occurring only at a later stage of the
pathology? Are these permanent changes, or can they be restored after the substitution of
defective photoreceptors?

It is clear that the ability to detect these pathologies at an early stage is essential for
any attempt at restoring retinal function, reducing the impairment of the inner retina, or
increasing the chance of successful response to future therapies. Additionally, our data
may provide valuable information for developing retinal prosthetics more efficiently and
improving their integration with the patient’s retina. Furthermore, it will be fundamental
to adopt a more realistic approach that considers the degeneration in the outer retina and
the rewiring of the remaining circuit.
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Abstract: Retinal degeneration is a leading cause of blindness. The unfolded protein response (UPR)
is an endoplasmic reticulum (ER) stress response that affects cell survival and death and GRP78
forms a representative protective response. We aimed to determine the exact localization of GRP78 in
an animal model of light-induced retinal degeneration. Dark-adapted mice were exposed to blue
light-emitting diodes and retinas were obtained at 24 h and 72 h after exposure. In the normal retina,
we found that GRP78 was rarely detected in the photoreceptor cells while it was expressed in the
perinuclear space of the cell bodies in the inner nuclear and ganglion cell layers. After injury, the
expression of GRP78 in the outer nuclear and inner plexiform layers increased in a time-dependent
manner. However, an increased GRP78 expression was not observed in damaged photoreceptor cells
in the outer nuclear layer. GRP78 was located in the perinuclear space and ER lumen of glial cells and
the ER developed in glial cells during retinal degeneration. These findings suggest that GRP78 and
the ER response are important for glial cell activation in the retina during photoreceptor degeneration.

Keywords: retinal degeneration; endoplasmic reticulum; stress response; unfolded protein response;
GRP78; retinal glial cell

1. Introduction

Retinal degeneration (RD) is a leading cause of blindness and is characterized by the
irreversible and progressive loss of photoreceptor cells. Age-related macular degeneration
(AMD) is the most common RD with a multifactorial cause of progression. Various factors
including a genetic contribution, light-induced stress, oxidative stress and inflammation
affect photoreceptor cell death during AMD [1–3]. For the treatment of wet AMD, anti-
vascular endothelial growth factor (VEGF) therapy is a unique, effective treatment option.
However, long-term intravitreal injections of an anti-VEGF agent is needed, which can
cause complications including ocular hypertension, inflammation, retinal detachment
and hemorrhage [4,5]. Moreover, a therapeutic strategy for dry AMD has not yet been
established [6]. Thus, studies on the pathogenesis of RD including AMD are needed.

The endoplasmic reticulum (ER) stress response is an important intracellular mech-
anism of neuronal cell death [7,8]. Stress conditions in the ER can trigger the unfolded
protein response (UPR), which increases the number of endoplasmic chaperones to clear
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the accumulated unfolded proteins and to maintain homeostasis [7,9]. However, when
ER stress exceeds the UPR, ER stress undergoes a cell death pathway via the activation of
the C/EBP homologous protein (CHOP) [10]. There is increasing evidence that ER stress
and ER responses are involved in the pathogenesis of AMD and its progression [11,12].
Previous animal studies revealed that ER stress markers were increased in the retina during
photoreceptor degeneration [13,14]. In addition, a drug-induced ER stress model could
promote photoreceptor loss in mice [15]. However, there is a contrary report that ER
stress could protect photoreceptors in Drosophila [16]. Thus, the relationship between
photoreceptor cell death and the ER stress of photoreceptors remains unclear.

Immunoglobulin heavy chain-binding protein (BiP), also known as 78-kDa glucose-
regulated protein (GRP78), is a representative ER stress marker that belongs to the ER
chaperone. GRP78 regulates protein folding to prevent the accumulation of misfolded
proteins and maintains ER homeostasis and cell protection [17,18]. Previous studies have
shown increased GRP78 expression in RD models induced by light injury [13,19] and retinal
detachment [13,19] and in inner retinal degeneration induced by N-methyl-D-aspartate
(NMDA) toxicity [20,21], suggesting the involvement of GRP78 in the pathogenesis of
various types of retinal degeneration. However, its localization in the normal retina
remains unclear. A few investigators have reported that GRP78 is expressed in the inner
nuclear layer (INL) and ganglion cell layer (GCL) in the normal retina [20,21] while others
have not detected GRP78 expression in cells in the outer nuclear layer (ONL), INL and GCL
in a normal retina [19]. Therefore, detailed information on GRP78 expression at cellular
and subcellular levels in normal and RD retinas needs to be elucidated to understand the
role of ER stress in the pathogenesis of RD.

We aimed to determine the cellular and subcellular localization of GRP78 in normal
retinas and to examine the changes in the GRP78 expression profile in RD induced by light-
emitting diodes (LED) using immunohistochemistry and an advanced immuno-electron
microscopic technique, correlative light and electron microscopy (CLEM).

2. Materials and Methods
2.1. Animals

A total of 30 male BALB/c mice at seven weeks of age were used in this study. The
mice were kept in a climate-controlled condition with a 12 h light and dark cycle and
divided into three groups: normal, 24 h and 72 h after LED exposure (n = 10 for each group).
All procedures followed the regulations established by the Institutional Animal Care and
Use Committee of the School of Medicine, The Catholic University of Korea (Approval
number: CUMS-2017-0241-03), which acquired AAALAC International full accreditation
in 2018.

2.2. Exposure to a Blue LED

The blue LED-induced RD model was described in detail in our previous studies [22–24].
Mice were kept in a dark room for 24 h before LED exposure and their pupils were dilated
with Mydrin P (Santen Pharmaceutical Co., Osaka, Japan) under dim red-light conditions
30 min before LED exposure. Afterwards, mice were exposed to a 2000-lux blue LED for
2 h. After LED exposure, the mice were kept in a dark room for 1 h and then the mice were
moved to a climate-controlled condition with a 12 h light and dark cycle.

2.3. Tissue Preparation

At 24 h and 72 h after LED exposure, the mice were anesthetized by an intraperitoneal
injection of zolazepam (20 mg/kg) and xylazine (7.5 mg/kg) for tissue preparation. The
anterior portion of the eye was dissected and eye cups were fixed in 4% paraformaldehyde
for 2 h. After fixation, the eye cups were washed with a phosphate buffer (PB, 0.1 M) and
then transferred to 30% sucrose in PB 0.1 M for one night. The tissues were embedded in
an OCT compound to prepare the frozen tissue. Sections of the eye cups at the center of
the retina of 8 µm thickness were obtained.
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2.4. Terminal Deoxynucleotidyl Transferase dUTP Nick End Labeling (TUNEL) Assay

After washing, the retinal sections were incubated in a permeabilization solution
containing 0.1% Triton X-100 and 0.1% sodium citrate in 0.01 M phosphate buffered saline
(PBS) for 2 min. The TUNEL reaction mixture from the in situ cell death detection kit
(Roche, Basel, Switzerland) was used to treat the permeabilized tissue sections for 1 h at
37 ◦C in a humidified atmosphere in the dark. After the end of the TUNEL reaction, the
sections were counterstained with DAPI for 5 min.

2.5. Immunohistochemistry

We used 0.01 M PBS in every procedure. After washing with 0.01 M PBS, the reti-
nal sections were blocked in 10% normal donkey serum for 1 h with 0.1% Triton X-100.
Subsequently, they were incubated with primary antibodies for 18 h at 4 ◦C. The sections
were washed in PBS and incubated with a secondary antibody for 2 h at room tempera-
ture. Cell nuclei were counterstained with DAPI for 5 min. Anti-GRP78 (1:1000; Abcam,
Cambridge, UK), anti-ionized calcium binding adaptor molecule 1 (IBA1) (1:500; Wako
Chemical, Osaka, Japan), anti-glutamine synthase (GS) (1:1000; Chemicon, Temecula, CA,
USA), anti-glial fibrillary acidic protein (GFAP; 1:1000; Chemicon) and Cy3 (1:1500; Jackson
Immunoresearch, West Grove, PA, USA) or Alexa 488-conjugated antibodies (1:1000; Molec-
ular Probes, Eugene, OR, USA) were used as secondary antibodies. Images were obtained
using a Zeiss LSM 800 confocal microscope (Carl Zeiss Co. Ltd., Oberkochen, Germany).

2.6. Immuno-Electron Microscopy (EM) and CLEM

For immuno-EM and CLEM, we followed the protocol described by Jin et al. [25] with
modifications. The retinas were dissected from the eye cup and fixed with 4% PFA for
2 h. Fixed retinas were washed with 0.1 M PB and cryoprotected with 2.3 M sucrose in
0.1 M PB for 24 h. Retinas with 2.3 M sucrose were frozen in liquid nitrogen. Semi-thin
cryosections (2 µm) of the frozen retina were obtained at −100 ◦C using a Leica EM UC7
ultramicrotome equipped with an FC7 cryochamber (Leica). For immunohistochemistry,
sections were incubated with 10% normal donkey serum for 1 h without Triton X-100
at room temperature and then double-labeled with GRP78 and GS overnight at 4 ◦C. To
detect GRP78 in the EM, FluoroNanogold-conjugated Alexa 488 goat anti-rabbit (1:100;
Nanoprobes, Yaphank, NY, USA) was used as a secondary antibody for 2 h at room
temperature. The sections were counterstained with DAPI for 3 min and confocal images
were obtained. After confocal microscopy, the sections were washed with 0.1 M PB and
post-fixed with 2.5% glutaraldehyde and 1% osmium tetroxide for 30 min. Following
post-fixation, silver enhancement was performed using an HQ silver enhancement kit
(Nanoprobes) and then sections were dehydrated in graded alcohols. After the completion
of all procedures, the tissues were embedded in Epon 812. Interested areas were selected
in the confocal image and selected areas were cut into ultrathin sections (80–90 nm) and
observed under an electron microscope (JEM 1010, Tokyo, Japan).

2.7. Image Analysis

Confocal images were analyzed using ZEN 2.3 software (Carl Zeiss). The immuno-
histochemistry intensity was measured by a histogram function and co-localization ratio
automatically calculated by ZEN’s co-localization function.

2.8. Statistical Analysis

Quantified intensity values were statistically analyzed using Prism 8.0 software
(GraphPad, San Diego, CA, USA). A one-way ANOVA was used to determine statistical
significance with a p-value < 0.05.
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3. Results
3.1. GRP78 Expression in a Normal Retina

First, we determined the GRP78 expression pattern and its localization in the normal
retina at cellular and subcellular levels using immunohistochemistry and immuno-EM
methods. In the normal retina, a strong immunoreactivity of GRP78 was observed in cell
bodies in the INL and GCL and in the inner and outer segments (IS/OS) of photoreceptors
and the outer plexiform layer (OPL) while weak punctate labeling was observed in the ONL
and inner plexiform layer (IPL) (Figure 1A). To examine its localization at the subcellular
level, we performed immuno-EM using a 1.4 nm gold-conjugated secondary antibody. In
the ONL, gold particles were rarely detected in the cell bodies of the photoreceptor while
they were mainly localized in thin cytoplasmic components within the intercellular spaces
(Figure 1B), which might be the process of Müller glial cells, which are the main glial cells
in the retina. In the INL and GCL, gold particles were distributed through the nuclear
membrane (Figure 1C,D) and membranous structures near the nucleus (Figure 1D), which
might be the ER.

3.2. Changes in GRP78 Expression in Blue LED-Induced RD

We subsequently examined the GRP78 expression in RD retinas at 24 h and 72 h
after blue LED exposure (Figure 2) when photoreceptor degeneration started and peaked,
respectively [22–24]. GRP78 immunoreactivity was increased in the ONL and IPL after
LED exposure in a time-dependent manner (yellow rectangles in Figure 2B,F,J). In the
RD retina 72 h after blue LED exposure, many GRP78-labeled lumps were observed in
the ONL (yellow circles in Figure 2J). Considering that GRP78 is mainly localized in
a cellular component of the intercellular spaces between photoreceptors in the normal
retina (Figure 1B), which might be Müller cell processes, its cellular identity appeared to
be Müller cells not photoreceptors. To confirm this point, we performed a double-label
immunofluorescence experiment with anti-GRP78 and anti-GS, a representative Müller
cell marker. In the normal retina, GS immunoreactivity was found in Müller cells whose
bodies were situated in the middle of the INL and processes in the ONL, OPL, IPL and
GCL from cell bodies to the outer and inner limiting membranes with a variety of lines
in size (Figure 2C). In the RD retinas, GS immunoreactivity was remarkably increased in
the ONL and thus it appeared as circles and outwardly extending thick irregular lines
(Figure 2G,K,M), which suggested that Müller cell processes became hypertrophied and
occupied the ONL where photoreceptors degenerated. In merged images (Figure 2D,H,L),
the co-localization of GRP78 with GS in the ONL and INL was observed in approximately
23% and 41% of the normal retina, respectively, and significantly increased to 42% and 66%,
respectively, in RD at 72 h after blue LED exposure (p < 0.05, n = 7 in Figure 2M,N).

However, GRP78-labeled lumps in the ONL in RD at 72 h after blue LED exposure did
not show GS immunoreactivity (Figure 2L, yellow circles) suggesting that they belonged to
different cellular profiles. As microglial cells occurred in similar locations in this RD model
with the same morphology [22–24], we tested whether GRP78 was expressed in microglial
cells in RD retinas by double-labeling with anti-GRP78 and anti-IBA1, a microglial cell
marker. In the normal retina, IBA1-labeled microglial cells were mainly observed in the
IPL and OPL (red in Figure 3A). However, in RD induced by blue LED exposure, IBA1-
labeled microglial cells were mainly found in the ONL and inner and outer segment
layers of the photoreceptors (red in Figure 3B,C). These microglial cells showed weak
GRP78 immunoreactivity in their cell bodies and processes in normal retinas (Figure 3A)
while it was increased in activated microglial cells, which migrated into the ONL where
photoreceptors degenerated followed by the time course of RD (Figure 3B–C). In addition,
GRP78-labeled lumps in the ONL observed in RD at 72 h after blue LED exposure were co-
labeled with IBA1 (Figure 3C). These results indicated that resting and activated microglial
cells expressed GRP78 in the normal and RD retinas and GRP78 expression was increased
as microglial cells were activated in RD.
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Figure 1. GRP78 expression in normal retinas: (A) Representative normal retina labeled with DAPI
(blue) and GRP78 (green). GRP78 was mainly labeled in the rod and cone layers and the cell bodies
of the INL and GCL. In the ONL, the photoreceptor cell bodies were weakly surrounded by GRP78.
(B–D) Representative EM images of the normal retina with immuno-gold-labeled GRP78. (B) Normal
photoreceptor cells in ONL. Immuno-gold labeled-GRP78 was detected in the interspace of the
photoreceptor cell bodies but not in the photoreceptor cells. (C) Cell bodies in INL. Immuno-gold-
labeled GRP78 was detected in the perinuclear spaces of INL cells. (D) Representative EM images of
GCL. Immuno-gold-labeled GRP78 was detected in the perinuclear spaces and ER lumen of the GC.
INL, inner nuclear layer; GCL, ganglion cell layer; ONL, outer nuclear layer; EM, electron microscopy;
ER, endoplasmic reticulum; GC, ganglion cell.
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Figure 2. GRP78 expression in Müller glial cells in blue LED-induced RD retinas. (A,E,I) DAPI (blue) stained retina
sections of the normal (A), 24 h (E) and 72 h (I) retinas after blue LED exposure. ONL thickness prominently decreased at
72 h. (B,F,J) GRP78 (green)-labeled sections of normal (B), 24 h (F) and 72 h (J) retinas after blue LED exposure. GRP78
was increased in the ONL and IPL in a time-dependent manner after LED exposure (yellow rectangles) and labeled in
giant cells in the ONL (yellow circles). (C,G,K) GS (red)-labeled retina sections of the normal (C), 24 h (G) and 72 h
(K) retinas after blue LED exposure. GS-labeled Müller cell processes enlarged and encircled photoreceptor cells in the
ONL after injury. (D,H,L) Merged results of GRP78 and GS. GRP78 was increased in the Müller cell processes from IPL to
ONL in a time-dependent manner while GRP78-labeled giant cells in the OPL showed no GS immunoreactivity (yellow
circles). (M,N) Co-localization ratio of the GRP78/GS in the ONL (M) and IPL (N). In both the ONL and INL, the GRP78
co-localization ratio in GS-labeled Müller glial cells was significantly increased at 72 h after LED exposure (n = 7, p < 0.05
(*), ANOVA).
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Figure 3. GRP78 expression in microglial cells in blue LED-induced RD retinas. (A) A representative confocal image
of the normal retina labeled by DAPI (blue), GRP78 (green) and IBA1 (red). IBA1-labeled microglial cells were weakly
labeled by GRP78 in the normal retina. (B). After 24 h of light exposure, microglial cells were detected in the ONL with an
enlarged shape and increased GRP78 compared with the normal retina. (C) After 72 h of light exposure, microglial cells
were markedly increased in the ONL and GRP78 was prominently increased in microglial cells compared with those after
24 h.

3.3. Subcellular Localization of GRP78 in Glial Cells of the Retina

GRP78 is known to localize various subcellular components including the cell mem-
brane, nuclear membrane and cytosol [26] according to cell type. To elucidate the functional
role of GRP78 in two retinal glial cells, Müller cells and microglia, we employed CLEM,
an advanced EM technique combined with immunohistochemistry to determine the sub-
cellular localization (Figure 4). As it is difficult to delineate the Müller cell processes in
the INL and IPL without markers, we performed double-labeling with an anti-GS/Cy3-
conjugated secondary antibody and an anti-GRP78/Alexa488-FluoroNanogold-conjugated
secondary antibody in semi-thin cryosections of the RD retina. Under confocal microscopy,
GS/Cy3-labeled Müller cell processes that were apparently co-labeled with GRP78/Alexa
488-FluoroNanogold were identified and selected for EM observation.
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Figure 4. Subcellular GRP78 localization in the injured retina 72 h after light exposure. Semi-thin
sections of the retina stained by GRP78 (green, gold), GS (red) and DAPI (blue). (A) Microglia and
migrated Müller glia in the ONL. Microglia (red asterisk) were more strongly labeled by GRP78
than Müller glia without GS while Müller glia (orange asterisk) were labeled by both GRP78 and
GS. (B) EM images of microglia (red asterisk) and migrated Müller glia (orange asterisk) in the same
region as (A). (C) Immuno-gold-labeled GRP78 was detected in the perinuclear space (orange arrow)
and lumen of the ER structure (red arrows) of the microglia. (D) Immuno-gold-labeled GRP78 was
detected in the perinuclear space of the Müller glial cell (orange arrows). (E) Confocal images in the
INL of an injured retina with Müller glia processes. (F) EM images matched with the yellow box
in (E). Processes of the Müller glia in the INL labeled by GRP78. (G) A higher magnification of the
Müller glia process in (F). Membranous structures containing immuno-gold-labeled GRP78 located
in Müller glia processes.
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In the confocal (Figure 4A) and its correlated EM (Figure 4B) images taken from the
ONL in a RD retina, two types of retinal glial cells were identified. One type was GRP78
single-labeled microglial cells without GS immunoreactivity (red asterisk in Figure 4A),
which showed typical microglial cell morphology characterized by irregular nuclei with
a characteristic peripheral heterochromatin and heterochromatin net (red asterisk in
Figure 4B). The other was GRP78/GS double-labeled Müller glial cells (orange asterisk in
Figure 4A), which had irregular nuclei in shape that were apparently distinguished from
neighboring photoreceptors and microglial cells (orange asterisk in Figure 4B). In higher
magnification EM views of the microglial cells (Figure 4C) and Müller cells (Figure 4D) in
Figure 4B, the immuno-gold particles of GRP78 were localized to the nuclear membrane,
membranous structures in the perinuclear region (orange arrows) and ER (red arrows) in
the perinuclear region.

In the INL, GRP78/GS double-labeled Müller cell processes were frequently observed
by confocal microscopy (Figure 4E). In correlative EM (Figure 4F,G), the immuno-gold
particles of GRP78 were found in an elongated membranous structure suggesting that
GRP78 was expressed in newly formed ER in hypertrophied Müller glial cells in the
RD retina.

4. Discussion

We determined the cellular and subcellular localization of GRP78 in normal and blue
LED-induced RD retinas. GRP78 is expressed in various types of retinal neurons and
glial cells. In RD, GRP78 was not increased in the damaged photoreceptors, resulting in
photoreceptor apoptosis while it was increased in Müller and microglial cells together with
the development of a new ER.

UPR related to ER stress is expected to be a promising target for the treatment of
various degenerative diseases because it is involved in cell survival and death and thus
controls cell fate [27–29]. Among all UPR products, GRP78 belongs to the heat shock
protein 70 family (HSP70), which deals with damaged or misfolded proteins to protect
cells [17,18]. In previous studies [13,19–21], the protective role of GRP78 in response to
various retinal injuries was proposed. For instance, that role against ganglion cell injury
has been relatively well described [21] while GRP78′s role in photoreceptor degeneration
remains unclear. Moreover, it is not clear whether photoreceptors in the normal retina
express GRP78. Previous studies have shown GRP78 expression in the normal 661 W cell
line, which was derived from mouse cone cells [13] while other studies have shown that
GRP78 is rarely expressed in the ONL in the retinas [19] of normal and P23H rats [30] and
ER stress-activated indicator (ERAI) transgenic mice [20]. We therefore wanted to describe
the exact cellular and subcellular localization of GRP78 in photoreceptors.

In this study, we confirmed GRP78 expression in photoreceptors in the normal retina,
albeit at low levels. At the subcellular level, it was localized to membranous structures. This
expression and localization pattern was observed in RD photoreceptors but did not change
(Figure 1 and Supplementary Figure S1). These results appeared to be inconsistent with
previous studies showing that GRP78 expression was increased in the photoreceptor cells in
RD suggesting a protective role in RD by the inhibition of photoreceptor apoptosis [13,19].
First, this discrepancy might be caused by in vitro RD conditions [13,19] in which only
a 661 W cell, a transformed cell line derived from the cone cell, exists and it cannot
interact with the retinal pigment epithelium and/or rod and/or Müller glial cells. In
addition, the finding of increased GRP78 in the ONL being due to photoreceptors might
be falsely attributed [13,19]. Actually, increased GRP78 expression occurred in Müller
cell processes that occupied a narrow interphotoreceptor space (Figures 2 and 4), not
in the photoreceptors in RD (Supplementary Figure S1) as demonstrated in this study.
These findings suggested that GRP78 was not directly involved in photoreceptor cell death.
Instead of GRP78, apoptotic UPR pathways might be activated during photoreceptor
apoptosis in RD. CHOP may be a strong candidate for cell death and is already known to
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be expressed in photoreceptors and plays an essential role in photoreceptor apoptosis via
ER stress in RD [31,32].

Glial cells play an important role in various types of brain injury. In particular, two
glial cells, microglia and astrocytes, are involved in neuroinflammation. Each type is
divided into two subpopulations (M1/M2 and A1/A2) depending on its function and
with an opposing role: pro-inflammatory vs. anti-inflammatory [33,34], which eventually
results in neurodegeneration or neuroprotection. In neuroinflammation related to various
brain pathologies, ER stress contributes to determining the phenotypes of microglia [35,36]
and astrocytes [37,38]. It has been reported that GRP78 induces phagocytic function and
cytokine production in microglial cells [39] and activates astrocytes to promote neuroprotec-
tive cytokines [40]. Moreover, it protects astrocytes themselves under stress conditions [41].

In this study, we demonstrated that GRP78 expression was increased in two types of
retinal glial cells, Müller cells and microglial cells, in a blue LED-induced RD model. These
results were consistent with the increase in GRP78 expression in glial cells in response to
several types of brain and spinal cord injuries [25,42–44]. Müller cells are the main glial
cells in the retina, corresponding to astrocytes in the brain and spinal cord. As GRP78
could activate astrocytes to promote neuroprotective cytokines [40], increased GRP78 in
Müller cells might have had a neuroprotective role in this RD model. Moreover, Müller
cells are responsible for retinal metabolism through the UPR as demonstrated in diabetic
retinopathy [45–48]. Considering that GRP78 belongs to the HSP70 family that deals
with damaged or misfolded proteins to protect cells [17,18], GRP78 in Müller cells may
be involved in retinal protection as a key component of UPR. In addition, a prominent
GRP78 increase in the microglia occurred 72 h after blue LED exposure when microglial
activation peaked [22,23]. This suggested that GRP78 was closely associated with microglia
activation, which might phagocytose and clear degenerating photoreceptors [39]. However,
the exact role of GRP78 and its mechanism of action in retinal glial cells should be further
investigated in a study on GRP78 in Müller cells or microglia conditional knockout animals.

GRP78 is an ER chaperone and thus was used as a representative ER stress marker.
At the subcellular level, it was localized to membranous structures including the nuclear
membrane and putative ER in retinal neurons and glial cells (Figures 1 and 4, Supplemen-
tary Figure S1). In particular, activated Müller cell processes in blue LED-induced RD
retinas showed an increased GRP78 expression with ER development (Figure 4). We con-
firmed this by double-labeling immunofluorescence with anti-GFAP, an activated Müller
cell marker [49,50], and anti-calreticulin, a representative ER marker [51,52]. The expres-
sion of calreticulin became evident in GFAP-labeled Müller cell processes in the IPL and
INL (Supplementary Figure S2). Based on the fact that Müller cells are responsible for
metabolic modulation in the degenerative retina [45] and that it engulfs and clears the
damaged photoreceptor [53,54], increased GRP78 within newly developed ER in Müller
cells might therefore be essential to resolve the overloaded metabolic needs by preventing
the accumulation of misfolded proteins. In addition, activated microglial cells showed
higher GRP78 levels than inactivated ones (Figure 3) and calreticulin-immunoreactive
lumps similar to GRP78-immunoreactive lumps in activated microglial cells in the ONL in
RD retina were found at the same time and location (Supplementary Figure S2) suggesting
the development of a new ER. This might be reasonable because microglia could be in an
overloaded condition to produce the cytokines and phagocyte the damaged photoreceptors
in RD.

Finally, we want to refer to GRP78 at the mitochondria and mitochondria-associated
ER membrane. Recently, growing evidence has pointed towards GRP78 playing an impor-
tant function in the mitochondria in association with co-chaperones known to be involved
in calcium-mediated signaling between the ER and mitochondria, important for bioenerget-
ics and cell survival [55]. As previous reports detected GRP78 in the mitochondria [56,57]
and mitochondria-associated ER membrane [58], we tried to detect mitochondrial GRP78 lo-
calization in photoreceptors and glial cells by EM. However, immuno-gold-labeled GRP78
was rarely detected in the mitochondria either in photoreceptors or glial cells. There was
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also no distinguishable ER region of a strong GRP78 expression close to the mitochon-
dria (data not shown). Nevertheless, this issue needs to be further investigated in the
near future.

5. Conclusions

In summary, we determined the cellular and subcellular localization of GRP78 in
normal and blue LED-induced RD retinas. GRP78 was expressed in various types of retinal
neurons and glial cells. In RD, GRP78 was not increased in the damaged photoreceptors,
resulting in photoreceptor apoptosis while it was increased in Müller and microglial cells
together with the development of a new ER. These results suggested that increased GRP78
played a role in glial cell activation and neuroprotective function by modulating the UPR
under stress conditions. Further studies to reveal the relationship between GRP78 and ER
stress and glial cell responses in RD and its mechanism are needed, considering that the
findings in this study were limited to the histology.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/cells10050995/s1, Figure S1: Subcellular localization of the GRP78 in the ONL of the normal
retina and blue LED-induced RD retina. Figure S2: Expression of the calreticulin and GFAP in a blue
LED-induced RD retina.
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Abstract: Retinal pigment epithelium (RPE) replacement therapy is evolving as a feasible approach to
treat age-related macular degeneration (AMD). In many preclinical studies, RPE cells are transplanted
as a cell suspension into immunosuppressed animal eyes and transplant effects have been monitored
only short-term. We investigated the long-term effects of human Induced pluripotent stem-cell-
derived RPE (iPSC-RPE) transplants in an immunodeficient Royal College of Surgeons (RCS) rat
model, in which RPE dysfunction led to photoreceptor degeneration. iPSC-RPE cultured as a
polarized monolayer on a nanoengineered ultrathin parylene C scaffold was transplanted into the
subretinal space of 28-day-old immunodeficient RCS rat pups and evaluated after 1, 4, and 11 months.
Assessment at early time points showed good iPSC-RPE survival. The transplants remained as a
monolayer, expressed RPE-specific markers, performed phagocytic function, and contributed to
vision preservation. At 11-months post-implantation, RPE survival was observed in only 50% of
the eyes that were concomitant with vision preservation. Loss of RPE monolayer characteristics
at the 11-month time point was associated with peri-membrane fibrosis, immune reaction through
the activation of macrophages (CD 68 expression), and the transition of cell fate (expression of
mesenchymal markers). The overall study outcome supports the therapeutic potential of RPE grafts
despite the loss of some transplant benefits during long-term observations.

Keywords: iPSC-RPE; retinal pigment epithelium; immunodeficient RCS rat; ultrathin parylene;
retinal degeneration; retinal transplantation

1. Introduction

Age-related macular degeneration (AMD), one of the most common causes of blind-
ness in the developed world, is a degenerative disease of the retina often leading to
progressive vision loss. Geographic atrophy, the advanced form of AMD, is characterized
by dysfunction of retinal pigmented epithelium cells (RPEs) followed by degeneration of
overlying photoreceptors leading to the loss of central vision. At present, no proven clinical
treatments exist for the preservation or replacement of vulnerable RPE cells; however,
RPE cell transplantation is perhaps the most obvious therapeutic option and has garnered
significant interest. In the early stages of AMD, although the RPE cells are dysfunctional,
surviving photoreceptors and the inner retina that transmit visual signals to the brain
remain functional, rendering a realistic possibility that replacing the degenerating RPE
with functional young RPE will restore vision.
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Potential sources of healthy RPEs are pluripotent cells derived from embryonic [1–4] or
adult cell sources [5–9], which are differentiated into RPE cells by employing spontaneous
or directed differentiation methods. Early-phase clinical trials by various research groups
used embryonic stem-cell-derived RPE (ESC-RPE) for cell replacement, which has already
shown early signals of safety and potential efficacy [10–14]. Our team has demonstrated
that human embryonic stem-cell-derived RPE (hESC-RPE) grown as a polarized monolayer
on ultrathin parylene substrates can remain functional after transplantation in athymic
nude rats [15] and in Royal College of Surgeons (RCS) rats [16,17], a model for RPE
dysfunction. The product, termed the California Project to Cure Blindness-RPE (CPCB-
RPE1), is being assessed in an FDA-approved phase1/2a clinical trial (NCT 02590692) for
advanced dry AMD and exhibits promising outcomes for improving visual activity [12].

The autologous induced pluripotent stem-cell-derived RPE (iPSC-RPE) transplan-
tation is considered more advantageous as the chance of graft rejection issues can be
minimized. Recent research focuses on the generation of iPSC lines from adult cell sources,
such as skin fibroblasts or peripheral blood mononuclear cells [5–9]. The four-year report of
iPSC-RPE sheet transplant surgery for CNV (choroidal neovascularization—the wet form
of AMD) in one patient has been published recently [18]. Another major step forward is the
allogeneic transplantation of off-the-shelf available iPSC-RPE. Due to concerns regarding
possible oncogenic mutations in cell preparation, the attention is now focused on person-
alized screening for mutations and the development of autologous iPSC-RPE therapies
including HLA matching [19,20]. A study by Sugita et al. [19] aimed at examining the
safety of six-loci HLA-matched allogeneic iPSC-RPE transplantation under local steroids.
RPE cells grafted as a suspension into the patient’s subretinal space survived in all five
cases for more than one year [19]. These observations suggest that it is possible to manage
the survival of iPSC-RPE, under immunosuppression. However, regenerative medicine
is still in its infancy and the cells may behave differently in each individual. In the first
iPSC-RPE transplantation clinical study [14,21], three aberrations in the deoxyribonucleic
acid (DNA) copy number (deletions) were observed in the cell preparation of the second
patient, which caused the study to end due to possible adverse effects.

Existing evidence indicates that the delivery of cells as a suspension may not con-
sistently develop into a monolayer of RPE and that their long-term survival rate will be
low compared to RPE cells transplanted as a monolayer [15]. In many preclinical studies
for geographic atrophy, the iPSC-RPEs were delivered into the subretinal space as a bolus
injection [22–25] and the animals were monitored for survival under immunosuppression
for only a short period. In other studies, iPSC-RPEs transplanted as a monolayer and
maintained under immunosuppression regimes were followed for up to 5 months [9,18].
Published data suggest that a confluent polarized monolayer of iPSC-RPEs transplanted
as a patch rather than as a cell suspension can perform several basic functions of RPEs
including phagocytosis of photoreceptor outer segments, the renewal of visual pigment,
and the transport of metabolites [9,14]

Although transplantation of iPSC-RPE cells to replace the diseased RPE has been
tested by several groups through preclinical studies and there are preliminary reports
of ongoing preclinical studies, no major attempt has been made to perform an in-depth
analysis of the long-term viability and fate of the transplanted RPE. Based on previous
reports from our group [17], the progressive deterioration of visual function after the
transplantation of ESC- RPE was evident during long-term observations. Monitoring cell
survival and assessing the long-term functional benefits of transplants are significant since
the transplanted cells are exposed to a progressively degenerating environment and there
may be immunological factors that can cause adverse effects.

In preclinical studies of RPE transplantation, one of the major factors that influ-
ence the long-term benefits is the immune reaction and associated xenograft rejection.
Sharma et al. [9] showed 70% survival of subretinally transplanted human iPSC-RPE
(hiPSC-RPE) cells up to 2.5 months post-implantation in immunosuppressed rodents.
In the above study, systemic and resident innate immune responses in animal models
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were suppressed by using prednisone, doxycycline, and minocycline whereas the adaptive
immune responses were suppressed using tacrolimus and sirolimus [9]. Del Priore et al.,
in 2003 [26], demonstrated ‘triple systemic’ therapy with anti-inflammatory antibiotics to
increase the survival of grafted RPE at four weeks post-implantation. However, based
on a previous report, immunosuppressants can alter the visual function in RCS rats with
depressed scores on behavioral and electrophysiological testing [27]. Hence, to minimize
the complications associated with immunosuppressants, we used a newly developed im-
munodeficient RCS rat model characterized by an absence of T cells and a lack of natural
cell-mediated cytotoxicity [28]. The iPSC-RPE cells grown as a polarized monolayer on ul-
trathin perylene substrates were transplanted into the subretinal space of immunodeficient
RCS rats. The transplant effects were assessed at various post-implantation time points (1
to 11 months after transplantation).

2. Materials and Methods
2.1. Human Pluripotent Stem Cells Generated from iPSCs

iPSC-RPE (frozen, passage 2 cells) generated from iPSCs, reprogrammed from healthy
adult fibroblasts, was obtained from Dr. Kapil Bharti, Unit on Ocular and Stem Cell Trans-
lational Research, National Eye Institute, NIH, Bethesda, USA [29]. Briefly, hiPSC were
seeded at 20,000 cells per cm2 on Matrigel and grown in mTeSR1 in a 10% CO2/5% O2
incubator for 5 days. Afterward, they were transferred to a 5% CO2/20% O2 incubator and
cultured for 5 additional days. At this point, the culture medium was switched to a differen-
tiation medium (DM) [29]. After 10–15 days, cells were maintained in DM for 3 more weeks
and then switched to an RPE maintenance medium (RPEM) [29]. Differentiated cells were
dissociated in Accumax (Sigma, Saint Louis, MO, USA), plated at 250–300,000 cells per cm2,
and grown in RPEM. The passage 3 cells were used for transplantation experiments. These
cells are extensively characterized for clinical applications in Dr. Bharti’s lab [9,30,31].

2.2. Preparation of Polarized hESC-RPE Implant on Parylene Membranes

Ultrathin parylene membranes (0.3 µm thickness supported on a 6.0 µm-thick mesh
frame) made from parylene C were specially designed for implantation on rat retinas
(1.0 × 0.4 mm) [15,17] and used successfully for culturing iPSC-RPEs. These ultrathin
membranes were coated with Matrigel (AMS Biotechnology, Frankfurt, Germany) and
seeded with iPSC-RPE based on our previously established protocol [17]. The cells were
grown to confluence for approximately 4 weeks before implantation. The final density of
each implant was kept as approximately 2700 cells/membrane [15].

2.3. Immunostaining of iPSC-RPE on Parylene Membrane

iPSC-RPE cells grown on Matrigel-coated parylene were stained for RPE specific
markers zonula occludens protein 1 (ZO-1), and RPE65, based on established protocols [17].
Stained cells were mounted with an anti-fading mounting medium (Invitrogen) and images
were captured by confocal microscopy (FV1000 Confocal Microscope, Olympus, Centre
Valley, PA, USA).

2.4. Animals

The Royal College of Surgeons (RCS) rat is an established model of retinal degenera-
tion, which has been mainly used for studying photoreceptor rescue with treatment at the
age of 3–4 weeks. These rats develop a fully functional visual system, which degenerates
secondarily due to their dysfunctional RPE (MertK mutation), resulting in the loss of
most photoreceptors at the age of 3 months. Immunodeficient RCS rats were produced
from a cross between female homozygous RCS (RCS-p+/RCS-p+) and male athymic nude
rats (Hsd: RH-Foxn1mu, a mutation in the foxn1 gene; no T cells) as described previ-
ously [28]. All rats were maintained in an aseptic and temperature-controlled environment.
All animals were included in accordance with the Association for Research in Vision and
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Ophthalmology (ARVO) statement for the use of animals in research, and the Institutional
Animal Care and Use Committee (IACUC) of USC.

2.5. Surgical Procedure

Animals underwent surgery at postnatal day (P) 28. Anesthesia was induced by
intraperitoneal injection of ketamine (37.5 mg/kg) and xylazine (5 mg/kg). Only the left
eyes were used for transplantation surgeries. All surgeries were performed by the same
surgeon. Topical anesthesia was administered with a 0.5% proparacaine hydrochloride
ophthalmic solution (Akorn, Inc., Lake Forest, IL, USA). Pupils were dilated using oph-
thalmic solutions of 2.5% phenylephrine hydrochloride and 0.5% tropicamide (Akorn, Inc.,
Lake Forest, IL, USA). Once the conjunctiva is removed, a scleral incision was performed
in the temporal superior quadrant followed by an anterior chamber paracentesis to reduce
intraocular pressure. A small incision (approximately 0.8–1.0 mm) was cut transsclerally at
the temporal equator of the eye until the choroid was exposed with the help of a 32-gauge
needle, and a 5 µL balanced salt solution (Alcon Laboratories, Inc., Fort Worth, TX, USA)
was injected to create a local retinal detachment. The implant held by forceps was intro-
duced through the sub scleral space into the subretinal bleb. Clinical assessment as well as
retinal imaging by optical coherence tomography (OCT) using a Spectralis HRA + OCT
device (Heidelberg Engineering, Heildeberg, Germany) were performed to confirm the
placement of the implant. The rats were then allowed to recover from anesthesia in a
thermal care incubator. Animals with surgical complications such as excessive bleeding,
perforation of the retina, and implant delivery into the vitreous were immediately excluded
from the study. Based on OCT images, 15 animals were selected for short-term experiments
(1-month and 4-month study group) and 15 animals were selected for the 11-month study
group.

2.6. Histopathology

Cohorts of rats were euthanized by intracardiac injection of euthasol (Virbac AH,
Inc., Fort Worth, TX, USA) at 1, 4-, and 11-months post-surgery, and eyes were processed
for histology. Contralateral eyes were considered as controls. Whole eyes were fixed in
Davidson’s solution overnight, and the cornea and lens were removed. Finally, the eye
cups were embedded in paraffin and processed for sectioning (5-µm sections). Groups of
consecutive slides were stained with hematoxylin and eosin (HE) for light microscopy. The
HE-stained slides were scanned and photographed using an Aperio Scanscope CS (Aperio
Technologies, INL., Vista, CA, USA) microscope. Histological sections of cell-seeded
membranes were evaluated to assess iPSC-RPE survival. The surgical placement was
considered acceptable if more than 70% of the implant was located inside the subretinal
area. Transplant survival was confirmed only if iPSC-RPE were observed in at least
three consecutive sections based on light microscopy and immunostaining evaluations.
Cell migration or dead cell aggregation was considered when pigmented cells or cell
clumps were seen adjacent to the substrate and confirmed by immunohistochemistry.
If no human/RPE marker was found, the specimen was considered as non-surviving
RPE clumps. The outer nuclear layer (ONL) integrity was evaluated for photoreceptor
preservation in the transplanted area. Cellular reaction around the implants, observed by
light microscopy, was assessed for the presence of macrophages or the expression of glial
cells. Adjacent sections of the implanted eye were processed for immunohistochemical
analysis using the following antibodies as needed: Human-specific cell surface marker (anti-
TRA-1-85), a marker of differentiated RPE cells (anti-RPE65), a macrophage marker (anti-
CD68), an astrocyte/Müller cell marker (anti-GFAP), mesenchymal markers (α Smooth
muscle actin and Vimentin), photoreceptor phagocytosis marker (Rhodopsin), and RPE
binding protein (RBP1).

Details of the antibodies used are included in Table 1. For immunostaining, all slides
were deparaffinized, rehydrated, and antigen retrieved (sodium citrate, pH 6.0). After
staining, the slides were mounted with fluorescent-enhanced mounting medium with 4′,6-
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diamidino-2-phenylindole (DAPI) (Vector Laboratory, Burlingame, CA, USA). Images were
taken using the Ultra viewer ERS dual-spinning disk confocal microscope (PerkinElmer,
Waltham MA, USA) equipped with a C-Apochromat (Carl Zeiss, Thornwood, NY, USA)
×10 high dry lens, a C-Apochromat ×40 water immersion lens NA 1.2, an electron multi-
plier charge-coupled device cooled digital camera (Hamamatsu Orce_ERCC 12-bit camera];
PerkinElmer, Waltham, MA, USA) or by using a Keyence BZX-800 microscope. Images
were captured and processed using PerkinElmer Velocity imaging software.

Table 1. List of antibodies used for immunostaining.

Antibodies Purpose Manufacturer Catalog No Dilution

TRA-1-85 Human marker
R&D Systems,

Minneapolis, MN, USA
MAB3195 1:100

RPE65 RPE marker Abcam Ab231782 1:200

Rhodopsin Rods Abcam Ab3267 1:100

CD68 Microglia Abcam ab201340 1:300

Vimentin Mesenchymal marker Abcam ab137321 1:300

GFAP Reactive glial cells Invitrogen MA5-12023 1:500

α Smooth muscle actin Mesenchymal marker Abcam ab5694 1:250

Goat anti-mouse IgG conjugated
with Rhodamine

Secondary antibody
Jackson Immuno Research,

West Grove, PA, USA
115-025-146 1:500

Goat anti-rabbit IgG conjugated
with FITC

Secondary antibody Abcam Ab150081 1:500

Ki67 Proliferation marker Abcam Ab16667 1:500

Donkey Anti-Mouse lgG H&L Secondary Antibody Abcam Ab7003 1:500

Donkey Anti-Rabbit lgG H&L Secondary Antibody Abcam Ab150063 1:500

2.7. Superior Colliculus Electrophysiology

Electrophysiological mapping of the superior colliculus (SC) was performed at ap-
proximately 11-months post-surgery based on an established protocol followed in our
laboratory [7,17,28]. Based on OCT screening, 8 rats (8/15) were selected for SC experi-
ments. Rats dark-adapted overnight were anesthetized by an intraperitoneal injection of
xylazine/ketamine. The gas-inhalant anesthetic (1–2.0% isoflurane) was administered via
an anesthetic mask (Stoelting Company, Wood Dale, IL, USA). Rats were mounted in a
stereotactic apparatus; a craniotomy was performed, and the SC was exposed. Multi-unit
visual responses were recorded extracellularly from the superficial laminae of the SC using
custom-made tungsten microelectrodes. For SC mapping, the responses were recorded
from approximately 30 different SC locations. At each recording location, approximately
10 presentations of a full-field strobe flash (1300 cd m22, Grass model PS 33 Photic stimu-
lator, W. Warwick, RI, USA), positioned 30 cm in front of the rat’s eye, were delivered to
the contralateral eye. An interstimulus interval of 5 s was used. The neural activities were
recorded using a digital data acquisition system (Power lab; ADI Instruments, Mountain
View, CA, USA) 100 milliseconds before and 500 milliseconds after the onset of the stimulus.
All responses at each site were averaged. Blank trials, in which the illumination of the eye
was blocked with an opaque filter, were also recorded at each site.

2.8. Optokinetic Testing

Optokinetic (OKN) testing was performed at 4 months and 11 months post transplan-
tation using a previously described protocol [17]. To record OKN responses, two tablet
screens were used to display the OKN stimuli consisting of high-contrast black and white
stripes generated using ‘OKN Stripes Visualization Web Application’, a freely available
software (http://mdds.nyc/okn-stripes-visualization, accessed on 12 April 2021). A clear
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plexiglass holder was used to restrain the rat and keep its head continuously exposed to the
tablet screen. A micro camera attached to the top of the rat holder recorded the headtrack-
ing responses during clockwise (1 min) and anticlockwise (1 min) stripe rotations. Visual
acuity was tested by changing the stripe width at decrements of 0.5. Video recordings
were evaluated to compute the head-tracking scores by two separate investigators who
were both masked to the experimental condition. The OKN responses at various spatial
frequencies were assessed based on the presence or absence of clear head-tracking and
based on the duration of head-tracking.

2.9. Statistical Analysis

Statistical comparisons were made using GraphPad Prism software (GraphPad Soft-
ware Inc., La Jolla, CA, USA). The Paired t-test was used for analyzing the OKN data.
The remaining data were analyzed using Student’s t-test or by the Analysis of Variance
(ANOVA) followed by the appropriate post hoc test. For all comparisons, the significance
level was determined at p < 0.05.

3. Results
3.1. Human iPSC-RPE Cells Can Grow as a Polarized Monolayer over Ultrathin Parylene
Membrane and Demonstrate High-Purity and RPE Marker Expression

iPSC-RPE cells (Figure 1a,b) cultured on a Matrigel-coated ultrathin parylene substrate
were expanded as a polarized confluent monolayer (Figure 1d) and expressed RPE 65 and
ZO-1 as evidenced by immunocytochemistry (Figure 1e–h). This study demonstrated that
iPSC-RPE can be grown as a polarized monolayer on ultrathin parylene, similar to our
previous hESC-RPE implants [17].

3.2. iPSC-RPE Implant Survival and Functionality Assessed by Short-Term in Vivo Experiments
in Immunodeficient RCS Rats (1- and 4-Month Study)

After the transplantation surgery, OCT imaging was performed to screen the animals
for proper implant placement (Figure 2a–c). Animals with the implant placed as a flat sheet
adjacent to the Bruch’s membrane were selected for further analysis. Histological analysis
at 1-month post-implantation showed the presence of a well-pigmented, intact iPSC-RPE
cell layer attached to the parylene substrate in all transplanted eyes. No major signs of
inflammation were observed in any of the implanted animals. A majority of the retinas
(92.0%) maintained the basic retinal architecture without noticeable structural changes.
The histological analysis revealed that transplanted cells survived very well, evidenced
by TRA-1-85 (human specific marker) expression and retinol-binding protein expression
(Figure 2e,f). Transplants in which iPSC-RPEs were present on the lower surface of the
parylene membrane also showed good survival (Figure 2e). At the 1-month time point, the
expression of CD68 (macrophage marker) and GFAP (retinal glial marker) was not observed
in the transplant area (Supplementary Figure S1) or in the area outside the transplant
(data not shown). The cells retained RPE 65 expression and human marker expression
(Tra-1-85) without any evidence of mesenchymal marker expression (vimentin and α-
smooth muscle actin, see Supplementary Figure S2). Good survival of iPSC-RPE implants
was also observed at 4 months post-implantation (Figure 2g–i). Based on rhodopsin
staining, the surviving cells performed a phagocytic function (Figure 2i). The absence of
immunological markers comparable to the control group indicate the absence of detectable
chronic inflammation induced by xenografts.
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Figure 1. iPSC-RPE grown as polarized monolayer over parylene substrate. (a) iPSC-RPE polarized
monolayer cultured on 24-well transwell insert, (b) enlarged view of iPSC-RPE monolayer, (c) ul-
trathin parylene membrane without cells, (d) iPSC-RPE grown as polarized monolayer on parylene
membrane, low magnification (10×) image showing the whole implant stained for (e) RPE 65 (f) ZO-1
expression, enlarged view of expression of (g) RPE 65 and (h) ZO-1 on parylene membrane.

3.3. In Vivo Assessment of Long-Term Transplant Effects in Immunodeficient RCS Rats (11 Month
Study)

Evaluation of histology images from serial sections at 11 months post-implantation
showed the presence of transplanted RPE in seven eyes (7/15). Out of these seven eyes,
four eyes retained an intact RPE monolayer structure. Immunostaining showed rhodopsin-
containing phagosomes in the transplanted RPE. This was more prominent in eyes in
which better preservation of the iPSC-RPE monolayer structure was observed (Figure 3c).
In the remaining three eyes, the cells appeared as clumps (Figure 3e,f) out of which only
two eyes retained RPE65 expression. There was no Ki 67 expression in the implanted
areas, suggesting an absence of proliferative cells. Photoreceptor outer nuclear layer (ONL)
preservation was evident in almost all eyes in which strong RPE65 expression was noticed
(Figure 3c,f). A complete loss of transplanted cells was noticed in eight (8/15) eyes.

ONL preservation was not observed in the eyes in which iPSC-RPE survival was
absent. The presence of fibrosis was noticed in the majority of the above eyes (Figure 4a,b).
A summary of the histological result of the 11-month post-implantation study is given in
Table 2.
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Figure 2. Short-term assessment of iPSC-RPE implant survival and functionality, in immunodeficient
RCS rats. (a) iPSC-RPE implants observed during fundus examination of immunodeficient RCS rats
at 1 month post-implantation, (b) enlarged view, (c) vertical OCT b-scan image through the transplant
area, (d) HE image showing subretinal implant placement. The choroidal layer that appears to be
separated from the remaining retina is considered a histologic artifact. Yellow asterisk indicates
iPSC-RPE cells; Red arrow heads indicate the parylene membrane (e) transplant is identified by
TRA-1-85 (human specific marker, red) and RPE65 (green) expression; Red arrowhead indicates the
parylene substrate; white rhombus represents endogenous rat RPE, yellow asterisk indicates RPE
on Parylene membrane (f) Rhodopsin (red) and retinol-binding protein (RBP1, green) staining to
demonstrate that implanted iPSC-RPE can phagocytose photoreceptor outer segments (white arrows).
Inset is a higher magnification of the above area. Red arrowhead indicates the parylene substrate;
white rhombus represents endogenous rat RPE; (g) HE image showing subretinal implant 4 months
after transplantation; (h) transplant at 4 months is identified by TRA-1-85 (human specific marker,
red) (i) Rhodopsin (red) and RPE 65 (green) staining were used to show that implanted iPSC-RPE
can phagocytose photoreceptor outer segments at 4 months after transplantation. Inset is a higher
magnification of the transplant area indicating phagocytosis (white arrow).
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Figure 3. Representative HE and immunostaining images of immunodeficient RCS rats implanted with iPSC-RPE monolayer
assessed at 11 months post implantation. Large white arrows (a,d) point to the parylene membrane. (a–c) Retina containing
iPSC-RPE monolayer, (d–f) retina with iPSC-RPE appeared as multiple cell layers or cell clumps. TRA-1-85 (white triangle
in (b,e) and RPE65 expression were used for identifying iPSC-RPE. Absence of Ki67 expression indicates absence of
proliferative cells (b,e). Rhodopsin immunostaining is used to identify photoreceptor survival (yellow arrows in figure
(c,f). Rhodopsin-containing phagosomes are found in the transplanted iPSC-RPE denoted by white arrows (c,f). Phagocytic
activities were prominent in eyes in which monolayer structure was better preserved (c).

Table 2. Summary of the histological result for iPSC-RPE implantation in immunodeficient RCS rats (11-month post
implantation).

iPSC-RPE Implant Status RPE65 Phagocytosis Fibrosis/inflammation

No cells or
cells died

Presence of
intact

monolayer

Cells developed
into clumps, no

intact monolayer
++ + − ++ + − ++ + −

8 4 3 4 2 9 0 4 11 2 4 9

The expression of CD68 and GFAP was used to analyze inflammatory and glial
reactions to donor tissues. GFAP was strongly expressed in the ganglion cell layer, the
inner nuclear layer, and the choroid area, but was absent in the transplant area (Figure 4c).
CD68 positivity observed in some of the implanted eyes suggests inflammatory reactions
associated with transplantation (Figure 4d). To validate the cell loss associated with the
loss of tight junctions and consequent loss of cell–cell contact and cell–matrix contact, the
tissue was tested for classic EMT markers—α smooth muscle actin (α SMA) and vimentin.
Interestingly, in the implants in which RPE expression was absent or feeble, there was a
strong expression of α smooth muscle actin (Figure 4e), and vimentin (Figure 4f) was also
observed.

3.4. Preservation of Low Light Level Visual Responses in the Superior Colliculus (SC) of
iPSC-RPE-Implanted Rats at 11-Month Post-Implantation

iPSC-RPE-implanted immunodeficient RCS rats were subjected to SC luminance
threshold mapping (Figure 5). Electrophysiological mapping of the SC allowed for cor-
relation of the response area in the SC with the location of the implant placement in the
eye based on the established retinocollicular map properties [32]. Age-matched normal
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Long Evans (LE) rats showed visual activity from all over the SC (Figure 5a). Among
transplanted rats, visual preservation was observed in only five rats (5/8).

Figure 4. Representative HE and immunostaining images of immunodeficient RCS rat retinas
implanted with iPSC-RPE monolayer assessed at 11 months post-implantation. Presence of fibrosis,
immunoreactivity, and epithelial–mesenchymal transition (EMT) was assessed. (a) Retina with no
surviving iPSC-RPE showing signs of inflammation and peri-membrane fibrosis indicated by white
asterisk. (b) Absence of TRA-I-85 staining. (c) Retinas showing RPE65 expressing iPSC-RPE cells
(white arrows) labelled for GFAP (glial cells), (d) CD68 (macrophages/microglia), (e) expression
of classical mesenchymal markers α smooth muscle actin α SMA and vimentin. (f) Images in
which iPSC-RPE monolayer appears to be present below the parylene membrane are either due to
orientation difference in the implant placement or due to the survival of the RPE on the lower side of
the parylene membrane.

Visually evoked activities in these rats were observed only in a small SC area corre-
sponding to the implant placement in the eye. Visual activities were robust (higher light
sensitivity) in two of the above rats (Figure 5b) whereas only weak visual activity (lower
light sensitivity) was recorded in the remaining three rats (Figure 5c). No light-evoked
visual activity was observed in the SC of age-matched non-transplanted rats (Figure 5d).
All five rats that showed SC visual activity showed a presence of transplanted RPE in their
eyes (Table 2). No correlation was observed between the light-sensitivity threshold and the
degree of transplant survival.
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Figure 5. Visual activities recorded from the SC of 11-month-old immunodeficient RCS rats. Map
properties of SC-evoked responses from individual rats are represented by colored asterisks. Larger
asterisks show higher light sensitivity in the SC. (a) Age-matched normal rat. (b) * Rat # 6005 and
* Rat # 6012. (c) * Rat # 6001, * Rat # 6006, and * Rat # 6011. Based on morphological examination, all
these rats showed surviving iPSC-RPE in the retina (see Table 2). (d) No light-evoked visual activity
was observed in the remaining transplanted rats and age-matched control RD rats.

3.5. Optokinetic (OKN) Responses in iPSC-RPE-Implanted Rats

Based on OKN data, visual improvement in the iPSC-RPE-implanted eyes was ob-
served at 4 months post-transplantation (Figure 6). However, when tested at the 11-month
time point, no measurable OKN responses were observed in any of the iPSC-RPE-implanted
rats (data not shown).

Figure 6. OKN testing data based on the duration of head-tracking recorded from 4-month-old
immunodeficient RCS rats (±SE). The data show improved head-tracking response in the iPSC-RPE
transplanted left eyes (n = 12) compared to the non-transplanted eyes and age-matched control rats
(n = 5).
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4. Discussion

Ongoing multicentral clinical studies have proven that stem-cell-derived RPE trans-
plantation is a practical option to restore failing vision in retinal dystrophies [12,13,19,24].
Previous animal studies and pilot data from our Phase l/ll clinical studies demonstrated
the feasibility of using ultrathin parylene as a bio membrane for hESC-RPE growth and
subretinal implantation [12,15,17,33]. Compared to hESC-RPE, using iPSC-derived RPE
is considered more advantageous due to the possibility of generating a sufficient number
of autologous RPE cells that strongly resemble primary human RPEs and its potential to
minimize issues associated with immune rejection. Based on this, the present study evalu-
ated the long-term benefits of polarized iPSC-RPE cells grown on an ultrathin parylene
membrane that can act as an artificial Bruch’s membrane. The ability of such implants
to support transplant survival and viability of the host photoreceptors to preserve visual
function is demonstrated in a new immunodeficient RCS rat model.

The majority of the previous iPSC-RPE transplantation studies were conducted in
immunosuppressed animal models, and assessments were made for a short duration only,
which may not be sufficient to extrapolate into long-term implications [9,34–36]. Hence,
in the present study, transplant effects were analyzed in a new immunodeficient RCS rat
model, and assessments were conducted up to one year after implantation. The results from
this study demonstrated the safety and potential bioactivity of the iPSC-RPE implant both
during the short-term (1–4 months) investigation and long-term investigation (11-month
study). Based on histology assessments, good coverage of the implanted iPSC-RPE on the
parylene membrane was observed in the majority of eyes up to 4 months post-implantation
along with improvement in visual function confirmed by OKN testing. In our long-term
studies (11 months post-transplantation), iPSC-RPE survival and phagocytic function were
only observed in less than 50% of the transplanted rats (7/15). In another report, a loss
of transplanted iPSC- RPE in RCS rats, immunosuppressed by oral administration of
cyclosporin, was observed at 13 weeks post-transplantation [36]. Based on the available
data, the loss of transplanted RPE over the course of time and alteration in the monolayer
structure can be related to the immune reaction to xenografts [19,37,38].

Previous studies have shown that the survival and integration of transplanted ESC-
RPEs in the pathologic environment of a diseased retina is challenging due to it being
prone to attack by macrophages [15]. CD 68 expression has been reported in studies using
hESC-RPE transplantation and hESC-RPE cell suspension injections in immunosuppressed
RCS rats [15,38,39]. In the present investigation, we used immunodeficient RCS rats to
reduce immunological issues. However, signs of inflammation and microglia activation
have been previously reported in immunodeficient RCS rats [28]. Hence, we used CD68
as a marker for assessing reactive microglia in the transplanted eyes. In our long-term
studies, some CD 68 expression was observed in the implants and in areas adjacent to
them (Figure 5d). However, this phenomenon was not observed at the early timepoint
(1-month post-implantation, see Supplementary Figure S1). This suggests that reactive
microglia/macrophages can play a role in the loss of transplanted RPEs at a later time point.
In contrast to the above reports, a recent study by Zhu et.al suggested that an iPSC-PRE
cell suspension injection can lower the microglial activation (CD68 expression) in rd10
mice [34]. The discrepancies in the study outcomes may be related to the differences in the
animal models used, the time points in which CD68 staining was conducted, and the cell
types used for transplantation experiments.

Glial fibrillary acid protein (GFAP) expression, which is known to occur in response to
retinal injuries [40], can be also suggested to play a role in transplant loss in the 11-month
study group. However, GFAP expression in the above study group was found to be mostly
adjacent to the inner nuclear region, choroid area, and ganglionic layer, which is far from
the implant area. Since this GFAP expression pattern is comparable to that of the non-
transplanted control eyes [41], the presence of GFAP cannot be correlated to the loss of
transplanted iPSC-RPEs.
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In some of our transplanted eyes, the iPSC-RPEs developed into cell clumps on the
surface of the parylene membrane (Figure 3d). Previous studies suggested that when the
RPE transplant fails to establish a monolayer and form cell clumps, its survival will be
poor and the cells will not be capable of performing normal RPE functions [42,43]. Based
on this finding, we suggest that implants may need to be microscopically examined for
potential signs of clumping prior to subretinal implantation.

The cell clump formation observed in about 20% of the implanted eyes (long-term
study group) might have occurred even after transplantation due to cell migration. Cell
migration is mainly attributed to the loss of RPE tight junctions [44]. This can lead to a loss
of cell-to-cell contact and anchorage dependence, which are critical for RPE survival and
functionality [45]. Emerging evidence demonstrates that RPE cells can be less differentiated
and undergo the epithelial–mesenchymal transition (EMT) and enhanced migration in
retinal degenerative diseases, including macular degenerations and proliferative vitre-
oretinopathy [46–49]. Such a transition is also reported in higher-passage RPEs during
in vitro observations [50,51]. Immunostaining of transplanted eyes from the 11-month
study group revealed the presence of two classic mesenchymal cell markers, namely α

SMA and vimentin, especially in areas of the parylene membrane where a loss of RPE
expression was noticed. The transition to a mesenchymal fate may cause a loss of tight
junctions and reduced cell adherence to the parylene membrane that can lead to a fibrob-
lastic phenotype [44,45]. According to Zhou et al. [52], RPE cells retain the reprogramming
capacity to move along a continuum between polarized epithelial cells and mesenchymal
cells. This shift towards a mesenchymal phenotype can be defined as RPE dysfunction [52].
This change of RPE characteristics can cause senescence/fibrosis, eventually resulting
in a loss of transplanted cells. In our transplanted rats, the expression of EMT markers
was not evident at the earlier time point (1-month study group) when RPE survival was
more robust (Supplementary Figure S2). Further studies are needed to identify the exact
time point at which the EMT markers are expressed to determine whether changes in the
iPSC-RPEs take place only in the long-term post-implantation period.

The RCS retina is widely known for its acute reactions to surgical interventions.
Surgical trauma in rat eyes of a severe nature as a result of their small size can lead to
increased tissue reactions in the implanted area. In support of this, mild inflammation and
peri-membrane fibrosis were visible around the majority of the implants, in which the RPE
monolayer was lost. It may be noted that, although the immunodeficient RCS rat is T-cell
deficient, they possess bone-marrow-dependent B cells and natural killer (NK) cells. All of
the above factors can contribute to the loss of transplanted iPSC-RPE cells.

In the long-term study group (11-month post-implantation), the visual functional
preservation (based on SC electrophysiology) was correlated to the survival of the trans-
planted iPSC-RPE. However, no considerable OKN visual activities were observed in these
rats at this time point. Previously, in hESC-RPE-implanted immunosuppressed RCS rats, a
progressive loss of OKN responses has been reported [17]. Improved OKN visual activities
observed at an earlier time point (4 month) may be attributed to residual photoreceptors
present in the RCS retina. When the photoreceptor degeneration is more advanced, the
transplant benefit can be limited to a very small area of the retina and its contribution may
not be strong enough to evoke measurable head-tracking activities.

In conclusion, the present study demonstrated the survival and functionality of iPSC-
RPE transplanted as a polarized monolayer on a non-degradable substrate containing
similarities to an artificial Bruch’s membrane. The transplant benefits are higher during
the earlier post-implantation period. Progressive deterioration of the transplant benefits
observed in this study was correlated with the loss of transplanted iPSC-RPEs. The im-
mune reactions and subretinal fibrosis can be considered the major causes of the loss of
transplanted iPSC-RPE. From a clinical perspective, many of these adverse effects can be
less severe in humans due to the differences in the eye architecture, surgical procedures,
and the nature of the disease microenvironment. Moreover, in human eyes, easy appli-
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cation of target-specific and effective immune suppressants can help to reduce potential
immunological reactions.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/cells10112951/s1, Figure S1: Representative images of immunodeficient RCS rat retinas
implanted with iPSC-RPE monolayer (shown by RPE65 expression) cultured on a parylene membrane
assessed at 1-month post implantation, Additional labelling of the retina sections was performed for
expression of (a) CD68 (macrophages/microglia) and (b) GFAP (glial cells), Figure S2: Representative
images of immunodeficient RCS rat retinas implanted with iPSC-RPE monolayer (shown by RPE65
expression) cultured on a parylene membrane assessed at 1-month post-implantation. Additional
labelling of the retina sections was performed for expression of classical mesenchymal markers
(a) vimentin and (b) α smooth muscle actin (α SMA).
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Abstract: Visual dysfunction resulting from optic neuritis (ON) is one of the most common clinical
manifestations of multiple sclerosis (MS), characterized by loss of retinal ganglion cells, thinning of
the nerve fiber layer, and inflammation to the optic nerve. Current treatments available for ON or
MS are only partially effective, specifically target the inflammatory phase, and have limited effects
on long-term disability. Fingolimod (FTY) is an FDA-approved immunomodulatory agent for MS
therapy. The objective of the current study was to evaluate the neuroprotective properties of FTY in
the cellular model of ON-associated neuronal damage. R28 retinal neuronal cell damage was induced
through treatment with tumor necrosis factor-α (TNFα). In our cell viability analysis, FTY treatment
showed significantly reduced TNFα-induced neuronal death. Treatment with FTY attenuated the
TNFα-induced changes in cell survival and cell stress signaling molecules. Furthermore, immunoflu-
orescence studies performed using various markers indicated that FTY treatment protects the R28
cells against the TNFα-induced neurodegenerative changes by suppressing reactive oxygen species
generation and promoting the expression of neuronal markers. In conclusion, our study suggests
neuroprotective effects of FTY in an in vitro model of optic neuritis.

Keywords: optic neuritis; multiple sclerosis; oxidative stress; neuroprotection; fingolimod

1. Introduction

Multiple sclerosis (MS) is an autoimmune disease of the central nervous system
(CNS) prevalent in about 400,000 people in the US and 2.1 million people worldwide [1–4].
Approximately 20% of MS patients present with vision deficits associated with optic
neuritis (ON) [5,6], and neurodegeneration characterized by loss of retinal ganglion cells,
thinning of the nerve fiber layer, and axonal damage [7,8]. Parameters of visual function
are utilized as necessary outcome measures in MS studies [9]. Although the current MS
therapies target the inflammatory pathology, effects on the long-term neurodegenerative
phases of the disease have not been shown. A treatment that effectively targets both aspects
of MS would likely achieve preferred status as a disease-modifying agent.

Fingolimod (FTY720 or FTY), a sphingosine analog that functions as a potent immuno-
suppressive agent in the CNS, is approved for MS therapy, especially for highly active
disease [10,11]. Once phosphorylated into its active form by the sphingosine-1-kinase,
it acts as an agonist on sphingosine-1-phosphate (S1P) receptors [12–15] and induces in-
ternalization of S1P receptors after binding [16]. Pharmacologically FTY is known as an
immunomodulatory drug. FTY exerts its immunosuppressive effect by lymphocyte seques-
tration and thus reduces the numbers of T and B cells in circulation [17,18]. FTY has been
shown to exhibit neuroprotective properties in experimental models of Alzheimer’s, stroke,
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and Parkinson’s disease [19–24]. A recent study showed that FTY exerts neuroprotective
and anti-inflammatory effects on the retina and optic nerve in a mouse model of MS,
perhaps explaining the potent protective effects in patients [25]. However, the molecular
mechanisms regulating the neuroprotective properties have not been studied in retinal
neurons. The current study was performed to assess the neuroprotective potential of FTY
in an in vitro model of optic neuritis.

The R28 rat neuro-retinal cell line treated with TNFα was standardized to mimic
MS-mediated neuronal injury in vitro. The cellular model was chosen based on the studies
by Seigel et al. demonstrating the activity and/or expression of neuronal markers at
the mRNA, protein, and functional levels in response to various stimuli [26,27]. The
expression of neuron-specific markers such as microtubule associated protein 2 (MAP2),
Syntaxin, neuron-specific enolase [NSE], Nestin, and receptors for neurotransmitters such
as dopamine, serotonin, acetylcholine, and glycine justify the use of these cells to study
CNS function [28]. Utilizing the in vitro experimental model of optic neuritis standardized
in our laboratory using the tumor necrosis factor-α (TNFα) as an insult, the current study
investigated the neuroprotective properties of FTY in reducing the TNFα-induced injury in
R28 cells.

2. Materials and Methods
2.1. Cell Culture

Immortalized R28 postnatal day 6 rat neuro-retinal cells (heterogeneous population of
cells derived from the parent cell line) (Cat # E1A-NR.3, Kerafast, Inc., Boston, MA, USA)
were maintained in low-glucose DMEM medium (Cat # SH30021.01, Hyclone, Logan, UT,
USA) supplemented with 10% fetal calf serum (Cat # SH30073.02, Hyclone, Logan, UT,
USA), 0.225% Sodium bicarbonate (Cat # S8761, Sigma, St. Louis, MO, USA), 1X MEM non-
essential amino acids (Cat # 11140-050, GIBCO, Waltham, MA, USA), 1X MEM vitamins (Cat
# 11120-052, GIBCO, Waltham, MA, USA), 0.5 mM l-glutamine (Cat # 25030-081, GIBCO,
Waltham, MA, USA), and 50 µg gentamicin (Cat # 15750-060, GIBCO, Waltham, MA, USA).
The cells were differentiated to a neuronal phenotype with the help of 25 µg/mL laminin
(Cat # 11243217001, Sigma, St. Louis, MO, USA) and 250 mM modified cyclic adenosine
monophosphate (pCPT-cAMP) (Cat # C3912, Sigma, St. Louis, MO, USA) treatments,
according to the published methods [29,30]. All other chemicals were purchased from
Fisher Scientific, Waltham, MA, USA, unless otherwise mentioned.

2.2. The In Vitro Model of Optic Neuritis

Dose-response experiments were conducted to standardize the in vitro treatment with
TNFα (recombinant rat tumor necrosis factor-α) (Cat # 510-RT, R&D Systems, Minneapolis,
MN, USA) to induce neuronal injury in R28 cells. On day 0, cells were differentiated on
6-well culture plates (24 h), as described above. Treatments with TNFα at doses of 5, 10,
25, 50 ng/mL were initiated on day 1, followed by a 24 h incubation period. Cell viability
with various doses of TNFα was compared against the control group with no treatment
that depicted average growth and differentiation.

2.3. Treatments with Fingolimod

Once the effective dose of TNFα was established, experiments were conducted to
identify an appropriate treatment concentration of FTY (Cat # 11975, Cayman Chemicals,
Ann Arbor, MI, USA). Cells were pre-treated with FTY at concentrations of 2.5, 5, 10, 25,
50, and 100 nM for a 1 h incubation period before the TNFα treatment. Cell viability
differences were compared among control (no treatment), TNFα-treated group, and TNFα
co-incubated with varying FTY concentrations. FTY treatment alone at higher doses of 100,
200, and 500 nM were performed to test its cytotoxicity.
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2.4. Cell Viability

The degree of viability of R28 cells post-treatment with TNFα and/or FTY was de-
termined using the Trypan blue method [31]. Cells were seeded on six well plates at a
density of 0.5 × 106 per well. Following treatments, they were trypsinized and collected in
labeled tubes respective to their grouping. Equal volumes of a sample of cell suspension
and trypan blue dye were thoroughly mixed using a micropipette, from which 10 µL was
injected into a cell counting chamber (Cat # 02-671-55A, Fischer Scientific, Waltham, MA,
USA) for manual counting. Trypan blue dye stains dead cells blue, and the number of
viable cells in all four 16-squared tiles of the chamber were counted. This was repeated in
triplicates for each cell suspension sample, and cell viability was plotted as the percentage
with respect to 100% control. All graphs are represented as Mean ± SEM.

2.5. Western Blot Analysis

R28 cells seeded at a density of differentiated on six well plates and treated with TNFα
and/or FTY as described earlier, resulting in four groups: Control (no treatment), TNFα,
TNFα + FTY, and Control + FTY groups. Cells were homogenized, and the lysate was
collected in RIPA buffer (Cat # 20-188, EMD Millipore, Burlington, MA, USA) containing
protease (Cat # 78430, Fischer Scientific, Waltham, MA, USA) and phosphatase inhibitors
(Cat # 78428, Fischer Scientific, Waltham, MA, USA). Protein estimation was performed
using the Bradford’s protein assay kit (Cat # 5000201, Bio-Rad Laboratories, Hercules, CA,
USA). Samples with an equal amount of protein were prepared by using 4X Laemmli buffer
(Cat # 161-0747, Bio-Rad Laboratories, Hercules, CA, USA) containing β-mercaptoethanol
(Cat # O3446I-100, Fischer Scientific, Waltham, MA, USA). Samples were separated on
SDS-PAGE and transferred to nitrocellulose membranes (Cat # 1620112, Bio-Rad Laborato-
ries, Hercules, CA, USA). Membranes were blocked in 5% milk (Cat # 1706404, Bio-Rad
Laboratories, Hercules, CA, USA) in tris-buffered saline with tween-20 (TBS-T) and in-
cubated with respective primary antibodies (Table A1) overnight at 4 ◦C. Membranes
were washed with 1× TBS-T and incubated in appropriate secondary antibodies. Signals
were detected using enhanced chemiluminescence (ECL) (Cat # 32106, Fischer Scientific,
Waltham, MA, USA). NIH Image J software was utilized to conduct densitometric analysis,
and the intensity measurements were normalized to loading control. Experiments were
repeated for a minimum of three times.

2.6. Immunofluorescence Staining

Cells seeded at a density of 15,000 to 20,000 cells per well on 8 well glass chamber slides
(Cat # 154941, Fischer Scientific, Waltham, MA, USA) were treated according to the study
design described previously. Following the 24 h incubation period, the culture media was
removed, cells were washed with 1× PBS and fixed with 2% paraformaldehyde for 10 min.
This was followed by a wash with PBS, and the chamber slides were stored in humidified
containers at 4 ºC. Slides were brought to room temperature and washed with PBS before
initiating the staining protocol. Permeabilization was achieved using 0.1% Triton X-100
in PBS for 5 min, followed by a PBS wash, and blocking with 10% donkey serum at room
temperature for 1 h. Cells were washed and incubated with respective primary antibodies
(Table A1) overnight. The next day, the cells were incubated with appropriate secondary
antibodies for 2 h. The Slides were washed, and the chambers were separated from the
glass slide. Cells were covered with a coverslip using a mounting medium containing
DAPI and stored in 4 ◦C. Images were taken using a confocal microscope (LSM 780; Carl
Zeiss, Thornwood, NY, USA) available at the Augusta University imaging core facility. For
the Tuj1 and NSE quantitative analysis, similar thresholds were set for all the images. Three
to five regions of interest (ROI) were randomly selected per chamber slide images, and
the fluorescent intensity of immunoreactivity was measured (Integrated Density) using
NIH Image J software. Along with the average fluorescence intensities of a given ROI, the
average fluorescence intensity of areas without staining (background) was measured as
well. The Corrected Fluorescence was calculated as Integrated Density—(Area of selected
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cells X Mean fluorescence of background readings). The values were then normalized
relative to percentage of control group. Experiments were repeated a minimum of three
times and details are provided under figure legends.

2.7. Cellular ROS Formation Using DCF Assay

CM-H2DCFDA (General Oxidative Stress Indicator, Thermofisher Scientific, cat#
C6827) was used to measure reactive oxygen species (ROS) formation in TNFα treated
cells and any changes in response to FTY treatment, as per the manufacturer’s instructions.
Briefly, cells were washed with ice-cold PBS (three times), and then incubated with 10 µm
CM-H2DCFDA (working solution) at 37 ◦C for 30 min under dark. Washed with ice-cold
PBS (three times), cover-slipped using the mounting medium with DAPI stain (Vector
laboratories), and the images were immediately taken by confocal microscope (LSM 780;
Carl Zeiss, Thornwood, NY, USA). NIH Image J software was used for the analysis of
fluorescent intensity. For single-cell quantification, single-cell was delineated and sampled
at 40× from a random start point. Only cells with precise neuronal shape and specific
nuclear staining with DAPI were analyzed. Three to five chamber slides per treatment
were examined and the experiments were repeated three times.

2.8. Mitochondrial ROS Measurement

The production of superoxide by mitochondria in response to TNFα treatment and the
impact of FTY on the mitochondrial ROS generation was measured using the MitoSOX™
Red reagent (Thermo Fisher Scientific, cat# M36008), following the manufacturer’s in-
structions. Briefly, cells on chamber slides were washed with ice-cold PBS (three times),
incubated with 5 µM MitoSOX™ reagent working solution, and incubated for 10 min at
37 ◦C, protected from light. Chamber slides were then carefully washed with ice-cold PBS
(three times), cover slipped, and images were immediately taken by confocal microscope
(LSM 780; Carl Zeiss, Thornwood, NY, USA). NIH Image J software was used for the
analysis of fluorescent intensity. Three to five chamber slides per treatment were examined
and the experiments were repeated three times.

2.9. H2O2 Treatment and LDH Assay

Oxidative stress was induced on differentiated R28 cells using H2O2 (SigMA, USA)
following the method of Song et al. [32] with some minor modifications. Briefly, R28 cells
were treated with multiple concentrations of H2O2 (0.0, 0.2, 0.4, 0.6, 0.8, 1.0, and 1.5 mM)
for 24 h and cellular cytotoxicity was measured. In order to determine the effect of FTY
on H2O2-induced oxidative stress, cells were pre-treated with 25 nM FTY (as described
previously) and changes in cytotoxicity was measured.

Lactate dehydrogenase (LDH) assay was used to determine cellular cytotoxicity.
LDH released into the culture media from damaged cells was measured following the
manufacturer’s instructions (CytoTox 96 non-radioactive cytotoxicity assay kit; Promega
Corporation, Madison, WI, USA). The level of LDH release was normalized to the total
LDH content following cell lysis in a medium. The absorbance was determined at 490 nm
using a Multimode Microplate Reader (Berthold Technologies, Bad Wildbad, Germany).
LDH release was expressed as a percentage of the maximum LDH released after cell lysis.

2.10. Statistical Analysis

All statistical analyses were performed with GraphPad Prism 7 (GraphPad Software
Inc., La Jolla, CA, USA). Student t-test or Two-way ANOVA followed by Tukey’s multiple
comparisons test was employed to analyze the groups. A p value less than 0.05 was
considered as statistically significant. Results are presented as Mean ± SEM.
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3. Results
3.1. Fingolimod Treatment Reduces TNFα-Induced Neuronal Injury

We found that TNFα treatment resulted in a significant reduction (p < 0.05) in cell
viability at doses of 10 ng/mL (44.6 ± 24.8%), 25 ng/mL (39.8 ± 8.7%), and 50 ng/mL
(60.2 ± 13.0%) compared to the untreated control (Figure 1A). Our findings suggested that
TNFα at 10 ng/mL desirably reduced the percentage of viable cells by nearly half that of
the control group. In the next step, cells were pre-treated with fingolimod at concentrations
of 0, 2.5, 5, 10, 25, 50, and 100 nM for 1 h prior to TNFα induction (10 ng/mL). Our
results showed that FTY concentrations at 25 nM (79.7 ± 17.7%) and 50 nM (71.0 ± 32.3%)
significantly prevented the TNFα-induced injury (p < 0.001) (Figure 2B). Experiments with
high-dose FTY treatment alone resulted in cytotoxicity at doses above 100 nM. Doses of
100, 200, and 500 nM showed a decreasing viable cell count of 14.5 × 104, 3.5 × 104, and
2 × 104, respectively, compared to an average viable cell count of 47.5 × 104 in control cells
without FTY treatment (not shown). Based on our findings, 25 nM was chosen as the dose
of FTY to be used in further studies (Figure 1C).
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Figure 1. Dose-response effect of TNFα treatment on R28 cell survival and its reversal by co-treatment
with fingolimod. (A) Neuronal damage was induced by treating R28 cells with various doses of
TNFα for 24 h assessed by Trypan blue method. TNFα at 10ng/mL showed a marked reduction in
cell survival and was chosen as the effective dose for further analysis. [n = 3; * p < 0.05 vs. dose 0].
(B) Cells were pre-treated with different doses of FTY, followed by TNFα (10 ng/mL), and cell
survival was assessed at 24 h. Bar graph showing the effect of 25, 50, and 100 nM FTY on improving
the rate of R28 cell survival [# p < 0.005 vs. Con; * p < 0.05 vs. TNFα]. (C) Bar graph indicating
25 nM as the optimal dose of FTY in protecting R28 cells from TNFα-induced injury in vitro [n = 3;
* p < 0.001 vs. Con; # p < 0.01 vs. TNFα].
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Figure 2. Fingolimod co-treatment mitigates TNFα-induced activation of cellular stress signaling.
(A) Western blot images showing upregulation of phospho-p38 MAPK levels in response to TNFα
(10 ng/mL) treatment in R28 cells, which was reduced in the presence of FTY. (B) Bar graph showing
band densitometry quantification of Western blots indicating the effects of FTY in suppressing P38
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MAPK activation induced by TNFα treatment [n = 6; * p < 0.05 vs. Con; # p < 0.05 vs. TNFα].
(C) Western blot images showing no changes in phospho-Akt (Ser473) levels in response to either
TNFα (10 ng/mL) and/or FTY in R28 cells. (D) Bar graph showing band densitometry quantification
of Western blots indicating the no changes in phospho-Akt (Ser473) levels in response to either TNFα
(10 ng/mL) and/or FTY in R28 cells [n = 6; NS vs. TNFα].

3.2. Fingolimod Attenuates Cellular Stress and Survival Signaling

Changes in phosphorylated p38 MAP kinase expression were assessed to characterize
cellular stress by Western blotting. Figure 2A shows that TNFα augmented the level of
p-P38 MAPK, and this increase was markedly prevented in the presence of FTY. Moreover,
we found that FTY treatment alone did not affect levels of p-P38 MAPK. Our quantification
data demonstrated that in the presence of FTY, levels of p-P38/total-P38 were significantly
reduced (p < 0.05) versus the TNFα group (Figure 2B). Changes in phosphorylated Akt
levels were tested to assess cell survival using Western analysis. Figure 2C shows no
changes in the expression of p-AKT with TNFα induction. Consistently, our quantification
data also showed no significant decrease in levels of p-Akt/t-Akt in the presence of TNFα
versus control (Figure 2D).

3.3. Effect of Fingolimod on Neuronal Cell Death

To evaluate apoptotic changes, Western blot analyses using apoptotic marker cleaved
caspase-3, and anti-apoptotic marker Bcl-xL were performed. An upregulated expression
on cleaved caspase-3 along with a decreased level of Bcl-xL in the presence of TNFα was
observed. In the co-treatment group with TNFα and FTY, we observed a reversal in these
changes (Figure 3). Quantification data showed a significant increase in the levels of cleaved
caspase-3 (p < 0.01) versus control, while FTY treatment significantly reversed this effect
(p < 0.05) versus the TNFα group (Figure 3B). TNFα caused a significant decrease in levels
of Bcl-xL (p < 0.05) compared to the control group. However, the difference observed in
response to FTY co-treatment was not statistically significant compared to the TNFα group
(Figure 3D).
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Figure 3. Fingolimod co-treatment blunted TNFα-induced activation of cleaved caspase-3 and
expression of Bcl-xL. (A) Representative Western blot data showing increased expression of cleaved
caspase-3 with TNFα treatment, which was reduced in the presence of FTY. (B) Bar graph showing
band densitometry quantification indicating increased cleaved caspase-3 expression with TNFα
treatment [* p < 0.05 vs. Con; n = 3] and its reversal by co-treatment with FTY [* p < 0.005 vs. control;
# p < 0.05 vs. TNFα; n = 4]. (C) Western blot images showing reduced expression of Bcl-xL with TNFα
treatment, which was increased in the presence of FTY. (D) Bar graph showing band densitometry
quantification of Western blots indicating reduced Bcl-xL expression with TNFα treatment [* p < 0.05,
n = 3]. The changes observed in response to FTY, however, were not statistically significant.
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3.4. Effect of Fingolimod on TNFα-Induced Neuronal Damage

Immunofluorescence studies were conducted to study the neurodegenerative changes
observed in R28 cells in response to the different treatments. β-tubulin III, also called
Tuj1 contributes to microtubule formation in neuronal cell bodies and axons and plays
important roles in axonal transport and cell differentiation. It is a useful marker for the
detection of injury-related alterations [33]. Neuron specific enolase (NSE) is widely used
and accepted as a neuronal marker, and is expressed by mature neurons and cells of
neuronal origin [34]. In the present study, immunostaining with Tuj1 and NSE revealed
the degenerative changes induced by TNFα, which was attenuated with FTY treatment
(Figure 4A,C). Tuj1 expression was downregulated in TNFα-treated cells; however, we
observed that FTY was able to protect the cells against neurofilament damage (Figure 4A
lower panels). Consistently, the NSE marker was found to be reduced in the presence of
TNFα, and the reduction was prevented by FTY treatment (Figure 4B,D).
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Figure 4. Fingolimod depicts protection against neuronal damage evidenced by immunofluorescence
staining of marker proteins. (A) Representative confocal images showing the impact of TNFα
treatment on neurofilament, Tuj1 (β-tubulin class III) indicating neurodegeneration, which was
reduced by co-treatment with FTY. High magnification images of the boxed areas, indicating reduced
Tuj1 expression, are presented in the lower panel. Scale bar 50 µm. (B) Bar graph showing the
quantification of Tuj1 level in response to TNFα treatment, and the protective effect by co-treatment
with FTY (C) Representative confocal images showing the changes in neuronal enolase (NSE) in
response to TNFα and FTY treatments. Lower panel show high magnification images of the boxed
areas, indicating reduced levels in TNFα treated group and the improved NSE expression in response
to FTY co-treatment. Scale bar 50 µm. (D) Bar graph showing the quantification of Tuj1 and NSE
levels in response to TNFα treatment, and the effect by co-treatment with FTY [* p < 0.01 vs. control;
# p < 0.01 vs. TNFα, n = 3 per group].

3.5. Effect of Fingolimod on ROS Formation

Changes in ROS formation were studied using DCF assay. As shown in Figure 5A,
ROS levels were observed to be markedly elevated in the neuronal cells in response to
TNFα treatment. However, treatment with FTY downregulated the TNFα induced ROS
generation. Our quantification studies demonstrate that the ROS levels are significantly
higher in the TNFα group compared to control and are significantly reduced in response to
FTY co-treatment (Figure 5B).
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Figure 5. Fingolimod reduced TNFα-induced ROS formation. (A) Representative images showing
the impact of FTY on reactive oxygen species (ROS) formation. H2DCFDA (DCF) assay was used to
assess the generation of ROS. Scale bar 50 µm. (B) Quantification of single cell fluorescence intensity
showing of the increased ROS formation in response to TNFα treatment, which was reduced in the
presence of FTY [* p < 0.01 vs. control; # p < 0.01 vs. TNFα, n = 3 per group].

3.6. Effect of Fingolimod on Mitochondrial Dynamics and ROS Formation

In the present study, we investigated the effect of FTY treatment on the changes in
proteins related to mitochondrial dynamics, including DRP-1 (dynamin related protein-1),
Mitofusin 2 and OPA-1 (optic atrophy 1). As illustrated in Figure 6A,D, expression of
Mitofusin 2 was significantly reduced in TNFα treated R28 cells, while FTY treatment
normalized the level of Mitofusin 2 in TNFα treated cells, similar to control levels. An
increase in the level of p-DRP1 was observed in TNFα treated group, while treatment with
FTY reversed this effect. However, these changes were not statistically significant. No
marked differences were seen in the other mitochondrial proteins studied. Further, we
investigated the impact of FTY treatment on mitochondrial ROS formation using MitoSox
assay (Figure 6G,H). TNFα treatment resulted in the generation of mitochondrial ROS
as evidenced by elevated fluorescence indicator. FTY treatment markedly reduced the
level of mitochondrial ROS formed in response to TNFα treatment. Quantification results
demonstrate that the mitochondrial ROS level is significantly upregulated in TNFα treated
group and the treatment with FTY significantly reduced the effect (Figure 6H).

3.7. Fingolimod Attenuates H2O2-Induced Cellular Damage and Stress Signaling in R28 Cells

To further assess the neuroprotective effect of FTY, experiments were performed
using H2O2, another cellular stressor. Our results show that H2O2 induces cytotoxicity
in differentiated R28 cells in a dose-dependent manner (Figure 7A). Treatment with FTY
significantly reduced the cytotoxicity induced by TNFα at the various concentrations
studied (Figure 7B). Our results indicate that H2O2 treatments significantly elevated p-P38
levels at all the concentrations studied, while FTY treatment significantly reduced the effect
at two different contentions of H2O2. FTY treatment did not offer protection at a higher
concentration, 1mM of H2O2 (Figure 7C).
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Figure 6. Changes in mitochondrial protein dynamics and ROS formation in response to Fingolimod
treatment. (A–C) Representative Western blot data showing changes in expression of proteins
associated with mitochondrial dynamics with TNFα treatment, and the effect of FTY cotreatment.
(D–F) Respective bar graphs showing quantification of these proteins expression changes with
TNFα treatment and any changes by co-treatment with FTY [* p < 0.05 vs. control; # p < 0.05 vs.
TNFα; N = 3]. (G) Representative images of Mitosox Red staining showing the impact of TNFα on
mitochondrial reactive oxygen species (ROS) formation and the effect of FTY on the treatment. Scale
bar 20 µm. (H) Quantification of fluorescence intensity showing of the increased mitochondrial ROS
formation in response to TNFα treatment, which was reduced in the presence of FTY [* p < 0.01 vs.
control; # p < 0.01 vs. TNFα, n = 3 per group].
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Figure 7. Fingolimod attenuates H2O2-induced cellular damage and stress signaling in R28 cells.
(A) LDH assay results showing the dose-dependent effect of H2O2 treatment on R28 cells. * p < 0.05
vs control; # p < 0.01 vs. control and n = 3. (B) LDH assay showing the cytotoxic effect of H2O2 at
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selected concentrations on R28 cells and the protective effect of FTY on the treatments. * p < 0.05;
** p < 0.01. (C) Representative Western blot data showing changes in p-P38 MAPK with H2O2
treatment, and the protective effect of FTY co-treatment on differentiated R28 cells. (D) Bar graph
showing quantification of p-P38MAPK proteins expression changes with H2O2 and FTY treatments.
* p < 0.01 and the experiment was repeated three times.

4. Discussion

The present study was conducted to assess the potential neuroprotective action of
FTY in an in vitro model of optic neuritis. Lack of effective treatment strategies to re-
duce neurodegeneration continues to be a major problem in the field of MS research. It
is vital to understand the underlying mechanisms of MS-induced neuronal damage and
dysfunction. Even though MS research on the pathophysiology and associated molecular
mechanisms have evolved over decades of research, including our laboratory [35,36], the
field lacks reliable in vitro models to study neurodegeneration. Synthetic molecules such
as trimethyltin [37], oxaliplatin [38], and cuprizone [39], although successful in creating
a neurodegenerative environment, do not accurately represent the neuroinflammatory
changes observed in an MS brain. In MS, inflammatory leukocytes are believed to infiltrate
the CNS to mediate demyelination and neuronal degeneration via cytokines upon activa-
tion of T lymphocytes and antigen-presenting cells (APCs) [40]. tumor necrosis factor-α
(TNFα) is one of the primary cytokines that are present in elevated levels in active MS
lesions, serum, and cerebrospinal fluid of MS patients [41]. Studies conducted on BV-2
microglial cell lines [42] and primary mixed neuronal and glial cultures [43] show the
effect of TNFα-induced damage and apoptosis. Hence, utilizing the R28 neuro-retinal
cells, we standardized an in vitro experimental model of neurodegeneration to assess the
impact of fingolimod on TNFα-induced neuronal damage. Using a set of functional and
biochemical analyses, our study demonstrates the neuroprotective properties of fingolimod
in MS-associated optic neuritis in vitro.

We first demonstrated the dose-dependent effects of TNFα on neuronal cell viability
in R28 neuro-retinal cells in vitro and identified the optimal dose of TNFα for further
molecular characterization. The R28 cells are immortalized, rat retinal origin, heterogenous,
precursor cells with differentiation potential [26]. According to the published methods, R28
cells were differentiated to neuronal phenotype with the addition of a modified form of
cAMP and laminin and grown using DMEM [44–46]. Studies by Seigel et al. utilizing R28
cells demonstrate the expression of neuron-specific markers such as MAP2, Syntaxin, NSE,
and Nestin, along with neurotransmission receptors [26,28]. Our study characterized the
expression of neurofilament marker Tuj1, along with NSE in these cells, thus demonstrating
the reliability of this model in evaluating the impact of FTY on the neuronal injury. In MS,
one of the major clinical presentations observed in patients is optic neuritis [47]. Studies
have shown that approximately 20% of patients present with inflammation of the optic
nerve as their first symptom of MS [5,6]. Another study conducted by the North American
Research Committee on multiple sclerosis (NARCOMS) showed that of the 9107 patients
participating in the study, 60% reported signs of vision impairment, and 14% of these
depicted moderate/severe/very severe impairment of vision [9]. Based on the available
research, visual dysfunction is a common component of MS disease progression and an
important determinant of quality of life.

Current MS therapies function by suppressing the inflammatory pathways and have
unknown impact on the long-term neuronal damage, causing a major knowledge gap and
emphasizes the need to identify a neuroprotective therapeutic agent. Therefore, our study
focused on assessing the neuroprotective effect of FTY in an in vitro model of MS-induced
optic neuritis. Fingolimod, a sphingosine-1-phosphate (S1P) receptor modulator, has previ-
ously been shown to prevent neurodegenerative mechanisms targeting an inflammatory
CNS state in vitro, in vivo, and clinical settings, as detailed below. Studies on Parkinson’s
disease models have shown a positive impact with FTY [19–21]. Mechanistically, it was
found that the protective effects of FTY in Parkinson’s disease were correlated with the
activation of survival pathway mediated by Akt/ERK1/2 and increased expression of a
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neuron-specific brain-derived neurotrophic factor (BDNF). In a model of Alzheimer’s, FTY
was able to reverse the effect of damage by modulating the levels of different markers
such as the Glial fibrillary acidic protein (astrogliosis marker), taurine (anti-inflammatory
marker), and neuronal markers such as the N-acetyl aspartate and glutamate [23]. A
meta-analysis was conducted by Liu et al. which included nine studies that focused on
quantification of infarct volume and neurological deficit scoring in a transient middle
cerebral artery occlusion model of ischemic stroke challenged with FTY [24]. The study
concluded that FTY could be a possible candidate for stroke due to its protective effects on
neurological deficit and infarct volume in eight of the nine included studies. Promising
outcomes with FTY represent the need for further investigation to confirm the theories
on its action as a neuroprotective agent. Utilizing the EAE (Experimental Autoimmune
Encephalitis) model of MS, a recent study by Yang et al. investigated whether FTY is
beneficial to the visual system [25]. Their results showed that FTY treatment offered
neuroprotective and anti-inflammatory effects on the retina and optic nerve. FTY treat-
ment alleviated EAE-induced gliosis, inflammation and reduced the apoptosis of RGCs
and oligodendrocytes.

In response to FTY treatment, our studies found a reduction in the phosphorylation of
p38 MAP kinase (a cellular stress signaling pathway) in TNFα-treated R28 cells. However,
fingolimod treatment did not induce any changes in the levels of phosphorylated Akt,
indicating its effect on cell survival is independent of Akt, with the conditions studied.
TNFα-induced cell death was confirmed by the upregulation of cleaved caspase-3 (a cell
death marker) expression along with reduced levels of Bcl-xL (an anti-apoptotic protein).
These changes were reversed in response to FTY treatment, supporting its neuroprotective
and anti-apoptotic function. FTY treatment also protected the retinal neurons against the
TNFα-induced neuronal damage determined by the expression of neuronal markers.

Oxidative stress plays a critical part in the pathogenesis of various neurodegenerative
diseases and neuroinflammation. There exists an increasing amount of data indicating that
oxidative stress plays a major role in the pathogenesis of MS and optic neuritis [48]. Results
from preclinical studies show that suppression of oxidative stress is a promising strategy
for optic neuritis [49–53]. In the present study, we show that FTY mediated neuroprotection
of R28 cells involves the regulation of ROS formation. A recent study performed on serum
samples from patients with relapsing-remitting MS and healthy controls demonstrated
that TFY treatment increased total antioxidant capacity [54]. Furthermore, FTY treatment
reduced oxidative stress in experimental models of cardiomyopathy [55], multiple system
atrophy [56], autism [57], and vitamin K-induced neurotoxicity [20].

Oxidative damages along with mitochondrial dysfunction are common characteristics
of neurodegenerative diseases. Mitochondrial dysfunction is increasingly recognized as a
major mechanism of MS associated pathologies [58–60]. The present study investigated the
impact of FTY treatment on the changes in protein levels related to mitochondrial dynamics.
Alterations in mitochondrial dynamics affect mitochondrial size and shape and impact
mitochondrial metabolism and cell death. These events are controlled by mitochondrial
dynamin-related GTPases, including mitofusin-1, mitofusin-2, OPA1, and DRP1. Our
results show that one possible mechanism by which FTY offers neuroprotection of R28
neuronal cells via regulation of mitochondrial fusion. Altered levels of mitochondrial
proteins were reported in retinal neurons in models of diabetic retinopathy [61] and
glaucoma [62]. Results from our study are consistent with studies on neuroprotective
properties of FTY in other models where FTY improved mitochondrial stability and restored
mitochondrial dynamics under oxidative stress conditions [20,63–65]. Our present study
did not investigate the changes in mitochondrial function.

Our study showed that FTY treatment reduces TNFα induced mitochondrial ROS
formation in R28 cells. Other studies recently reported that FTY reduced mitochondrial
dysfunction in a rat model of chronic cerebral hypoperfusion, reduced neuroinflammation
and restored mitochondrial function in a model of Multiple System Atrophy [65], prevented
mitochondrial dysfunction and protected neurons in prion protein-disease model [66].
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Furthermore, we investigated the neuroprotective effect of FTY on R28 cells treated with
H2O2, a cellular stressor known to induce oxidative stress. Our results reveal that FTY
offers neuroprotection in response to oxidative stress-induced cellular damage. While FTY
treatment rescued R28 cells at all concentrations of H2O2 studied, FTY did not significantly
reduce phospho-P38 levels at higher concentration of H2O2, suggesting the possibility of
other signaling pathways involved. Another possibility is that FTY at a different dose/time
could reduce the phospho-P38 levels at higher concentrations of H2O2. Overall, these
results indicate that FTY mediated neuroprotection could be offered through multiple
mechanisms, including P38MAPK signaling. However, further studies are needed to
confirm this observation.

Evidence as a regulator of oxidative stress, along with its immunomodulatory function,
offers significant therapeutic potential to FTY in neuroinflammatory diseases such as optic
neuritis. Figure 8 depicts the possible mechanisms of FTY mediated neuroprotection in
response to TNFα-induced damage. Further studies are needed to define whether the effect
of FTY on ROS level is direct or indirect and to delineate the molecular mechanisms of FTY
mediated neuroprotection.

α

α

α

α

Figure 8. Proposed mechanism of FTY mediated neuroprotection. It is postulated that TNFα
treatment induces cellular stress and cell death in retinal neurons by elevating oxidative stress.
Treatment with FTY reduces TNFα-induced oxidative stress and improved neuronal survival.

One limitation of our study is that it did not elucidate the role of cell survival pathways
that are directly associated with TNFα and FTY action. The concentration of FTY used
in our study (25 nM) corresponds to 7.6875 ng/mL. However, as per the manufacturer’s
(Gilenya®) package insert, the concentration of active fingolimod phosphate in adult
MS patients is 1.35 ng/mL. Lower concentrations used in our study, did not offer any
neuroprotective effect. It is likely that the neurovascular unit could respond differently
in response to other cytokines or injury mediators. This difference in human systemic
concentration versus in vitro concentration in our models is an interesting aspect of the
study and suggests that repurposing may be needed for the neuroprotective action of FTY
in MS patients. Another limitation of the current study is that it is purely performed in a
cellular model in vitro, which is not a true reflection of what happens in a complex in vivo
set up. Nevertheless, the study provides reasonable optimism on the potential therapeutic
benefits of FTY to treat ON. Studies performed on EAE model by Yang el tal demonstrated
neuroprotective and anti-inflammatory effects on the retina and optic nerve, with no direct
negative effects at the two different doses of FTY (0.3 and 1.0 mg/kg) utilized [25]. Results
from our study complements the findings of Yang et al., where stronger neuroprotective
effects on the visual system.
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5. Conclusions

Overall, our study investigated the potential neuroprotective effects of FTY in an
in vitro model of neurodegeneration. The R28 neuro-retinal cells are characterized as a
successful platform for evaluating neuronal damage in the presence of TNFα, and its
suppression with FTY. Furthermore, our studies demonstrated the antioxidant properties
of FTY, a possible mechanism of neuroprotection. However, further studies are required to
confirm the results. Based on the cellular and molecular analysis, FTY demonstrated the
potential to be investigated as a novel neuroprotective strategy in conditions like MS and
associated pathologies.
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Appendix A

Table A1. List of antibodies used in the study.

Antibody Used Catalogue No. Company Dilution

Phospho-P38 MAP Kinase 4511S Cell Signaling 1:1000

Total P38 MAP Kinase 9212S Cell Signaling 1:1000

Phospho-Akt 4060S Cell Signaling 1:1000

Total Akt 9272S Cell Signaling 1:1000

Bcl-xL 2764S Cell Signaling 1:1000

Cleaved caspase-3 9664S Cell Signaling 1:1000

β-Actin A1978-200UL Sigma 1:10,000

Tuj1 MAB1195 R&D Systems 1:500

Neuron Specific Enolase NSE Aves Lab 1:500

Mitofusin-2 74792 Cell Signaling 1:1000

p-DRP-1 4494 Cell Signaling 1:1000

OPA-1 80471S Cell Signaling 1:1000
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Abstract: Uveitis is one of the main causes of blindness worldwide, and therapeutic alternatives are
worthy of study. We investigated the effects of piperlongumine (PL) and/or annexin A1 (AnxA1)
mimetic peptide Ac2-26 on endotoxin-induced uveitis (EIU). Rats were inoculated with lipopolysac-
charide (LPS) and intraperitoneally treated with Ac2-26 (200 µg), PL (200 and 400 µg), or Ac2-26 + PL
after 15 min. Then, 24 h after LPS inoculation, leukocytes in aqueous humor, mononuclear cells,
AnxA1, formyl peptide receptor (fpr)1, fpr2, and cyclooxygenase (COX)-2 were evaluated in the
ocular tissues, along with inflammatory mediators in the blood and macerated supernatant. De-
creased leukocyte influx, levels of inflammatory mediators, and COX-2 expression confirmed the
anti-inflammatory actions of the peptide and pointed to the protective effects of PL at higher dosage.
However, when PL and Ac2-26 were administered in combination, the inflammatory potential was
lost. AnxA1 expression was elevated among groups treated with PL or Ac2-26 + PL but reduced after
treatment with Ac2-26. Fpr2 expression was increased only in untreated EIU and Ac2-26 groups. The
interaction between Ac2-26 and PL negatively affected the anti-inflammatory action of Ac2-26 or
PL. We emphasize that the anti-inflammatory effects of PL can be used as a therapeutic strategy to
protect against uveitis.

Keywords: eye inflammation; lipopolysaccharide; natural bioactive extracts; Ac2-26; FPR receptor;
inflammatory mediators

1. Introduction

Uveitis is an intraocular inflammation of different etiologies [1–5] characterized by
leukocyte accumulation in ocular tissues and cytokine release. It is a painful condition and
is associated with redness, photophobia, impaired vision, and blindness [6–10]

Pharmacological treatment for uveitis includes corticosteroids, chemotherapeutic
agents, and tumor necrosis factor (TNF)-α inhibitors [3,7,8,11], but the use of these drugs is
limited by their serious side effects, such as increased ocular pressure or cytotoxicity [9,12].
However, recent advances in the mechanisms of inflammation and the discovery of several
endogenous anti-inflammatory mediators have provided new therapeutic possibilities for
uveitis treatment [5,7,10,13–15].
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In particular, the endogenous protein annexin A1 (AnxA1) may represent an alter-
native therapy for uveitis [16–20]. AnxA1 is an anti-inflammatory 37 kDa protein, which
exhibits calcium and membrane phospholipid binding sites and is involved in the inhibi-
tion of glucocorticoid-induced eicosanoids and phospholipase A2 synthesis [21–24]. Struc-
turally, AnxA1 comprises a specific small N-terminal region and a central domain formed
by four to eight replicates of a highly conserved 70 to 80 amino acids sequence [25–27]. The
N-terminal domain contains sites for post-translational processes, such as phosphorylation,
glycosylation, and proteolysis [17,24,28,29].

Over the years, our research group has investigated the effect of AnxA1 on different
ocular inflammatory conditions [17,19,30–35]. Positive modulation of endogenous AnxA1
in inflammatory cells in the eyes of mice and retinal pigment epithelial cells (ARPE-19)
infected with Toxoplasma gondii suggests the protein can be used as a therapeutic target in
ocular toxoplasmosis [30]. AnxA1 is involved in the signaling cascades of inflammatory
processes, leading to decreased cell proliferation and increased migration by modulation
of connective tissue growth factor (CTGF) and lecithin retinol acyltransferase (LRAT) gene
expression in ARPE-19 cells [19]. In an experimental allergic conjunctivitis model using
wild and AnxA1-null Balb/c mice, administration of the AnxA1-N-terminal region mimetic
peptide (Ac2-26) was effective in reducing interleukin (IL)-2, IL-4, IL-10, IL-13, eotaxin, and
regulated upon activation normal T cell expressed and presumably secreted (RANTES) [32].
In addition, the potential involvement of the formyl peptide receptor (fpr) family in the
protective effect of Ac2-26 was investigated in the same allergic conjunctivitis model [35].
In a Pseudomonas aeruginosa keratitis model, the overexpression of AnxA1 and fpr2 occurred
in the corneas of Balb/c mice and especially C57BL/6 mice, which is more susceptible to
pathogens and infectious antigens [34]. Concerning the uveitis, the expression of AnxA1 in
leukocytes and aqueous humor (AqH) was observed in endotoxin-induced uveitis (EIU)
in rats [16], with this protein noted as one of the essential mediators in the inflammatory
homeostasis process. Moreover, the mechanism of action and potential use of AnxA1
and Ac2-26 were demonstrated in EIU in rodents and lipopolysaccharide (LPS)-activated
ARPE-19 cells [17]. The results of this investigation showed that following specific serine
phosphorylation, AnxA1 can be translocated to the cell surface, where it interacts with
fpr2 and inhibits the release of inflammatory mediators independent of the nuclear factor
(NF)-kB signaling pathway and in a post-translational manner.

In recent years, another potent anti-inflammatory mediator, piperlongumine (PL)
(5,6-dihydro-1-[(2E)-1-oxo-3-(3,4,5-trimethoxyphenyl)-2-propenyl]-2(1H)pyridinone), a bi-
ologically active component of Piper species (Piperaceae), has attracted the attention of
our research group for its possible interaction with AnxA1 [36]. In particular, PL is the
main alkaloid of long pepper (Piper longum L.), and its pharmacological actions include
cytotoxic, antitumor, antiangiogenic, antiplatelet, antibacterial, antidiabetic, antianxiolytic,
antiatherosclerotic, and antifungal effects [36–43]. PL induces apoptosis by interfering
with redox and reactive oxygen species (ROS) homeostatic regulators, such as glutathione
S-transferase pi 1 (GSTP1) and carbonyl reductase (CBR1) [44]. Moreover, on nonsmall
cell lung cancer (NSCLC) in vivo and in vitro, PL suppressed lung cancer cell growth in a
dose-dependent manner via inhibition of the NF-κB signaling pathway [45].

Regarding inflammation, LPS insult on PL protected the vascular barrier integrity
by inhibiting hyperpermeability, expression of cellular adhesion molecules (CAMs), and
adhesion and migration of leukocytes, thus endorsing its usefulness as a therapy for
vascular inflammatory diseases [46]. Moreover, PL and derivatives reduced the amount of
nitric oxide (NO) in LPS-stimulated RAW264.7 macrophages [47]. The protective effect of
P. longum alkaloid extract containing piperine and PL on dopaminergic neurons against
inflammatory reaction was observed in LPS-induced damage. The active extract attenuated
the depletion of dopamine in the striatum, facilitated the survival of damaged neurons by
inhibiting microglial activation, suppressed the release of neurotoxic factors, and improved
LPS-induced behavioral dysfunctions [48]. For neuroinflammation caused by LPS in a
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model of amyloidogenesis, PL exhibited anti-inflammatory and antiamyloidogenic effects
by inhibiting NF-κB [49].

Our investigations indicated that PL attenuated systemic and pulmonary inflamma-
tory changes, partially by modulating the expression of the endogenous AnxA1, in lung
inflammation induced by cigarette smoke [42]. The potential of PL as a therapeutic im-
munomodulator for cancer prevention and progression was reinforced by analyzing PL
administration in human cancer cells from an epidermoid carcinoma of the larynx (Hep-2)
and umbilical vein endothelial cells (HUVEC), in which PL modulated the expression of
genes involved in inflammatory processes [36]. Although there are several publications
related to PL, few studies have focused on its anti-inflammatory role, and the actions of PL
in ocular inflammation are not known. Building upon these observations, we decided to
investigate the role of PL as an alternative therapy for EIU.

Ac2-26 and PL interaction has been explored by our group through different molecular
or computational screening techniques, such as phage display and molecular docking [36].
In silico analyses showed that, among other PL molecules, there was a terpene that ap-
peared to interact with lysine 9 from AnxA1 in the region corresponding to the N-terminal
peptide Ac2-26 [36]. However, the physiological reason for this interaction, whether posi-
tive or negative in vivo, with regard to the anti-inflammatory effects of AnxA1 is not yet
understood, which opens up a new and stimulating field for research.

Given the above, we tested PL in EIU either alone or in coadministration with the
peptide Ac2-26, followed by analyses of the leukocyte influx and inflammatory mediators,
to verify the following hypotheses: (1) there is anti-inflammatory potential of PL in EIU;
(2) Ac2-26 + PL coadministration may interfere with the anti-inflammatory response profile
of Ac2-26, favoring or attenuating the effects of its administration on experimental uveitis.

2. Materials and Methods
2.1. Experimental Model of Uveitis and Treatment Protocols

Male Wistar rats, 6 to 8 weeks of age (200 g), were distributed in 7 groups (n = 10/group).
The animals were kept in cages in a temperature-controlled environment (22 to 25 ◦C)
and received water and food ad libitum. The experimental procedures were conducted
according to the guidelines for biomedical research stated by the Brazilian Societies of Ex-
perimental Biology and also approved by the Ethic Committee on Animal Use of University
Center Padre Albino (Certificate (No. 11/14). The experiments were designed to minimize
the number of animals used and their suffering during the execution of the protocols. All
animals were evaluated daily by the institution’s veterinarian.

For the development of EIU, rats were anesthetized with isoflurane (1%) and inocu-
lated subcutaneously in the right footpad with 200 µg (1 mg/kg) of lipopolysaccharide
(LPS type Escherichia coli serotype 0127: B8, Sigma Chemical Co. Poole, Dorset, UK) diluted
in 100 µL of phosphate-buffered saline (PBS) [16,17].

The anti-inflammatory effects of Ac2-26 peptide (Ac-AMVSEFLKQAWFIENEEQE-
YVQTVK, Thermo Fisher Scientific, Grand Island, NY, USA) and PL (C17H19NO5, CAS
number: 20069-09-4, Sigma-Aldrich/Merck, Darmstadt, Hesse, Germany) administered
singly or in combination were tested by intraperitoneal (ip) injection 15 min after LPS
induction in five EIU groups (n = 10/group) (Figure 1) [17]. The dosage of Ac2-26 at 200 µg
(1 mg/kg or 539 µM) diluted in 100 µL of PBS was based on previous studies [17]. For
the selection of the PL dosage and for the purpose of comparison with the peptide, we
chose two dosages. The lowest dosage of 200 µg (1 mg/kg or 1.57 mM) was equal to the
one used for the peptide, while the highest dosage was based on another investigation by
our group, which tested the therapeutic efficacy of PL by ip administration at a dosage of
400 µg (2 mg/kg or 3.15 mM) diluted in 100 µL of 10% dimethyl sulfoxide (DMSO, Gold
Lab; Ribeirão Preto, São Paulo, Brazil) [42].
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Figure 1. Schematic representation of experimental groups. Induced by (1) LPS, (2) LPS and treated
with Ac2-26 200 µg diluted in PBS, (3) LPS and treated with PL 200 µg diluted in 10% DMSO, (4) LPS
and treated with PL 400 µg diluted in 10% DMSO, (5) LPS and treated with Ac2-26 200 µg diluted in
PBS and PL 200 µg diluted in 10% DMSO, (6) LPS and treated with Ac2-26 200 µg diluted in PBS and
PL 400 µg diluted in 10% DMSO, and (7) uninduced, administered with 10% DMSO (n = 5/group).

Rats that received an intraperitoneal injection of 10% DMSO were used as the control
group. The animals were anesthetized with isoflurane (1%) before each experimental
treatment and euthanized 24 h after LPS inoculation by excessive dose of the anesthetic.

2.2. Histopathological and Quantitative Analyses

AqH was collected by puncturing the anterior chamber of the left eyes, and 10 µL
samples were used and stained in Turk’s solution (90 µL). Blood was collected by cardiac
puncture, and 10 µL samples were diluted in 190 µL of Turk’s solution. Neutrophils and
monocytes were quantified in the Neubauer chamber. Values for quantification of AqH and
blood leukocytes were expressed as mean ± standard error (SEM) of the average number
of cells × 105/mL in the AqH samples and the number of cells × 103/mL in the blood
samples [31].

After AqH collection, the left eyes were fixed in 4% formaldehyde, dehydrated in in-
creasing order of alcohol content, and placed in paraffin for histopathological analyses and
immunohistochemistry. These analyses were performed in the Leica DM500 microscope
(Leica, Wetzlar, Hessen, Germany).

2.3. Immunohistochemical and Densitometric Studies

Detection of the AnxA1 protein, fpr1 and fpr2 receptors, cyclooxygenase (COX)-2
enzyme, and phagocytic mononuclear cells (macrophages and monocytes) were performed
in 5 µm sections of the paraffin-embedded material. After an antigen retrieval step using
citrate buffer (pH 6), the endogenous peroxide activity was blocked, and the sections were
incubated overnight at 4 ◦C with the primary rabbit polyclonal antibodies anti-AnxA1
(1:2000) (Invitrogen, Camarillo, CA, USA), anti-fpr1 and anti-fpr2 (1:1000) (Bioss Inc., Wo-
burn, MA, USA), anti-COX-2 (1:1000) (Bioss Inc, Wo-burn, MA, USA) and with monoclonal
anti-ED-1 (monocytes and macrophages) (1:1000) (Millipore, Temecula, CA, USA) diluted
in 1% BSA. Subsequently, the slides were incubated with biotinylated secondary antibody
(Histostain kit, Invitrogen, Carlsbad, CA, USA). Positive staining was detected using a
peroxidase-conjugated streptavidin complex, and color was developed using diaminobenzi-
dine substrate (DAB Kit, Invitrogen, Carlsbad, CA, USA). The sections were counterstained
with hematoxylin.

ED-1 positive cells were quantified in the anterior segment of the eyes of different
groups with the aid of the Leica Image Analysis software, and the values obtained were
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expressed as number of cells per mm2. For the protein densitometric analyses, 3 different
slides from each animal were used, and 15 points were analyzed in 3 regions of the cornea,
iris, and ciliary processes for an average related to the intensity of immunoreactivity. The
values were obtained as arbitrary units [17].

2.4. Inflammatory Mediator Levels

The intact right eyes of all the studied groups were macerated in liquid nitrogen and
placed in eppendorfs, which were added with 500 µL of protease (Protease Inhibitor Cock-
tail Set I, Cat. No. 53391, Millipore Corporation, CA, USA) and phosphatase (PhosphoSafe,
Cat. No. 7,126-3-3, Novagen, Millipore Corporation, Billerica, CA, USA) inhibitor solution
prepared according to the manufacturer’s instructions. The material was incubated for
20 min at 4 ◦C under constant stirring and centrifuged at 14,000 RPM for 10 min at 4 ◦C.
The supernatants were then collected and immediately frozen at −80 ◦C. The protein
concentration in the supernatant was measured using a Bradford assay (Bio-Rad, Hemel
Hempstead, UK).

IL-1β, IL-6, IL-10, monocyte chemoattractant protein (MCP)-1, and TNF-α inflam-
matory mediators were quantified in the eye macerate supernatant and in blood plasma
using the rat cytokine MILLIPLEX MAP Kit (RECYTMAG-65K; Millipore Corporation,
Billerica, CA, USA) according to the manufacturer’s instructions and analyzed on the
LUMINEX xMAP MAGPIX (Millipore Corporation, Billerica, CA, USA) equipment. The
concentration of analytes was determined by MAGPIX xPONENT software (Millipore
Corporation, Billerica, CA, USA). Results were expressed as mean ± SEM of cytokine
concentrations (pg/mL).

2.5. Statistical Analyses

The results were first submitted to descriptive analysis and normality determination.
As the samples presented normal distribution, the analysis of variance (ANOVA) was used,
followed by the Bonferroni test. All values were expressed as mean ± SEM and p values
less than 0.05 were considered statistically significant.

3. Results
3.1. Singly Administered, the Treatments Inhibited the Influx of Leukocytes, Indicating Protective
Effects of PL, Especially at 400 µg Dosage, and Confirming the Anti-Inflammatory Action of
Ac2-26, but These Effects Were Lost with Coadministration

Transmigrated leukocytes were absent in the control eyes (Figure 2A), but a high influx
of these cells, mainly neutrophils, occurred 24 h after LPS inoculation without treatment
(Figure 2B). The anterior eye segment was the most affected, and the inflammatory cells
were observed in AqH, anterior and posterior chambers, and also in iris, ciliary body,
and ciliary process stroma (Figure 2B). Except for Ac2-26 + PL 400 µg group (Figure 2G),
fewer transmigrated leukocytes were presented after treatments (Figure 2C–F), especially
in Ac2-26 (Figure 2C) and PL 400 µg (Figure 2E) groups.

Decreased neutrophil transmigration into AqH was verified after Ac2-26 (p < 0.001)
and PL 400 µg (p < 0.01) administrations compared to the untreated LPS group (Figure 2H).
The influx of monocytes into AqH was also reduced by treatments (p < 0.001), except in the
Ac2-26 + PL 400 µg group (Figure 2I). Similarly, in blood quantifications, higher numbers
of neutrophils and monocytes were observed, especially in the LPS and Ac2-26 + PL 400 µg
groups, with a marked reduction after Ac2-26 and PL 400 µg treatments (Figure 3A,B).
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tion to the LPS group (Figure 4A). 

Figure 2. Histopathological analyses of ocular tissues in EIU. Absence of leukocytes in con-
trol tissues (A). Influx of neutrophils after 24 h LPS (B) and treated with Ac2-26 + PL 400 µg
(G). Significant decrease in cellular extravasation after systemic treatments with Ac2-26 (C) and
PL 400 µg (E) and moderate inflammatory influx reduction after treatments with PL 200 µg (D)
and Ac2-26 + PL 200 µg (F). The details show enlargements of dashed areas. Sections: 5 µm, stain:
HE, bars: 100 µm. Quantitative analyses of neutrophils (H) and monocytes (I) in the aqueous hu-
mor. The data show mean ± SEM of neutrophils and monocytes × 105 mL in the eyes of con-
trol, untreated (LPS), and treated (Ac2-26 200 µg, PL 200 µg, PL 400 µg, Ac2-26 + PL 200 µg, and
Ac2-26+ PL 400 µg) rats (n = 10 animals/group). *** p < 0.001, ** p < 0.01, and * p < 0.05 versus
control; ### p < 0.001 and ## p < 0.01 versus LPS; and χχχ p < 0.001 versus Ac2-26 200 µg, PL 200 µg,
PL 400 µg, and Ac2-26 200 µg + PL 200 µg.

Phagocytic mononuclear cells were studied following immunohistochemical reaction
with anti-ED-1 antibody in the ciliary body and iris (Figure 3D). Quantification showed a
large number of ED-1 positive cells in the LPS and Ac2-26 + PL 400 µg (Figure 3C) groups
(p < 0.001) compared to the control but significant decrease in the other groups.

Analyses related to influx of neutrophils and monocytes in AqH and blood and
phagocytic mononuclear cells in the anterior eye segment showed anti-inflammatory action
of Ac2-26 and dose-dependent effects of PL, which was more efficient at 400 µg dosage.
In contrast, Ac2-26 + PL coadministration abrogated the peptide inhibitory action on
neutrophil and monocyte extravasation, especially in the Ac2-26 + PL 400 µg group.

294



Cells 2021, 10, 3170
Cells 2021, 10, x FOR PEER REVIEW 7 of 19 
 

 

 
Figure 3. Quantitative analyses of neutrophils (A) and monocytes (B) in blood. Data show mean ± SEM of neutrophils and 
monocytes × 103 mL in the blood of control, untreated (LPS), and treated (Ac2-26 200 µg, PL 200 µg, PL 400 µg, Ac2-26 + 
PL 200 µg, and Ac2-26 + PL 400 µg) rats (n = 10 animals/group). *** p < 0.001, ** p < 0.01, and * p < 0.05 versus control; ## p 
< 0.01 versus LPS; αα p < 0.01 and α p < 0.05 versus Ac2-26 200 µg; and & p < 0.05 versus PL 400 µg. Quantification of 
phagocytic mononuclear cells in the anterior segment of the eye (C). Data show mean ± SEM of ED-1 positive cells per 
mm2 in the eyes of control, untreated (LPS) and treated (Ac2-26 200 µg, PL 200 µg, PL 400 µg, Ac2-26 + PL 200 µg and Ac2-
26 + PL 400 µg) rats. (n = 10 animals/group). *** p < 0.001 versus control; # p < 0.05, ## p < 0.01, and ### p < 0.001 versus LPS; 
and χχ p < 0.01 versus Ac2-26 200 µg, PL 400 µg, and Ac2-26 200 µg + PL 200 µg. ED-1 positive cells (arrows) on iris 
induced to uveitis and untreated (D). Sections: 5 µm, counterstain: hematoxylin, bars: 10 µm. 
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matory cytokine IL-10, which are all multifunctional molecules that play important roles 
in host defense in acute phase inflammatory reactions, were analyzed in supernatants of 
the ocular tissues after maceration and in the blood plasma. The results indicated low 
levels of the proinflammatory cytokines in the control eyes and, as expected, significant 
increased levels in the untreated LPS group, both in the macerated supernatant (Figure 
4B,D,F,H) and blood plasma (Figure 4C,E,G,I). 

Treatments with PL at 200 µg dosage singly administered or in combination with 
Ac2-26 peptide were able to reduce the levels of IL-1β only in the blood plasma (Figure 
4E), while the combined administration of the AnxA1 mimetic peptide and PL at 400 µg 
dosage did not reduce the proinflammatory cytokine levels (Figure 4B–K). In contrast, 
when the peptide Ac2-26 or PL at 400 µg dosage were singly administered, IL-1β, IL-6, 
and TNF-α levels were reduced compared to the LPS group (Figure 4B–K), indicating res-
olution of the inflammatory process. 

Regarding IL-10, increased levels were verified in the LPS and Ac2-26 + PL 400 µg 
groups in blood plasma and macerated supernatant (Figure 4J,K). Treatments with Ac2-
26 peptide and PL (200 and 400 µg) reduced the cytokine concentration in blood plasma 

Figure 3. Quantitative analyses of neutrophils (A) and monocytes (B) in blood. Data show mean ± SEM of neutrophils
and monocytes × 103 mL in the blood of control, untreated (LPS), and treated (Ac2-26 200 µg, PL 200 µg, PL 400 µg,
Ac2-26 + PL 200 µg, and Ac2-26 + PL 400 µg) rats (n = 10 animals/group). *** p < 0.001, ** p < 0.01, and * p < 0.05 versus
control; ## p < 0.01 versus LPS; αα p < 0.01 and α p < 0.05 versus Ac2-26 200 µg; and & p < 0.05 versus PL 400 µg.
Quantification of phagocytic mononuclear cells in the anterior segment of the eye (C). Data show mean ± SEM of
ED-1 positive cells per mm2 in the eyes of control, untreated (LPS) and treated (Ac2-26 200 µg, PL 200 µg, PL 400 µg,
Ac2-26 + PL 200 µg and Ac2-26 + PL 400 µg) rats. (n = 10 animals/group). *** p < 0.001 versus control; # p < 0.05, ## p < 0.01,
and ### p < 0.001 versus LPS; and χχ p < 0.01 versus Ac2-26 200 µg, PL 400 µg, and Ac2-26 200 µg + PL 200 µg. ED-1
positive cells (arrows) on iris induced to uveitis and untreated (D). Sections: 5 µm, counterstain: hematoxylin, bars: 10 µm.

3.2. Ac2-26 and PL Singly Administered Reduced the Release of Proinflammatory Mediators in
EIU, but These Effects Were Abrogated with Coadministration, Especially Ac2-26 + PL 400 µg

The supernatants of macerated ocular tissues of LPS animals and those treated with
Ac2-26 + PL 400 µg showed significant increase in total protein levels (p < 0.001) compared
to the control. In the other treated groups, the protein concentration was reduced in relation
to the LPS group (Figure 4A).

The proinflammatory mediators IL-1β, IL-6, TNF-α, and MCP-1 and the anti-inflammatory
cytokine IL-10, which are all multifunctional molecules that play important roles in host
defense in acute phase inflammatory reactions, were analyzed in supernatants of the ocular
tissues after maceration and in the blood plasma. The results indicated low levels of the
proinflammatory cytokines in the control eyes and, as expected, significant increased levels
in the untreated LPS group, both in the macerated supernatant (Figure 4B,D,F,H) and blood
plasma (Figure 4C,E,G,I).
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Figure 4. Effects of peptide Ac2-26 and PL, administered singly or in combination, on EIU. Levels of
total proteins in supernatants after maceration of ocular tissues (A) and dosages of anti-inflammatory
mediators TNF-α (B,C), IL-1β (D,E), IL-6 (F,G), and MCP-1 (H,I) and proinflammatory cytokine
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LPS; αα p < 0.01 and α p < 0.05 versus Ac2-26 200 µg; ββ p < 0.01 versus PL 200 µg; && p < 0.01
versus PL 400 µg; and χχχ p < 0.001 versus all other groups.
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Treatments with PL at 200 µg dosage singly administered or in combination with
Ac2-26 peptide were able to reduce the levels of IL-1β only in the blood plasma (Figure 4E),
while the combined administration of the AnxA1 mimetic peptide and PL at 400 µg dosage
did not reduce the proinflammatory cytokine levels (Figure 4B–K). In contrast, when the
peptide Ac2-26 or PL at 400 µg dosage were singly administered, IL-1β, IL-6, and TNF-α
levels were reduced compared to the LPS group (Figure 4B–K), indicating resolution of the
inflammatory process.

Regarding IL-10, increased levels were verified in the LPS and Ac2-26 + PL 400 µg groups
in blood plasma and macerated supernatant (Figure 4J,K). Treatments with Ac2-26 peptide
and PL (200 and 400 µg) reduced the cytokine concentration in blood plasma and eye
supernatant, while Ac2-26 + PL 200 µg administration decreased IL-10 in blood plasma.

3.3. COX-2 Expression Is Not Inhibited after Treatments with PL 200 µg and Ac2-26 + PL 400 µg

In the anterior ocular segment of the control rats, especially in iris, ciliary body, and
ciliary processes (Figure 5A), the expression COX-2 enzyme was not detected. How-
ever, in the same regions, in the untreated EIU animals (Figure 5B) and after systemic
treatments with PL 200 µg and Ac2-26 + PL 400 µg (Figure 5D,G), strong COX-2 immuno-
labeling was observed. The Ac2-26, PL 400 µg, and Ac2-26 + PL 200 µg groups showed
reduced enzyme expression (Figure 5C,E,F), mainly in the singly peptide treated group.
There was no immunoreactivity for COX-2 in the reaction control (Figure 5H), confirming
antibody specificity.
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Figure 5. Expression of the COX-2 enzyme in ciliary processes in EIU. Absence of immunostaining
in the control eyes (A). Strong immunostaining in the untreated, induced EIU animals (LPS) (B) and
those treated with PL 200 µg (D) and Ac2-26 + PL 400 µg (G). Decreased expression after systemic
treatments with Ac2-26 (C), PL 400 µg (E), and Ac2-26 + PL 200 µg (F). Absence of immunostaining in
the control eyes (H). Counterstaining: hematoxylin, bars: 10 µm. Densitometric analysis of COX-2 (I).
Results were obtained as mean ± SEM of the densitometric index of the eyes of control rats, untreated
uveitis (LPS), and treated groups (Ac2-26 200 µg, PL 200 µg, PL 400 µg, Ac2-26 + PL 200 µg, and
Ac2-26 + PL 400 µg) (n = 10 animals/group). *** p < 0.001 and ** p < 0.01 versus control; # p < 0.05,
## p < 0.01, and ### p < 0.001 versus LPS; αα p < 0.01 and α p < 0.05 versus Ac2-26 200 µg.
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Densitometric analyses corroborated the immunohistochemical observations (Figure 5I),
reinforced the anti-inflammatory activities of PL in a dose-dependent manner, and showed
that the combination of Ac2-26 and PL, especially at the higher dosage, inhibited the
protective action of the peptide and PL singly administered.

3.4. Endogenous AnxA1 Increased during Inflammation in Ocular Tissues, but Ac2-26
Administered Singly or in Combination with PL at Lower Dosage Reduced
AnxA1 Immunoreactivity

The immunohistochemical and densitometric analyses of AnxA1 expression in the
anterior eye segment showed significant increase in the endogenous protein, especially
in the ciliary processes, 24 h after uveitis induction in the untreated group (p < 0.001)
compared to the control (Figure 6A,B,I).
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Figure 6. Expression of AnxA1 in ciliary processes in EIU. Increased expression after 24 h of
induction of inflammation in the untreated (LPS) (B) and treated groups with PL (D,E) and
Ac2-26 + PL 400 µg (G) relative to the control (A). Reduction of immunoreactivity after treatments
with Ac2-26 (C) and Ac2-26 + PL 200 µg (F) compared to LPS. Absence of immunoreactivity in the
control of the reaction (H). Counterstaining: hematoxylin, bars: 10 µm. Densitometric analysis
of AnxA1 (I). Results were obtained as mean ± SEM of the densitometric index of the eyes of
control rats, untreated uveitis (LPS), and treated groups (Ac2-26 200 µg, PL 200 µg, PL 400 µg,
Ac2-26 + PL 200 µg, and Ac2-26+ PL 400 µg) (n = 10 animals/group). ** p < 0.01 and * p < 0.05 versus
control; ## p < 0.01 and ### p < 0.001 versus LPS; ααα p < 0.001 and αα p < 0.01 versus Ac2-262 00 µg.

AnxA1 immunolabeling remained increased after treatments with PL singly admin-
istered (Figure 6D,E,I) or in combination with Ac2-26 at 400 µg dosage (Figure 6G,I). In
contrast, in the Ac2-26 (Figure 6C) and Ac2-26 + PL 200 µg groups (Figure 6F) decreased
AnxA1 expression was observed relative to the LPS group (Figure 6I). In the group treated
only with the peptide, the expression of the protein was also reduced compared to control
group (p < 0.05). The specificity of the immunolabeling was confirmed by the reaction
control (Figure 6H).
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3.5. Expression of the fpr2 Receptor Is Modulated by Treatment with AnxA1 Peptide but Not with
PL Singly Administered or Ac2-26 in Combination with PL 400 µg

The expression of fpr2 receptor in ocular tissues overlapped the location of the AnxA1
with increased labeling in the LPS group (p < 0.05) (Figure 7B,J) and mainly in animals
treated with AnxA1 peptide (p < 0.001) (Figure 7C,J) compared to the control (Figure 7A,J).
However, after other treatments, there was no significant change in receptor expression
(Figure 7D–G,J). In contrast, we observed no immunoreactivity for fpr1 (Figure 7H) in all
the studied groups. The control of the reaction indicated antibody specificity (Figure 7I).
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Our initial analysis, as expected, showed that inflammatory stimuli induced by LPS 
released inflammatory mediators IL-1β, IL-6, TNF-α, and MCP-1 and increased expres-
sion of COX-2 by promoting disruption of the blood–ocular barrier and intense influx of 
leukocytes, reinforcing previous studies [17,31]. Neutrophils were the predominantly ex-
travasated inflammatory cells, especially near ciliary processes. In EIU, neutrophil trans-
migration occurs at the base of the ciliary body, whereas the infiltrate of phagocytic mon-
onuclear cells and lymphocytes occurs in the iris vessels [16,17]. The expression of Toll-
like receptor 4 (TLR4), preferably by cells in the anterior region of the eye, may explain the 

Figure 7. Specific expression of fpr2 in ocular tissues. Strong immunoreactivity for fpr2 in the LPS
(B) and Ac2-26 (C) groups. Similar expressions were found among the control (A), PL (D,E), and
Ac2-26 + PL (F,G) groups. Absence of labeling for fpr1 receptor (H) and in control of the reaction (I).
Counterstaining: hematoxylin, bars: 10 µm. Densitometric analysis of fpr2 (J). Results were obtained
as mean ± SEM of the densitometric index of the eyes of the control rats, untreated uveitis (LPS), and
treated groups (Ac2-26 200 µg, PL 200 µg, PL 400 µg, Ac2-26 + PL 200 µg, and Ac2-26 + PL 400 µg)
(n = 10 animals/group). *** p < 0.001 and * p < 0.05 versus control.

4. Discussion

Several investigations have explored the anti-inflammatory and protective activities
of AnxA1 protein and its mimetic peptides, especially Ac2-26 [25,29]. In recent years,
our group has researched the role of AnxA1 in the eye by means of in vivo and in vitro
studies and highlighted the potential of the protein in controlling the ocular inflammatory
process [16,17,19,34,35]. Recently, the understanding that AnxA1 could interact with PL [36]
has opened up a new and exciting field of research. Thus, we proposed an investigation
into the effects of PL administered alone in the EIU, and our findings indicate an important
anti-inflammatory profile of PL in LPS-induced uveitis. Moreover, we evaluated the
coadministration of Ac2-26 + PL in the experimental uveitis. We speculated whether their
coadministration would have synergistic or antagonistic effects. It would be expected that
the combination would enhance the action against uveitis, but the result proved to be the
opposite. It follows from this result that both might also act in close proximity and that a
possible peptide structure conformational change occurred.
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Our initial analysis, as expected, showed that inflammatory stimuli induced by LPS
released inflammatory mediators IL-1β, IL-6, TNF-α, and MCP-1 and increased expres-
sion of COX-2 by promoting disruption of the blood–ocular barrier and intense influx
of leukocytes, reinforcing previous studies [17,31]. Neutrophils were the predominantly
extravasated inflammatory cells, especially near ciliary processes. In EIU, neutrophil
transmigration occurs at the base of the ciliary body, whereas the infiltrate of phagocytic
mononuclear cells and lymphocytes occurs in the iris vessels [16,17]. The expression of
Toll-like receptor 4 (TLR4), preferably by cells in the anterior region of the eye, may explain
the apparent susceptibility of anterior uvea to disruption of the blood–ocular barrier and
development of uveitis [50,51].

Data obtained after systemic treatments with Ac2-26 and PL in EIU confirmed the
anti-inflammatory action of AnxA1 mimetic peptide in experimental ocular inflamma-
tion [18,32], including uveitis, as previously reported by our research group [17]. However,
as a novelty, our current results also indicated the protective effects of PL at 400 µg dosage
and therefore a dose-dependent manner. Both Ac2-26 and PL at 400 µg dosage promoted
decrease in the influx of neutrophils and monocytes into AqH and blood as well the re-
duction of the phagocytic mononuclear cells in the iris and ciliary body. Furthermore,
the anti-inflammatory effects of the mimetic peptide and PL at higher dosage stimulated
the reduction of IL-1β, IL-6, TNF-α, and MCP-1 levels, which are produced especially by
neutrophils and phagocytic mononuclear cells [52,53].

Our findings in relation to PL in EIU are in agreement with other investigations that
showed the anti-inflammatory potential of PL, such as in the reduction of ear edema
induced by croton oil [54], analgesia and suppression of the stress response caused by
pain in a dose-dependent manner [55], and decreased release of TNF-α and IL-1β in
collagen-induced arthritis [56]. In particular, in LPS-induced-inflammation, PL suppressed
leukocytes migration, TNF-α and IL-6 production, NF-κB and regulated extracellular
kinases (ERK) 1 and 2 activation [46], and reduced mortality in sepsis [44]. Moreover, in LPS-
induced neuroinflammation, PL protected dopaminergic neurons against inflammation
by inhibiting microglial activation and decreasing levels of TNF-α, IL-1β, IL-6, and the
production of ROS and NO [48] as well as inhibiting NF-κB and amyloidogenesis [49].

However, when Ac2-26 was administered in combination with PL, anti-inflammatory
effects were abrogated, especially in combination with PL at 400 µg dosage. Interestingly,
the groups that showed increased levels of the anti-inflammatory cytokine IL-10 were
LPS and Ac2-26 + PL 400 µg, whereas treatment with peptide singly administered led to
reduction of this cytokine level. In the model of allergic conjunctivitis, low levels of IL-10
were also observed after treatment with Ac2-26, and a significant increase in this cytokine
occurred in AnxA1-null animals [32], indicating the importance of Th1/Th2 balance in the
development of allergic inflammatory responses and suggesting that the protective role
of AnxA1 in ocular allergy occurs through downregulation of both cytokine profiles. The
same seems to happen in EIU.

The efficacy of Ac2-26 and PL at 400 µg dosage was also verified by the reduction in
COX-2 proinflammatory enzyme expression. Again, the administration of PL at 200 µg
dosage and the combination of Ac2-26 + PL 400 µg did not revert the inflammatory
process. In a previous research, we had shown the exacerbated inflammatory response,
characterized by COX-2 overexpression in the eyes of AnxA1-null mice, reinforcing the
actions of AnxA1 in the resolution of ocular inflammation [17]. Concerning PL, the im-
portance of its analogs in COX-2 inhibition after LPS induction was demonstrated in the
RAW264.7 lineage of macrophages [38]. More recently, our research group showed that
PL administration decreased expressions of COX-2, NF-κB, and neutrophil elastase and
recovered lung tissues in a model of lung inflammation [42].

We studied the endogenous expression of AnxA1 in the different experimental groups,
especially in the anterior eye segment (iris, ciliary body, and ciliary processes). The
immunoreactivity for AnxA1 in the ocular tissues overlapped with the sites of TLR4
expression and production of inflammatory mediators [57,58]. Indeed, TLR4 in the eye
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is particularly expressed by epithelial cells (cornea and pigmented epithelia of the ciliary
body), iris endothelial cells [50,51], and resident antigen presenting cells of the uvea [52,59].
Moreover, in uveitis, cytokines are produced mainly by inflammatory and endothelial cells
as well as by corneal epithelial cells and retinal pigmented cells [57,58].

The immunohistochemical analysis of untreated EIU eyes showed an increase in the
intensity of immunolabeling for AnxA1, corroborating our previous findings in ocular
tissues [17,34] and ocular inflammatory cells [16]. The higher expression of AnxA1 was also
observed in neutrophils in ocular toxoplasmosis in mice and culture of retinal pigmented
cells infected with Toxoplasma gondii [30]. In contrast, in animals treated with Ac2-26 singly
or in combination with PL at lower dosage, there was a decrease in immunoreactivity,
probably due to a negative feedback mechanism, as hitherto observed in the uveitis [17]
and allergic conjunctivitis [32] models.

The fact that endogenous AnxA1 is strongly induced by LPS has already been reported
in other investigations and reinforces the action of AnxA1 as a proresolving mediator in
inflammation [23,26,27]. In the systemic inflammatory reaction induced by LPS, higher
AnxA1 expression was observed and associated with the combined actions of endoge-
nous glucocorticoids IL-6 and TNF-α [60]. Intense increase in AnxA1 gene activity and
protein synthesis in hepatocytes, endothelial cells, and leukocytes at the beginning of the
inflammatory process, followed by reduction in AnxA1 expression in the late phase of
inflammation, was verified by means of the LacZ reporter gene in AnxA1-null mice after
LPS endotoxemia [61]. Similar to our findings, AnxA1 expression increased during lung
inflammation induced by LPS but decreased after peptide Ac2-26 treatment [62]. Moreover,
in the model of LPS-induced pleurisy, glucocorticoid-induced leucine zipper (GILZ) defi-
ciency was associated with an early increase in AnxA1, so the lack of endogenous GILZ
during the resolution of inflammation was compensated by AnxA1 overexpression [63].

Although our results indicated that the combination of the peptide with PL promoted a
decrease in the effects of Ac2-26, the dosage of 200 µg of PL still allowed the peptide actions
in a moderate manner, which may explain the lower expression of the endogenous AnxA1
in this group. Modulation in the expression of AnxA1 after LPS inoculation found in this
investigation reinforces the involvement of the protein in ocular tissue physiology during
inflammatory [16,17], infectious [34], allergic [32,35], and autoimmune [18,20] processes
in experimental models. Interestingly, the expression of AnxA1 remains increased after
treatments with PL singly administered or at 400 µg dosage in combination with the
peptide. This finding could reflect the results found by other researchers who used herbal
medicines, as in rats induced with sepsis and treated with Xuebijing (XBJ) [64] and culture
of lung tumor cells administered with Camellia simensis [65]. Similar to our results, in a
model of lung inflammation induced by cigarette smoke, PL administration promoted
increased expression of AnxA1, concomitant with the reduction in COX-2 [42].

Following the study, we investigated the expression of fpr1 and fpr2 receptors in all
groups. In previous studies on inflamed ocular tissues, it was shown that the expression
of fpr2 perfectly overlapped the distribution of AnxA1 and that it was increased after
treatment with Ac2-26 [17,34]. Again, our results strengthen the possible specificity of
the AnxA1/fpr2 interaction as the expression of the fpr1 receptor did not occur in any
of the experimental groups. In contrast, intense expression of both fprs were detected
in conjunctival epithelial cells in an allergic conjunctivitis model [35], but the lack of
AnxA1 protein in the ovalbumin-sensitized mice produced a marked increase only in
fpr2 expression.

In addition, we found that the fpr2 expression was not altered by PL singly adminis-
tered or in combination with Ac2-26, suggesting that the attenuation of the protective effects
of mimetic peptide by interaction with PL probably is not related to receptor expression
changes. In the light of these data and our previous findings about the interaction between
Ac2-26 and PL [36], we speculate that conformational alteration may have occurred in
the Ac2-26 + PL complex and may have interfered with the fpr2 binding receptor, which
impaired the anti-inflammatory actions of the peptide. This reasoning is supported by
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recently reported results as we demonstrated that the interaction of PL with the AnxA1-
derived peptide Ac2-26 occurred spontaneously, was enthalpically driven, and that the
forces governing the interaction were hydrophobic. Moreover, Ac2-26 peptide binds to PL
via two hydrogen-bonding interactions at lysine 9 but not at tryptophan 12 [36]. Previous
data from our group have allowed us to report that the anti-inflammatory activities of
AnxA1 occur after a specific serine phosphorylation event in the N-terminal region [17].
Therefore, as the interaction between Ac2-26 and PL occurs on tyrosine, the serine site,
which is an important post-translational modification related to the translocation of AnxA1
from cytoplasm to cell surface [28], remains free for phosphorylation.

At first, this could indicate that PL does not affect the action of endogenous AnxA1.
This thought was supported by our current findings, which showed increased expression
of AnxA1 when PL was administered alone. However, with coadministration in vivo,
Ac2-26 and PL promoted the reversal of the anti-inflammatory effects when administrated
alone (Figure 8). Moreover, the higher the concentration of PL, the greater the possibility of
interaction of this molecule with Ac2-26 and, consequently, the lower the anti-inflammatory
response. These findings indicate that the impairment of the anti-inflammatory action of
Ac2-26 may be related to a conformational change, which prevents the peptide from binding
to the fpr2 receptor. Relevantly, the PL sequestered by the complex is also prevented from
entering the cells and performing its anti-inflammatory role. Thus, there is a competition
between Ac2-26 and PL in the anti-inflammatory action against uveitis. This important
result implies there are other factors to be considered, such as molecular weight, size of the
molecules, charge distribution on the peptide, possible conformational structure adopted
by the peptide during the action, and localization of the interaction site. Thus, a reasonable
next step will be studies requiring new approaches, both from the point of view of action
against uveitis as well as experimental evidence.
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Ac2-26, mediated by fpr2 receptor, and (3) PL, especially at a higher dosage. (4) The coadministra-
tion of Ac2-26 and PL abrogates the anti-inflammatory effects of the singly administered com-
pounds. (5) Conformational changes on the Ac2-26 peptide due to its interaction with PL may im-
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compounds. (5) Conformational changes on the Ac2-26 peptide due to its interaction with PL may impair its binding to the
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200 µg dosage, dark green circle depicts PL at 400 µg dosage, and blue oval represents Ac2-26.
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5. Conclusions

Our study sheds light on the protective effects of PL, revealing it as a potential
therapeutic target in ocular inflammation. Furthermore, the results show that Ac2-26 + PL
combination abrogates the anti-inflammatory actions of Ac2-26 and PL singly administered.

Author Contributions: Conceptualization, A.P.G., M.L.C. and S.M.O.; methodology, A.P.G., C.d.F.Z.,
Í.P.C., S.d.S.C. and H.R.S.; formal analysis, A.P.G., C.d.F.Z., Í.P.C., S.d.S.C. and H.R.S.; investigation,
A.P.G., C.d.F.Z., Í.P.C., S.d.S.C., H.R.S., M.L.C. and S.M.O.; resources, A.P.G., M.L.C. and S.M.O.; data
curation, A.P.G.; writing—original draft preparation, A.P.G. and H.R.S.; writing—review and editing,
M.L.C. and S.M.O.; supervision, A.P.G.; project administration, S.M.O.; funding acquisition, A.P.G.
and S.M.O. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Fundação de Amparo à Pesquisa do Estado de São
Paulo (FAPESP), grant numbers 2015/03359-5 (APG) and 2019/19949-7 (SMO); Conselho Nacional
de Desenvolvimento Científico e Tecnológico (CNPq), grant number 404190/2016-2 (APG); and
Advanced Research Center in Medicine, CEPAM, Unilago, Brazil (56.569.197/0001-39) (SMO).

Institutional Review Board Statement: The rat experimental model was conducted according to
the Brazilian Law 11.794 of 8 October 2008, Decree 6899 of 15 July 2009, and the rules issued by the
National Council for Control of Animal Experimentation (CONCEA) and approved (Certificate No.
11/14) by the Ethic Committee on Animal Use at University Center Padre Albino (CEUA/UNIFIPA)
in the meeting of 20 November 2014 (protocol code 14.11.03-13). The study did not involve humans.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data available on request due to restrictions.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Majumder, P.D.; Ghosh, A.; Biswas, J. Infectious uveitis: An enigma. Middle East Afr. J. Ophthalmol. 2017, 24, 2–10. [PubMed]
2. Mohlin, C.; Sandholm, K.; Ekdahl, K.N.; Nilsson, B. The link between morphology and complement in ocular disease. Mol.

Immunol. 2017, 89, 84–99. [CrossRef] [PubMed]
3. You, C.; Sahawneh, H.F.; Ma, L.; Kubaisi, B.; Schmidt, A.; Foster, C.S. A review and update on orphan drugs for the treatment of

noninfectious uveitis. Clin. Ophthalmol. 2017, 11, 257–265. [CrossRef] [PubMed]
4. Oliver, G.F.; Carr, J.M.; Smith, J.R. Emerging infectious uveitis: Chikungunya, dengue, Zika and Ebola: A review. Clin. Exp.

Ophthalmol. 2019, 47, 372–380. [CrossRef]
5. Leclercq, M.; Desbois, C.; Domont, F.; Maalouf, G.; Touhami, S.; Cacoub, P.; Bodaghi, B.; Saadoun, D. Biotherapies in Uveitis. J.

Clin. Med. 2020, 9, 3599. [CrossRef]
6. Barry, R.J.; Nguyen, Q.D.; Lee, R.W.; Murray, P.I.; Denniston, A.K. Pharmacotherapy for uveitis: Current management and

emerging therapy. Clin. Ophthalmol. 2014, 8, 1891–1911.
7. Chen, S.C.; Sheu, S.J. Recent advances in managing and understanding uveitis. F1000Res 2017, 6, 280. [CrossRef]
8. Trivedi, A.; Katelaris, C. The Use of Biologic Agents in the Management of Uveitis. Intern. Med. J. 2019, 49, 1352–1363. [CrossRef]
9. Hassan, M.; Nguyen, N.V.; Halim, M.S.; Afridi, R.; Sadiq, M.A.; Karkhur, S.; Vigil, E.; Karabekirogullari, S.; Nguyen, Q.D.; Do,

D.V.; et al. Effect of vitreomacular adhesion on the treatment outcomes in the STOP-Uveitis clinical trial for non-infectious uveitis.
J. Ophthalmic Inflamm. Infect. 2019, 9, 12. [CrossRef]

10. Pleyer, U.; Neri, P.; Deuter, C. New pharmacotherapy options for noninfectious posterior uveitis. Int. Ophthalmol. 2021, 41,
2265–2281. [CrossRef]

11. Touhami, S.; Diwo, E.; Sève, P.; Trad, S.; Bielefeld, P.; Sène, D.; Abad, S.; Brézin, A.; Quartier, P.; Paut, I.K.; et al. Expert opinion on
the use of biological therapy in non-infectious uveitis. Expert Opin. Biol. Ther. 2019, 19, 477–490. [CrossRef]

12. Sheppard, J.D.; Comstock, T.L.; Cavet, M.E. Impact of the Topical Ophthalmic Corticosteroid Loteprednol Etabonate on Intraocular
Pressure. Adv. Ther. 2016, 33, 532–552. [CrossRef]

13. Fang, C.; Zhou, D.; Zhang, S.; He, Y.; Lin, Z.; Huang, C.; Li, J. Amelioration of experimental autoimmune uveitis by leflunomide
in Lewis rats. PLoS ONE 2013, 8, e62071. [CrossRef]

14. Bhuyan, Z.A.; Asanoma, M.; Iwata, A.; Ishifune, C.; Maekawa, Y.; Shimada, M.; Yasutomo, K. Abrogation of Rbpj Attenuates
Experimental Autoimmune Uveoretinitis by Inhibiting IL-22-Producing CD4(+) T Cells. PLoS ONE 2014, 9, e89266. [CrossRef]

15. Harthan, J.S.; Opitz, D.L.; Fromstein, S.R.; Morettin, C.E. Diagnosis and treatment of anterior uveitis: Optometric management.
Clin. Optom. 2016, 8, 23–35. [CrossRef]

16. Da Silva, P.S.; Girol, A.P.; Oliani, S.M. Mast cells modulate the inflammatory process in endotoxin-induced uveitis. Mol. Vis. 2011,
17, 1310–1319.

303



Cells 2021, 10, 3170

17. Girol, A.P.; Mimura, K.K.O.; Drewes, C.C.; Bolonheis, S.M.; Solito, E.; Farsky, S.H.P.; Gil, C.D.; Oliani, S.M. Anti-inflammatory
mechanisms of the annexin A1 protein and its mimetic peptide Ac2-26 in models of ocular inflammation in vivo and in vitro. J.

Immunol. 2013, 190, 5689–5701. [CrossRef]
18. Yazid, S.; Gardner, P.J.; Carvalho, L.; Chu, C.J.; Flower, R.J.; Solito, E.; Lee, R.W.J.; Ali, R.R.; Dick, A.D. Annexin-A1 restricts Th17

cells and attenuates the severity of autoimmune disease. J. Autoimmun. 2015, 58, 1–11. [CrossRef]
19. Cardin, L.T.; Sonehara, N.M.; Mimura, K.K.O.; Dos Santos, A.R.D.; da Silva Junior, W.A.; Sobral, L.M.; Leopoldino, A.M.; Cunha,

B.R.; Tajara, E.H.; Oliani, S.M.; et al. ANXA1Ac2-26 peptide, a possible therapeutic approach in inflammatory ocular diseases.
Gene 2017, 614, 26–36. [CrossRef]

20. Gardner, P.J.; Yazid, S.; Ribeiro, J.; Ali, R.R.; Dick, A.D. Augmenting Endogenous Levels of Retinal Annexin A1 Suppresses Uveitis
in Mice. Transl. Vis. Sci. Technol. 2017, 6, 10. [CrossRef]

21. Flower, R.; Blackwell, G. Anti-inflammatory steroids induce biosynthesis of a phospholipase A2 inhibitor which prevents
prostaglandin generation. Nature 1979, 278, 456–459. [CrossRef] [PubMed]

22. Flower, R.; Gaddum, E. Lipocortin and the mechanism of action of the glucocorticoids. Br. J. Pharmacol. 1988, 94,
987–1015. [CrossRef] [PubMed]

23. Sheikh, M.H.; Solito, E. Annexin A1: Uncovering the Many Talents of an Old Protein. Int. J. Mol. Sci. 2018, 19, 1045. [CrossRef] [PubMed]
24. Shao, G.; Zhou, H.; Zhang, Q.; Jin, Y.; Fu, C. Advancements of Annexin A1 in inflammation and tumorigenesis. Onco Targets Ther.

2019, 12, 3245–3254. [CrossRef]
25. Lizarbe, M.A.; Barrasa, J.I.; Olmo, N.; Gavilanes, F.; Turnay, J. Annexin-phospholipid interactions. Functional implications. Int. J.

Mol. Sci. 2013, 14, 2652–2683. [CrossRef]
26. Gobbetti, T.; Cooray, S.N. Annexin A1 and resolution of inflammation: Tissue repairing properties and signalling signature. Biol.

Chem. 2016, 397, 981–993. [CrossRef]
27. Grewal, T.; Wason, S.J.; Enrich, C.; Rentero, C. Annexins-insights from knockout mice. Biol. Chem. 2016, 397, 1031–1053. [CrossRef]
28. Solito, E.; Christian, H.C.; Festa, M.; Mulla, A.; Tierney, T.; Flower, R.J.; Buckingham, J.C. Post-translational modification plays an

essential role in the translocation of annexin A1 from the cytoplasm to the cell surface. FASEB J. 2006, 20, 1498–1500. [CrossRef]
29. Leoni, G.; Nusrat, A. Annexin A1: Shifting the balance towards resolution and repair. Biol. Chem. 2016, 397, 971–979. [CrossRef]
30. Mimura, K.K.; Tedesco, R.C.; Calabrese, K.S.; Gil, C.D.; Oliani, S.M. The involvement of anti-inflammatory protein, annexin A1,

in ocular toxoplasmosis. Mol. Vis. 2012, 18, 1583–1593.
31. Zanon, C.F.; Sonehara, N.M.; Girol, A.P.; Gil, C.D.; Oliani, S.M. Protective effects of the galectin-1 protein on in vivo and in vitro

models of ocular inflammation. Mol. Vis. 2015, 21, 1036–1050.
32. Gimenes, A.D.; Andrade, T.R.M.; Mello, C.B.; Ramos, L.; Gil, C.D.; Oliani, S.M. Beneficial effect of annexin A1 in a model of

experimental allergic conjunctivitis. Exp. Eye Res. 2015, 134, 24–32. [CrossRef]
33. Jorge, Y.C.; Mataruco, M.M.; Araújo, L.P.; Rossi, A.F.T.; Oliveira, J.G.; Valsechi, M.C.; Caetano, A.; Miyazaki, K.; Fazzio, C.S.J.;

Thomé, J.A.; et al. Expression of annexin-A1 and galectin-1 anti-inflammatory proteins and mRNA in chronic gastritis and gastric
cancer. Mediat. Inflamm. 2013, 2013, 152860. [CrossRef]

34. Da Silva, R.A.; Hamade, A.M.A.; Silva, G.A.S.; Pereira, G.H.; De Oliveira, F.F.J.; Costa, S.S.; Iyomasa-Pilon, M.M.; Souza, H.R.;
Possebon, L.; Girol, A.P. Evaluation of Annexin A1 Protein in an Infectious Keratitis Model: Therapeutic Perspectives. Curr.

Trends Ophthal. 2019, 2, 104–112. [CrossRef]
35. Marmorato, M.P.; Gimenes, A.D.; Andrade, F.E.C.; Oliani, S.M.; Gil, C.D. Involvement of the annexin A1-Fpr anti-inflammatory

system in the ocular allergy. Eur. J. Pharmacol. 2019, 842, 298–305. [CrossRef]
36. Henrique, T.; Zanon, C.F.; Girol, A.P.; Stefanini, A.C.B.; Contessoto, N.S.A.; Silveira, N.J.F.; Bezerra, D.P.; Silveira, E.R.; Barbosa-

Filho, J.M.; Cornélio, M.L.; et al. Biological and physical approaches on the role of piplartine (piperlongumine) in cancer. Sci. Rep.

2020, 10, 22283. [CrossRef]
37. Bezerra, D.P.; Pessoa, C.; Moraes, M.O.; Saker-Neto, N.; Silveira, E.R.; Costa-Lotufo, L.V. Overview of the therapeutic potential of

piplartine (piperlongumine). Eur. J. Pharm. Sci. 2013, 48, 453–463. [CrossRef]
38. Sun, L.D.; Wang, F.; Dai, F.; Wang, Y.H.; Lin, D.; Zhou, B. Development and mechanism investigation of a new piperlongumine

derivative as a potent anti-inflammatory agent. Biochem. Pharmacol. 2015, 95, 156–169. [CrossRef]
39. Prasad, S.; Tyagi, A.K. Historical Spice as a Future Drug: Therapeutic Potential of Piperlongumine. Curr. Pharm. Des. 2016, 22,

4151–4159. [CrossRef]
40. Meegan, M.J.; Nathwani, S.; Twamley, B.; Zisterer, D.M.; O’Boyle, N.M. Piperlongumine (piplartine) and analogues: Antiprolifer-

ative microtubule-destabilising agents. Eur. J. Med. Chem. 2017, 125, 453–463. [CrossRef]
41. Srivastava, A.; Karthick, T.; Joshi, B.D.; Mishra, R.; Tandon, P.; Ayala, A.P.; Ellena, J. Spectroscopic (far or terahertz, mid-infrared

and Raman) investigation, thermal analysis and biological activity of piplartine. Spectrochim. Acta A Mol. Biomol. Spectrosc. 2017,
184, 368–381. [CrossRef]

42. Sant’Ana, M.; Souza, H.R.; Possebon, L.; Cornélio, M.L.; Riffo-Vasquez, Y.; Girol, A.P.; Oliani, S.M. Effect of piperlongumine
during exposure to cigarette smoke reduces inflammation and lung injury. Pulm. Pharmacol. Ther. 2020, 61, 10–16. [CrossRef]

43. Bezerra, D.P.; Castro, F.O.; Alves, A.P.N.N.; Pessoa, C.; Moraes, M.O.; Silveira, E.R.; Lima, M.A.S.; Elmiro, F.J.M.; Alencar, N.M.N.;
Mesquita, R.O.; et al. In vitro and in vivo antitumor effect of 5-FU combined with piplartine and piperine. J. Appl. Toxicol. 2008,
28, 156–163. [CrossRef]

304



Cells 2021, 10, 3170

44. Raj, L.; Ide, T.; Gurkar, A.U.; Foley, M.; Schenone, M.; Li, X.; Tolliday, N.J.; Golub, T.R.; Carr, S.A.; Shamji, A.F.; et al. Selective
killing of cancer cells by a small molecule targeting the stress response to ROS. Nature 2011, 475, 231–234. [CrossRef]

45. Zheng, J.; Son, D.J.; Gu, S.M.; Woo, J.R.; Ham, Y.W.; Lee, H.P.; Kim, W.J.; Jung, J.K.; Hong, J.T. Piperlongumine inhibits lung tumor
growth via inhibition of nuclear factor kappa B signaling pathway. Sci. Rep. 2016, 6, 26357. [CrossRef]

46. Lee, W.; Yoo, H.; Kim, J.A.; Lee, S.; Jee, J.G.; Lee, M.Y.; Lee, Y.M.; Bae, J.S. Barrier protective effects of piperlonguminine in
LPS-induced inflammation in vitro and in vivo. Food Chem. Toxicol. 2013, 58, 149–157. [CrossRef]

47. Seo, Y.H.; Kim, J.K.; Jun, J.G. Synthesis and biological evaluation of piperlongumine derivatives as potent anti-inflammatory
agents. Bioorg. Med. Chem. Lett. 2014, 24, 5727–5730. [CrossRef]

48. He, H.; Guo, W.W.; Xu, R.R.; Chen, X.Q.; Zhang, N.; Wu, X.; Wang, X.M. Alkaloids from piper longum protect dopaminergic
neurons against inflammation-mediated damage induced by intranigral injection of lipopolysaccharide. BMC Complement. Altern.

Med. 2016, 16, 412. [CrossRef]
49. Gu, S.M.; Lee, H.P.; Ham, Y.W.; Son, D.J.; Kim, H.Y.; Oh, K.W.; Han, S.; Yun, J.; Hong, J.T. Piperlongumine Im-

proves Lipopolysaccharide-Induced Amyloidogenesis by Suppressing NF-KappaB Pathway. Neuromol. Med. 2018, 20,
312–327. [CrossRef]

50. Brito, B.; Zamora, D.O.; Bonnah, R.A.; Pan, Y.; Planck, S.R.; Rosenbaum, J.T. Toll-like receptor 4 and CD14 expression in human
ciliary body and TLR-4 in human iris endothelial cells. Exp. Eye Res. 2004, 79, 203–208. [CrossRef]

51. Chang, J.; McCluskey, P.; Wakefield, D. Toll-like receptors in ocular immunity and the immunopathogenesis of inflammatory eye
disease. Br. J. Ophthalmol. 2006, 90, 103–108. [CrossRef] [PubMed]

52. Li, S.; Lu, H.; Hu, X.; Chen, W.; Xu, Y.; Wang, J. Expression of TLR4-MyD88 and NF-κB in the iris during endotoxin-induced
uveitis. Mediat. Inflamm. 2010, 2010, 748218. [CrossRef] [PubMed]

53. Yang, S.; Lu, H.; Wang, J.; Qi, X.; Liu, X.; Zhang, X. The effect of toll-like receptor 4 on macrophage cytokines during endotoxin
induced uveitis. Int. J. Mol. Sci. 2012, 13, 7508–7520. [CrossRef] [PubMed]

54. Rodrigues Silva, D.; Baroni, S.; Svidzinski, A.E.; Bersani-Amado, C.A.; Cortez, D.A.G. Anti-inflammatory activity of the extract,
fractions and amides from the leaves of Piper ovatum Vahl (Piperaceae). J. Ethnopharmacol. 2008, 116, 569–573. [CrossRef]

55. Yadav, V.; Chatterjee, S.S.; Majeed, M.; Kumar, V. Preventive potentials of piperlongumine and a Piper longum extract against
stress responses and pain. J. Tradit. Complement. Med. 2015, 6, 413–423.

56. Sun, J.; Xu, P.; Du, X.; Zhang, Q.; Zhu, Y. Piperlongumine attenuates collagen-induced arthritis via expansion of myeloid-derived
suppressor cells and inhibition of the activation of fibroblast-like synoviocytes. Mol. Med. Rep. 2015, 11, 2689–2694. [CrossRef]

57. Weinstein, J.E.; Pepple, K.L. Cytokines in uveitis. Curr. Opin. Ophthalmol. 2018, 29, 267–274. [CrossRef]
58. Balamurugan, S.; Das, D.; Hasanreisoglu, M.; Toy, B.C.; Akhter, M.; Anuradha, V.K.; Anthony, E.; Gurnani, B.; Kaur, K. Interleukins

and cytokine biomarkers in uveitis. Indian J. Ophthalmol. 2020, 68, 1750–1763. [CrossRef]
59. Chen, W.; Hu, W.F.; Zhao, L.; Li, S.; Lu, H. Toll-like receptor 4 expression in macrophages in endotoxin-induced uveitis in Wistar

rats. Chin. J. Ophthalmol. 2010, 46, 355–361.
60. de Coupade, C.; Ajuebor, M.N.; Russo-Marie, F.; Perretti, M.; Solito, E. Cytokine modulation of liver annexin 1 expression during

experimental endotoxemia. Am. J. Pathol. 2001, 159, 1435–1443. [CrossRef]
61. Damazo, A.; Flower, R.J.; Solito, E.; Oliani, S.M. Annexin-A1 gene expression during liver development and post-translation

modification after experimental endotoxemia. Inflamm. Res. 2008, 57, 97–103. [CrossRef]
62. Da Cunha, E.E.; OlianI, S.M.; Damazo, A.S. Effect of annexin-A1 peptide treatment during lung inflammation induced by

lipopolysaccharide. Pulm. Pharmacol. Ther. 2012, 25, 303–311. [CrossRef]
63. Vago, J.P.; Tavares, L.P.; Garcia, C.C.; Lima, K.M.; Perucci, L.O.; Vieira, É.L.; Nogueira, C.R.; Soriani, F.M.; Martins, J.O.; Silva, P.M.;

et al. The role and effects of glucocorticoid-induced leucine zipper in the context of inflammation resolution. J. Immunol. 2015,
194, 4940–4950. [CrossRef]

64. He, X.D.; Wang, Y.; Wu, Q.; Wang, H.X.; Chen, Z.D.; Zheng, R.S.; Wang, Z.S.; Wang, J.B.; Yang, Y. Xuebijing Protects Rats
from Sepsis Challenged with Acinetobacter baumannii by Promoting Annexin A1 Expression and Inhibiting Proinflammatory
Cytokines Secretion. Evid. Based Complement. Altern. Med. 2013, 2013, 804940. [CrossRef]

65. Lu, Q.Y.; Jin, Y.; Mao, J.T.; Zhang, Z.F.; Heber, D.; Dubinett, S.M.; Rao, J. Green tea inhibits cycolooxygenase-2 in non-small cell
lung cancer cells through the induction of Annexin-1. Biochem. Biophys. Res. Commun. 2012, 427, 725–730. [CrossRef]

305





cells

Article

Differential Response of Müller Cells and Microglia in a Mouse
Retinal Detachment Model and Its Implications in Detached
and Non-Detached Regions

Seung-Hee Lee 1,2, Yong-Soo Park 1,2 , Sun-Sook Paik 1,2 and In-Beom Kim 1,2,3,4,*

����������
�������

Citation: Lee, S.-H.; Park, Y.-S.; Paik,

S.-S.; Kim, I.-B. Differential Response

of Müller Cells and Microglia in a

Mouse Retinal Detachment Model

and Its Implications in Detached and

Non-Detached Regions. Cells 2021, 10,

1972. https://doi.org/10.3390/cells

10081972

Academic Editors: Maurice Ptito and

Joseph Bouskila

Received: 12 June 2021

Accepted: 29 July 2021

Published: 3 August 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Department of Anatomy, College of Medicine, The Catholic University of Korea, 222 Banpo-daero, Seocho-gu,
Seoul 06591, Korea; seunghui6310@daum.net (S.-H.L.); yongsoopark88@gmail.com (Y.-S.P.);
paikss@catholic.ac.kr (S.-S.P.)

2 Catholic Neuroscience Institute, College of Medicine, The Catholic University of Korea, 222 Banpo-daero,
Seocho-gu, Seoul 06591, Korea

3 Department of Biomedicine & Health Sciences, Graduate School, The Catholic University of Korea,
222 Banpo-daero, Seocho-gu, Seoul 06591, Korea

4 Catholic Institute for Applied Anatomy, College of Medicine, The Catholic University of Korea, 222 Banpo-daero,
Seocho-gu, Seoul 06591, Korea

* Correspondence: ibkimmd@catholic.ac.kr; Tel.: +82-2-2258-7263

Abstract: Retinal detachment (RD) is a sight-threatening condition, leading to photoreceptor cell
death; however, only a few studies provide insight into its effects on the entire retinal region. We
examined the spatiotemporal changes in glial responses in a mouse RD model. In electroretinogra-
phy, a- and b-waves were reduced in a time-dependent manner. Hematoxylin and eosin staining
revealed a gradual decrease in the outer nuclear layer throughout the retinal region. Terminal de-
oxynucleotidyltransferase dUTP nick end labeling (TUNEL) assay showed that TUNEL-positive
photoreceptors increased 5 days after RD and decreased by 14 days. Glial response was evaluated
by immunohistochemistry using antibodies against glial fibrillary acidic protein (GFAP, Müller
glial marker) and Iba-1 (microglial marker) and osteopontin (OPN, activated microglial marker).
GFAP immunoreactivity increased after 7 days in complete RD, and was retained for 14 days. OPN
expression increased in microglial cells 3–7 days after RD, and decreased by 14 days in the detached
and border regions. Although OPN was not expressed in the intact region, morphologically activated
microglial cells were observed. These retinal glial cell responses and photoreceptor degeneration in
the border and intact regions suggest that the effects of RD in the border and intact retinal regions
need to be understood further.

Keywords: GFAP; osteopontin; Müller cells; microglia; retinal detachment

1. Introduction

Retinal detachment (RD) is a sight-threatening condition, in which the outer segments
of the photoreceptors physically separate from the underlying retinal pigment epithelium
(RPE), which acts as a photoreceptor nourishment source. Photoreceptor cell death con-
tinues during RD, causing progressive visual impairment. RD can be classified into three
types: rhegmatogenous, tractional, and exudative. Rhegmatogenous detachment is the
most common cause of RD, which is characterized by retinal tear-inducing vitreous pene-
tration under the retina [1], while tractional detachment and exudative detachment are rare
types of RD caused by a complication of various retinal disorders, including age-related
macular degeneration (AMD) [2] and diabetic retinopathy (DR) [3].

Many studies have used various animal RD models to understand its pathogene-
sis [4,5]. Progressive photoreceptor cell death occurs in multiple ways in the detached
region of the retina, including via apoptosis [6,7], necroptosis [8–10], and autophagy [11,12].
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Based on the findings of microglial activation and macrophage infiltration into the subreti-
nal space [13,14], local inflammation is thought to be involved in RD progression. However,
there have been only a few studies providing an overall insight into the entire retinal region
that includes intact (undetached), borderline, and detached regions.

Previously, we established and characterized animal retinal degeneration models, such
as N-methyl-nitrosourea (MNU)-induced rat model [15] and a blue light-emitting diode
(LED)-induced mouse model [16]. In these retinal degeneration models, we found that
microglial cells and Müller glial cells were activated, and an increase in pro-inflammatory
cytokines was seen [15–19], suggesting that inflammation is a critical mechanism in its
pathogenesis. In addition, we introduced the differential activation patterns of two retinal
glial cells, Müller glial cells, and microglial cells. In other words, Müller glial cells gradually
express the glial fibrillary acidic protein (GFAP), an activation marker of Müller glial cells,
from their foot process in the nerve fiber layer to the outer retina in the entire retina,
regardless of injury location and type [15–17]. On the other hand, microglial cells express
osteopontin (OPN), a newly identified marker for activated microglial cell marker/retinal
inflammation, near the injury location, but not far from the injury region [17].

In this study, we examined the morphological characteristics of a mouse RD model
with deconstructed photoreceptor outer segments and apoptotic photoreceptors [20]. In
particular, we focused on retinal glia located in different regions (detached, border, and
intact) of the detached retina by using three markers for retinal glial cells and inflammation:
GFAP for Müller glia and retinal stress, Iba-1 for microglia, and OPN for microglia and
neuroinflammation. Additionally, we tested whether OPN is a lesion-specific marker of
retinal inflammation in RD, as shown in a blue LED exposure-induced retinal degeneration
model [16].

2. Materials and Methods
2.1. Animals and RD Generation

All mice-related experiments were performed according to the regulations of the
Catholic ethics committee of the Catholic University of Korea, Seoul, which are based
on the National Institute of Health (NIH) guidelines for the Care and Use of Laboratory
Animals (NIH Publication NO. 80-23), as revised in 1996. The experimental procedures
were approved by the Institutional Animal Care and Use Committee of the College of
Medicine, The Catholic University of Korea (approval number: CUMC-2019-0266-06).

A total of 50 male C57BL6 mice which were 6–7 weeks old were used in this study.
The animals were kept in a 12-h light/12-h dark cycle in a climate-controlled laboratory.
Before RD, the mice were anesthetized by intraperitoneal injection of 20 mg/kg zolazepam
and 7.5 mg/kg xylazine, and the pupils were dilated using 0.5% topical tropicamide and
0.5% phenylephrine hydrochloride (Mydrin-P; Santen Pharmaceutical Co. Ltd.; Osaka,
Japan). RD was induced by subretinally injecting 2 µL PBS through the sclera, by using
Nanofil Application Kits (World Precision Instruments, Sarasota, FL, USA) with a 34-gauge
blunt needle. This administration resulted in a detached lesion approximately 700 µm in
diameter. Electroretinography (ERG) recordings were performed 1, 3, 5, 7, and 14 days
after RD, and the mice were subsequently sacrificed.

2.2. ERG

ERG recordings were performed following the procedures described in our previous
study [16]. All animals were kept in a completely dark room for 16 h before the ERG record-
ing. All procedures were performed under dim red light (λ > 600 nm). The mice were
anesthetized by intraperitoneal injection of 20 mg/kg zolazepam and 7.5 mg/kg xylazine.
The corneas were coated with hydroxypropyl methylcellulose gel and covered with gold
ring contact electrodes. A ground electrode and reference electrode were placed subcuta-
neously in the tail and ear, respectively. Stimuli were short-term white flashes, delivered
via a Ganzfeld stimulator (UTAS-3000; LKC Technologies, Gaithersburg, MD, USA).
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The signals were amplified and filtered through a digital band-pass filter, ranging
from 5 Hz to 300 Hz to yield a- and b-waves. All scotopic ERG, rod-mediated responses
were obtained at the following increasing light intensities: 0.99 and 3.96 cd/s.m2. Each
recording was the average of all responses obtained within a 15 s inter-stimulus interval.
The amplitude of the a-wave was measured from the baseline to the maximum a-wave
peak, and the b-wave was measured from the maximum a-wave peak to the maximum
b-wave peak.

2.3. Hematoxylin and Eosin (H&E) Staining

The eyecup was fixed by immersion in 4% paraformaldehyde in the 0.1 M phosphate
buffer (PB; pH 7.4) for 2 h. Then, the tissue was rinsed in PB, transferred to a 30% sucrose
solution in PB, infiltrated overnight, and embedded the next day in a supporting medium
for frozen tissue specimens (Tissue-Tek O.C.T compound; Sakura; Alphen aan den Rijn, The
Netherlands). Vertical retinal sections (8 µm in thickness) were prepared using a cryostat
at −25 ◦C, stored at −20 ◦C, and then stained with H&E.

2.4. Terminal Deoxynucleotidyl Transferase dUTP Nick End Labeling (TUNEL) Assay

As described in our previous report [16], the TUNEL assay was performed follow-
ing the manufacturer’s protocols (In Situ Cell Death Detection Kit; Roche Biochemical;
Mannheim, Germany) to detect retinal cell death. In cryosections of the eyecup prepara-
tions, cell nuclei were counterstained with 4,6-diamidino-2-phenylindole (DAPI; dilution,
1:1500; Roche Biochemical). The number of TUNEL-positive photoreceptors in the outer
nuclear layer (ONL) was counted in two sections of the detached, border, and intact
retinal regions.

2.5. Immunohistochemistry

Immunohistochemical analysis was performed as described in our previous study [17].
Cryostat retinal sections of 8 µm thickness were washed three times with 0.1 M PB for
10 min each, and incubated in 10% normal donkey serum for 1 h at room temperature. The
tissues were then incubated with primary antibodies, including rabbit anti-Iba-1 (dilution,
1:500; Wako Pure Chemical Industries; Osaka, Japan), mouse anti-GFAP (1:1500; Chemicon;
Temecula, CA, USA), and goat anti-OPN (dilution, 1:1000; R&D Systems, Minneapolis, MN,
USA) antibodies overnight at 4 ◦C. Then, the tissues were thoroughly rinsed in PB and
incubated with appropriate secondary antibodies conjugated with Cy3 (dilution, 1:2000;
Jackson ImmunoResearch; West Grove, PA, USA) or Alexa 488 (dilution, 1:1000; Molecular
Probes; Eugene, OR, USA) for 2 h at room temperature. After rinsing several times in PB,
the cell nuclei were counterstained with DAPI for 10 min and mounted with anti-fading
mounting media (Vector Laboratories; Burlingame, CA, USA).

A Zeiss LSM 800 confocal microscope (Carl Zeiss Co. Ltd., Oberkochen, Germany) was
used for observation and image acquisition. Quantitative image analysis was performed
using Zen 2.3 software (Blue edition; Carl Zeiss), as described in our previous study [18].
The region of interest (ROI) was selected in the detached, border, and intact regions
(480 µm length) of each retinal section, and the intensity of GFAP immunoreactivity was
automatically measured.

2.6. Statistical Analysis

All statistical analyses for ERG amplitude, histology image analysis, TUNEL-positive
quantification, and immunohistochemistry were performed using GraphPad Prism 8.0
(GraphPad Software; San Diego, CA, USA) by one-way ANOVA with Bonferroni’s multiple
comparisons test. Differences were considered statistically significant at p < 0.05.
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3. Results
3.1. Functional and Histological Changes in Experimental RD

First, we evaluated the functional and histological changes in detached retinas. Func-
tional changes in RD mice were investigated using ERG recordings. Figure 1A shows
the scotopic ERG response in normal and RD mice at 1, 3, 5, 7, and 14 days after RD
as representative waveforms of scotopic 0 dB flash at 0.99 cd·s/m2. The amplitudes of
the ERG responses were significantly reduced in a time-dependent manner, compared to
those in the normal group (Figure 1B, p < 0.001, n = 5 in each group). The ERG responses
decreased abruptly in the early phase (within five days after RD). Afterward, the responses
slightly decreased or were sustained until the last day of the experiment (14 days after RD).

Figure 1. Functional and histological evaluation of retinal detachment (RD) at different time points. Electroretinograms
(ERGs) were recorded in RD mice. (A) Representative scotopic ERG responses in normal (gray) and RD mice after 1 (pink),
3 (blue), 5 (cyan), 7 (purple), and 14 days (navy). Based on the functional changes, the amplitudes of both scotopic a-
and b-waves significantly reduced in a time-dependent manner, compared to those in the normal group. (B) Values
are represented as the mean ± SEM (n = 5, p < 0.001, one-way ANOVA). (C) Hematoxylin and eosin (H&E) staining of
representative vertical sections from normal control and the detached retina at different time points (1, 3, 5, 7, and 14 days).
Retinal thickness of the outer nuclear layer (ONL), where the photoreceptor residue gradually decreased. Scale bars, 20 µm.
(D) ONL thickness was measured manually at each time point. According to histological changes in the detached region,
ONL thickness significantly reduced in a time-dependent manner, and no significant changes were observed in the intact
region. IS/OS, inner segment and outer segment; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform
layer; GCL, ganglion cell layer.

Next, to assess the histology, retinal vertical sections collected from the mice after
ERG recording were stained with H&E (Figure 1C). Consistent with the results of ERG,
ONL thickness gradually decreased in the detached retinal regions with photoreceptor
degeneration. Specifically, ONL thickness in the detached region abruptly decreased (~14
to ~7 rows of photoreceptors) in the early phase, and then remained steady (Figure 1C,D).
However, ONL thickness decreased in the border and intact regions at a relatively uniform
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pace, although the steepness in the border region was sharp, while that in the intact region
was gradual (Figure 1D).

3.2. Photoreceptor Degeneration in Experimental RD

We evaluated the spatiotemporal pattern of photoreceptor degeneration after RD,
using the TUNEL assay at each time point. During the entire experimental period, TUNEL-
positive cells were exclusively observed in the ONL, indicating that they corresponded to
photoreceptors (Figure 2A).

Figure 2. TUNEL assay to evaluate the apoptotic cell death in RD. (A–E) TUNEL-positive cells mostly observed in ONL of
the detached region were significantly increased 5 days after RD, and, thereafter, decreased by 14 days. Scale bars, 20 µm.
(F) A low-magnification view 5 days after RD. Scale bar, 200 µm. (G–I) TUNEL-positive cells located at photoreceptors
were present in the (G,H) detached and border regions, but not in the (I) intact region. Scale bars, 20 µm. (J) Quantitative
analysis of the number of TUNEL-positive cells was manually conducted (n = 5, 5 fields per time point). Data are shown as
mean ± SEM. *** p < 0.001 and **** p < 0.0001 based on one-way ANOVA followed by Bonferroni’s multiple comparisons test.
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As expected from the histological findings shown in Figure 1C,D, most TUNEL-
positive photoreceptors were observed in the detached region in the retinas (Figure 2A–C).
They occurred at day 1, reached a peak at day 5, and rarely existed 14 days after RD.
However, fewer TUNEL-positive photoreceptors were found in the border retinal region
than in the detached retinal region, and only a few TUNEL-positive cells were found in
the intact region 5 days after RD (Figure 2F–I). Thereafter, TUNEL-positive cells were
manually counted at different time points (Figure 2J). TUNEL-positive cells gradually
increased until 5 days after RD, after which they significantly decreased (p < 0.05). Together
with histological results, these results demonstrate that the degeneration of photoreceptors
occurs in early RD, mainly in the detached region, while progressing slowly in the border
and intact regions.

3.3. GFAP Expression in Müller Glial Cells in RD

To assess retinal injury or stress in RD, immunohistochemical assays with anti-GFAP,
a widely used marker for retinal injury and/or reactive Müller glial cells [15,17,21],
were performed.

As shown in Figure 3A, GFAP immunoreactivity was observed in the inner limiting
membrane and in few thin Müller cell processes in the inner plexiform layer (IPL) and
inner nuclear layer (INL) of the detached retinal region, as well as in border and intact
regions at 1 day after RD, similar to a normal retina (data not shown). However, GFAP
immunoreactivity was observed in many Müller cell processes in the IPL, INL, outer
plexiform layer (OPL), and ONL in the entire retina 3 days after RD. GFAP expression
peaked 7 days after RD in the detached region, where many GFAP-immunoreactive Müller
cell processes were distributed throughout all retinal layers, and some even appeared stout.
In contrast, GFAP expression was significantly reduced in the border and intact regions,
compared to that in the detached region. GFAP immunoreactivity in the detached region
decreased 14 days after RD. However, GFAP immunoreactivity in the border region was
similar to that at 7 days after RD, while that in the intact region sometimes appeared to be
stronger than that at 7 days after RD.

The images captured after immunohistochemical analysis for GFAP were quantified
as the GFAP profile per ONL, where photoreceptors degenerate (Figure 3B). Quantification
results demonstrated that GFAP expression in the detached region gradually increased until
7 days after RD, after which it significantly decreased (p < 0.05). Moreover, GFAP expression
slightly increased or was sustained in both the border and intact regions 14 days after RD.
These results suggest that GFAP expression may be a general, but not a lesion-specific,
marker for detecting retinal injury or stress in RD.

3.4. OPN Expression in Iba-1-Immunolabeled Microglial Cell in RD

We also evaluated retinal inflammation, and, thus, performed double-labeling im-
munofluorescence with anti-Iba-1, a microglial cell marker [17,22,23], and anti-OPN, an
activated microglial cell marker [24–26], which was used for a new marker for retinal
injury [17,27].

Few Iba-1-labeled microglial cells were found in the OPL and IPL of the entire retinal
regions, including detached, border, and intact (normal data not shown) regions at 1 day
after RD, and OPN immunoreactivity was rarely observed in normal retinas at 1 day after
RD (Figure 4A). The number of Iba-1-labeled microglial cells was significantly increased in
the detached and border regions, but not in the intact regions (p < 0.05) 3 days after RD. In
the detached and border regions, Iba-1-labeled microglial cells were found throughout the
retinal layer from the IPL to the subretinal space. OPN immunoreactivity was observed in
Iba-1-labeled microglial cells in the subretinal space, but not in the retina. The number of
Iba-1-labeled and OPN co-labeled microglial cells increased in both detached and border
regions 5 days after RD. In addition, OPN immunoreactivity was observed in the rod
and cone layers, which may be fragmented or degenerating photoreceptor outer and
inner segments, as previously reported [17]. The number of Iba-1-labeled microglial cells
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in the detached and border regions peaked 7 days after RD. Interestingly, Iba-1-labeled
microglial cells decreased in the subretinal space, while those within the outer and inner
retina increased. The number of OPN co-labeled microglial cells decreased because of
the decrease in Iba-1-labeled microglial cells in the subretinal space. The number of
Iba-1-labeled microglial cells markedly decreased, particularly in the subretinal space,
14 days after RD; thus, OPN co-labeled microglial cells were rarely observed. In the intact
region, throughout the entire experimental period, Iba-1-labeled microglial cells were only
observed within the retina but not in the subretinal space; thus, OPN immunoreactivity was
not observed. Iba-1-labeled microglial cells within the retina slightly increased in number
and changed in size and shape. That is, they were stout and their processes were thick and
long compared to the Iba-1-labeled microglial cells in the normal retina (Figure 4B).

Figure 3. GFAP expression in mouse detached retinas. (A) Confocal micrographs of vertical cryosections collected 1, 3, 5, 7,
and 14 days after RD. The sections were immunostained with anti-GFAP (white), an activated Müller glial cell marker. In
the detached region, GFAP immunoreactivity gradually increased until 7 days after RD, and then decreased. In the border
and intact regions, GFAP expression was significantly weak. Scale bars, 20 µm. (B) In each region, ROIs were positioned
manually per outer nuclear layer (ONL; n = 6, 15 fields per time point). In the detached region, GFAP expression gradually
increased until 7 days after RD (p < 0.05), after which it significantly decreased (p < 0.05). In border regions, GFAP levels
tended to increase or at least be sustained by 14 days after RD. In the intact region, GFAP expression steadily increased
time-dependently (p < 0.05). Data are shown as mean ± SEM. ** p < 0.01, *** p < 0.001, and **** p < 0.0001 versus 1 day after
RD, and ## p < 0.01 versus 7 days after RD, based on one-way ANOVA followed by Bonferroni’s multiple comparisons test.
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Figure 4. Iba-1 and OPN expression in mouse RD model. (A) Confocal micrographs of vertical cryosections collected 1, 3,
5, 7, and 14 days after RD. The sections were double immunostained with anti-Iba-1 (red) as a microglial cell marker and
anti-OPN (green) as an inflammation marker. Iba-1 and OPN co-labeled microglial cells were mainly detected from 3 to
7 days after RD, and, thereafter, decreased by 14 days after RD in the detached and border regions. In the intact region,
the number of Iba-1-labeled microglial cells was lower than that in the detached region, and OPN co-labeled microglial
cells were undetected. OPN immunoreactivity was detected only in the subretinal space, but Iba-1 immunoreactivity
was observed in all the layers. Scale bars, 20 µm. (B) Representative Iba-1-labeled microglial cells at the normal control,
peak, and end of the experiment in the intact region. Iba-1-labeled microglial cells showed changes in their morphological
characteristics. Scale bars, 20 µm. (C) Quantitative analysis of the number of Iba-1 and OPN co-labeled cells was conducted.
In each region, the number of Iba-1- and OPN co-labeled cells were measured for all layers. Iba-1-labeled, and not OPN
co-labeled, microglial cells were observed in each region. Most OPN co-labeled microglial cells were detected in the
detached and border regions, but not in the intact region (n = 6, 15 fields per time point). Data are shown as mean ± SEM.
* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, }} p < 0.01 and }}} p < 0.001 versus 1 day after RD, and # p < 0.05 and
$ p < 0.05 versus 7 days after RD based on one-way ANOVA followed by Bonferroni’s multiple comparisons test.
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The images captured after immunohistochemical analysis for Iba-1 and OPN were
measured for all of the layers (Figure 4C). In the detached region, Iba-1-labeled cells
significantly increased until 7 days after RD (p < 0.05) and decreased by 14 days after RD in
the detached and border regions (p < 0.05). OPN co-labeled microglial cells were detected
from 3 days after RD and were rarely observed 14 days after RD. In the intact region, the
number of Iba-1-labeled cells increased from 3 to 7 days after RD, and then sustained for
14 days, unlike those in detached and border regions. OPN co-labeled microglial cells were
not observed during the experimental period.

4. Discussion

RD is an eye disorder in which photoreceptors separate from the choroidal blood
vessels that provide oxygen and nourishment. It can occur spontaneously as a complication
from various retinal disorders, such as AMD and DR. Untreated RD can lead to permanent
vision loss in the affected eye. Nevertheless, RD pathogenesis is little known, compared
to other retinal diseases, including AMD and DR. In particular, events that occur in non-
detached areas, including the penumbra, have not been extensively studied. This might be
because surgery is almost always performed for the treatment of RD, and its outcome is
generally good [28].

The study demonstrated progressive photoreceptor loss in the detached region with
a decreased ERG response (Figure 1). TUNEL-positive cells were first observed in the
detached region 1 day after RD, prominently increased from 3 days after RD, and peaked
at 5 days after RD (Figure 2). These findings reveal that photoreceptor degeneration starts
early (<24 h), accelerates, and rapidly subsides within a week, suggesting that surgical
intervention is recommended in early RD [29]. In addition, we observed an indispensable
number of TUNEL-positive cells in the border region near the detached region, while
histological findings showed thinned ONL. Additionally, in a few cases, the ONL thickness
in the intact region decreased, albeit statistically insignificant (p > 0.05). Inflammation
in the border region was comparable to that in the detached region. These findings also
suggest that early intervention in RD is important for preventing its progression into the
neighboring regions of the retina.

Many studies have been conducted in order to understand the consequences of induced
RD in animal models, and have strongly implicated inflammatory factors [13,14,30–32]. Two
retinal glial cells, Müller glia and microglia, play a key role in the inflammatory response in
the retina [33,34]. Thus, characterizing the glial response activation pattern is important for
interpreting the inflammatory processes. Previously, we reported the differential activation
patterns of two retinal glial cells, Müller glial cells and microglial cells, in two different RD
models. Müller glial cells were gradually activated and slowly subsided in whole retinal
regions, regardless of the injury site and type [16,17], whereas microglial cells were abruptly
activated and deactivated at the injury site, but not far from the injury region [17]. However,
there have been few reports of glial responses throughout the retina in the RD model.

In this study, GFAP expression, the activation marker of Müller glial cells, increased
from the inner limiting membrane of the detached region to the ONL until 7 days after
RD, and then decreased slightly. GFAP expression increased similarly in the entire retina
and was not limited to the detached region (Figure 3). This GFAP expression pattern has
been previously reported in light-induced photoreceptor degeneration [16,35] and RD
models [36,37]. Interestingly, GFAP expression increased in the intact region, regardless of
RD. This finding was also reported in our previous studies in the blue LED-induced retinal
degeneration model [16,17]. Taken together, these findings suggest that regardless of the
injury size and type, Müller cells in the entire retina respond to injury.

Microglial distribution was more distinct than Müller glial distribution in RD. Iba-
1-labeled microglial cells were detected in the subretinal space and ONL in the detached
and border regions from 3 to 14 days after RD, with a peak at 7 days, but not in the
intact region. Interestingly, Iba-1-labeled microglial cells in the subretinal space peaked
5 days after RD and showed OPN immunoreactivity (Figure 4), and also expressed major
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histocompatibility class II (MHC-II) (Supplementary Figure S1). This is consistent with
previous studies, in which MHC-II-positive microglial cells were located in the subretinal
space in the retinal degeneration model, suggesting that they play a pro-inflammatory and
phagocytic role during photoreceptor degeneration in a region-specific manner [38,39]. In
addition, they express OPN, which is secreted by microglia and acts as a pro-inflammatory
cytokine [24–26,40]. In contrast, within the retina, Iba-1-labeled microglial cells peaked
7 days after RD, followed by a slight decrease at 14 days after RD in the detached region.
Moreover, they tended to proliferate in the intact region. In addition, some Iba-1-labeled
microglial cells showed activated microglial morphology characterized by a stout cell body
and thick and extended processes in the intact region at 14 days after RD, compared to those
in normal retinas (Figure 4B). These findings suggest that microglial cells can be activated
by the propagation of alarm signals from the injury site, and are involved in systemic
inflammation in the retina. This inference is supported by previous studies, showing that
unilateral ocular hypertension and axotomy induce contralateral microglial cell activation
(e.g., the advent of microglial cells with activated form, MHC-II upregulation, and increase
in Iba-1-labeled microglial cell number) [41] and retinal neuronal degeneration in the
contralateral eye [42]. Taken together, inflammation during RD in the detached region
could be propagated to the intact region, eventually leading to photoreceptor degeneration.
Further studies are needed to elucidate the signaling molecules that mediate alarm signals
from detached subretinal microglial cells to these cells in the intact region.

Lastly, this study aimed to confirm that OPN is a good lesion-specific marker for
retinal inflammation in RD. OPN is upregulated or secreted by activated microglial cells
in various types of brain injury [43–46] and RD [16,47]. Our findings demonstrated that
OPN is expressed in activated microglial cells in the detached and border regions, but not
in the intact region. Moreover, the temporal profile of OPN expression in microglial cells is
more closely related to photoreceptor degeneration in RD than GFAP. This spatiotemporal
correlation between OPN expression and cell death in retinal lesions has been previously
reported in RD [17] and glaucoma [27]. Therefore, OPN can be used as a marker of retinal
inflammation, which is accompanied by retinal injury.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/cells10081972/s1, Figure S1: MHC-II expression in a mouse RD model.
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Abstract: Microglia are the resident immune cells of the central nervous system (CNS), including the
retina. Similar to brain microglia, retinal microglia are responsible for retinal surveillance, rapidly
responding to changes in the environment by altering morphotype and function. Microglia become
activated in inflammatory responses in neurodegenerative diseases, including multiple sclerosis (MS).
When activated by stress stimuli, retinal microglia change their morphology and activity, with either
beneficial or harmful consequences. In this review, we describe characteristics of CNS microglia,
including those in the retina, with a focus on their morphology, activation states and function in
health, ageing, MS and other neurodegenerative diseases such as Alzheimer’s disease, Parkinson’s
disease, glaucoma and retinitis pigmentosa, to highlight their activity in disease. We also discuss
contradictory findings in the literature and the potential ways of reducing inconsistencies in future
by using standardised methodology, e.g., automated algorithms, to enable a more comprehensive
understanding of this exciting area of research.

Keywords: retina; microglia; neurodegeneration; multiple sclerosis; retinal microglia;
microglia morphotype

1. Introduction

Microglia are resident immune glial cells of the central nervous system (CNS). They
dynamically shift into various different morphologies, which have also been associated
with specific activation states that may be related to neuroprotective and/or neurotoxic
functions in response to stimuli, injury or insult [1–6]. These morphological and functional
changes are essential to support a healthy CNS by contributing to homeostasis [2,7,8].
However, emerging evidence has started to show the involvement of microglia in disease
whereby microglial dysfunction may be caused by disease and/or actually cause aug-
mented disease-associated pathologies [2]. Nevertheless, the exact degree of involvement
and mechanisms of how microglia may influence health and disease is unknown and
currently being investigated. The purpose of this review was to compile information on
the characteristics of CNS microglia, including those in the retina, with a focus on their
activation states, morphology and function, in relation to health and disease. In the first
section, we have compiled an extensive description of the main features of microglia in
the general CNS and in the retina. We also explain some of the microglial changes that
occur throughout normal development and the ageing process. In the next section, we
discuss the current understanding of multiple sclerosis (MS) as an autoimmune disease,
the surprisingly common ocular manifestations of MS, microglia in MS and finally, mi-
croglia in other neurodegenerative diseases. Finally, we provide insight as to why there
may be contradicting findings in relation to the characteristics of CNS and retinal mi-
croglia. Here, we suggest different methods of experimentation such as using automated
algorithms in light of producing more conclusive and consistent results.
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2. Microglia

The CNS is made of several different types of cells, 5–10% of which are microglia,
the resident immune cells [9]. Microglia were originally thought to exist as quiescent or
“resting” cells that continuously survey their microenvironment for any stimuli or injury
that may be harmful [5]. Conversely, more recent findings have suggested explanations for
their dynamic properties. Microglia can shift into different morphological states, which will
be referred to as morphotypes. Each morphotype has been correlated to different activation
states, which have also been associated with unique functions required to preserve a
physiologically “normal” environment [5].

Once microglia are activated from their resting state, they can further differentiate into
two main phenotypes: M1 and M2 [6]. Although there is a lack of understanding of the
specific mechanisms that induce this differentiation, M1 and M2 microglia have also been
associated with distinct cytokines, chemokines and trophic factors [6]. Pro-inflammatory
responses are associated with the “classically” activated M1 microglia, which encourage
neuroinflammation as a response to insult or injury, creating a neuro-toxic environment
and removing dysfunctional fragments of cellular debris [6]. This may occur as a result of
inflammatory factors such as interleukin-1ß (IL-1ß), tumour necrosis factor-alpha (TNF-
alpha) and inducible nitric oxide synthase (iNOS) [6,10]. Conversely, the “alternatively”
activated M2 microglia are notoriously responsible for anti-inflammatory responses that en-
courage neuroprotective and restorative processes [6,10]. More recently, at least three more
sub-phenotypes of the M2 type (M2a-c) have been found [11] whereby, more specifically,
the M2a type secrete anti-inflammatory factors such as IL-10 and insulin-such as growth
factor-1 (IGF-1), promoting cell debris removal and neuroprotection [6,11,12]. The M2b
is said to be stimulated by inflammatory factors such as IL-1ß and lipopolysaccharides
(LPS), which may also increase the expression of IL-10 [11]. These M2b microglia have
been found to have phagocytic properties in brains modelled for Alzheimer’s disease
(AD) and expressing high levels of CD64 [11]. The M2c “acquire deactivation” by IL-10
or glucocorticoids, in turn increasing expression of growth factors such as TGFß [11]. De-
spite these differences, M1 and M2 activation are functionally required to guarantee the
removal of dysfunctional cells or noxious aggregates of cellular debris [6]. M1 microglia
are usually involved in the clearance of cell debris, and this inflammatory response must
be controlled by M2 microglia to avoid needlessly prolonged inflammation [6]. Often
in pathological processes, the typical balance of M1 and M2 polarisation seen in normal
conditions may be affected [6]. This can result in the clearance of healthy cells due to
excessive M1 inflammation and the M2′s dampening effect of M1s may be overwhelmed
causing further damage [6]. This often occurs in neurodegenerative illnesses and therefore,
some therapeutic candidates that target M1 and M2 polarisation have been proposed [13].
Despite this, there is also emerging evidence that suggests that the M1/M2 polarisation
may be outdated. It was first introduced and used to accommodate easier methods of data
interpretation [14]. However, recent advances in technology have revealed overlapping
morphological and genetic characteristics between M1/M2 types, suggesting a need to re-
evaluate microglia types [14]. More recently, disease-associated microglia (DAM) have also
been recognised as a unique microglia type seen in disease [14]. DAMs are characterised
by microglia that express low levels of surveillant and homeostatic genes and high levels
of markers associated with degeneration such as triggering receptor expressed on myeloid
cells 2 (TREM2) [14,15].

With regards to morphology, there about five main microglial morphotypes that have
been recognised, including the ramified, hyper-ramified, activated, amoeboid and rod
types. Under non-primed or “inactive” conditions, microglia appear “ramified”. They are
distributed evenly like a “mosaic”, with each consisting of a small and round cell body
to which are attached several thin and long processes that constantly extend and retract
to facilitate their surveillant functions (Figure 1) [2,5,16]. Experimental in vivo imaging
of the brain has shown that these dynamic processes come into close proximity with
neurons, glia and blood vessels, suggesting that microglia actively co-operate with other
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parts of the cortex to sustain a physiologically normal CNS environment [17]. Sometimes,
ramified microglia may recognise microenvironmental changes and respond by changing
into “hyper-ramified” microglia typically defined by more abundant processes that are
longer and thicker, attached to larger, lobular and irregularly shaped cell bodies (Figure 1)
[16,18]. Most types of primed “non-ramified” microglia, including hyper-ramified cells,
are scattered in the CNS in an irregular and “clustered” distribution [2]. Hyper-ramified
microglia may also shift into the activated form upon exposure to significantly noxious
stimuli, which also have similar cell bodies to hyper-ramified cells whilst having much
fewer processes that are thicker and shorter (Figure 1) [2,16,19]. When noxious stimuli
are extensively prolonged, activated microglia may morph into the “amoeboid” state
with a rounder, larger and more regularly shaped cell and very few or no processes
(Figure 1) [16,18]. A recently re-discovered morphotype are “rod” microglia characterised
by a long, sausage-shaped cell body with a few processes that may not always extend
beyond the length of ramified microglia (Figure 1) [20,21]. Although emerging evidence
has shown rod microglia localising near neurons and aligning itself along the nerve fibres,
their exact function is still yet to be discovered [20–23]. The final type is the amoeboid
microglia, often referred to as the phagocytic type that moves to the site of damage and
phagocytose dead or dying neurons and cell debris (Figure 1) [5,24]. Recently emerging
evidence has led to a theory that the hyper-ramified, activated and rod morphotypes may
be “transitioning” forms that exist between the ramified and amoeboid states [5,25].

μ

Figure 1. Microglia Morphotypes. A diagram showing microglia morphotypes with arrows showing
potential orders of morphotype modifications. Dashed boxes represent the “transitioning” microglia.
Microglia are from whole-mount retinal images of iba-1-stained C57BL6 mouse (28 months old)
retinal microglia. Scale bar = 50 µm. Images were obtained from the Cordeiro Laboratory following
similar protocols mentioned in Davis et al. [24].

2.1. Retinal Microglia

The retina is an essential part of the CNS. Due to its transparent nature to light,
it is possible to use less invasive and high-resolution imaging modalities to visualise the
retina [26,27]. It is predominantly known for its involvement in converting light energy into
electrical signals [28]. In humans, the retina develops from the first month embryologically
to the end of the first year, originating from the neuroectoderm [28,29]. The retina consists
of several distinct layers with the innermost layer being the retinal nerve fibre layer (RNFL),
then the ganglion cell layer (GCL), the inner plexiform layer (IPL), the inner nuclear layer
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(INL), the outer plexiform layer (OPL), the outer nuclear layer (ONL) and the final layer
the retinal pigment epithelium (RPE) (Figure 2) [29]. Throughout these layers exist several
types of cells, including amacrine cells, Müller cells, astrocytes, horizontal cells, rod and
cone photoreceptors and bipolar cells, all of which may also be found in the rest of the
CNS [29].

 

Figure 2. Comparison of retinal changes in Healthy and Diseased Retinas. A schematic diagram showing changes in the
main layers in the healthy (blue) and MS/ON (multiple sclerosis/optic neuritis, orange) retinae. The diagram is not to scale
and a hypothetical representation. The ganglion cell axons are found in the RNFL whilst their cell bodies are in the GCL.
Microglia are said to reside in the IPL and OPL. There are also other retinal neurons and glia that are not specified in this
diagram. RNFL = retinal nerve fibre layer, GCL = ganglion cell layer, IPL = inner plexiform layer, INL = inner nuclear layer,
OPL = outer plexiform layer, ONL = outer nuclear layer, RPE = retinal pigment epithelium, MS = multiple sclerosis, ON =
optic neuritis.

Approximately 0.2% of the total retinal cells are made of microglia, of which 50% usu-
ally reside in the IPL whilst the rest reside in the OPL (Figure 2) [2]. Through development
and homeostasis, microglia dynamically move through the different layers of the retina,
although avoiding the ONL [2]. Furthermore, many retinal diseases and retinal injury mod-
els have shown that microglia may migrate towards the region of degeneration, become
activated and proliferate [30,31], as described in more detail later. Although both retinal
and brain microglia are developed from the primitive yolk sac, the appearance of each mor-
photype may vary depending on the region of the CNS [10]. For example, microglia in the
striatum, hippocampus and frontal cortex have larger cell bodies with more processes com-
pared to those in the cerebellum [32]. Additionally, there is evidence that distinct layers of
the cerebral cortex contain microglia of different sizes [32]. Morphotype appearances may
also vary depending on the methods used or the axes of dissection. For instance, ramified
microglia may appear horizontally ramified, which, in a cross-sectional observation, appear
as one horizontally long cell whilst in a whole-mount observation, appear as and like the
previously mentioned standard morphological description of ramified microglia [2,33].
When microglia are primed and become hyper-ramified, their processes extend radially,
reaching across different layers, which is more visualisable in cross-sectional dissection
compared to whole-mount observations [2,33]. Despite these differences, retinal and brain
microglia have been found to share the expression of several transcription factors [2].
Numerous studies have also been able to observe each morphotype in both the brain and
the retina [2,4,5,22,33,34]. However, it is still not clear whether or not each morphotype in
both CNS regions share the same features [2].
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2.2. Molecular Markers and Stimuli Affecting Microglial Morphology

Similar to the brain, individual microglia morphotypes in the retina may result from
microglial responses to various cytokines, chemokines or damage-associated molecular
patterns present in its microenvironment, suggesting heterogeneity in microglial genetic
expression [9]. For instance, ramified microglia are said to have high expressions of P2RY12,
which is often associated with surveillant functions, whilst amoeboid microglia have been
found to express high levels of CD68—a notorious marker of phagocytosis [35,36]. Differ-
ential expression levels of microglial ion channels and surface receptors can also interact
with such molecules (e.g., cytokines) in the microglial microenvironment, resulting in
microglial changes including density, spatial distribution, activation state and morphotype
and disease pathogenesis [9,37]. For instance, transforming growth factor beta (TGFß)
is an important microglial cytokine, pleiotropically involved in the physiological devel-
opment of retinal neurons and vessels [37]. Ma et al., observed iba-1 positive microglia,
from whole-mounted retinas of tamoxifen-induced ablation of TGFßR2 (TGFß receptor)
in 2-month-old Cx3cr1CreER/+, Tgfbr2flox/flox mice [37]. The microglial morphology ap-
peared ramified at 1 day post TGFßR2 ablation (PTA), which then became less ramified
with “stubby” processes by 2–5 days PTA and finally appeared with lengthy processes
that were aligned along the retinal blood vessels by 3–10 weeks PTA [37]. Real-time poly-
merase chain reaction (RT-PCR) analyses of TGFßR2 ablated retinal microglia revealed
decreased expression of growth factors (e.g., BDNF, PDGFA) and increased expression of
inflammatory activation markers (e.g., MHCII, CD68). This was not observable in healthy
microglia. Additionally, whilst the TGFßR2 ablated animals showed no effects of the retinal
vasculature, they experienced retinal thinning and amplified rates of pathological choroidal
neovascularisation in response to injury [37].

2.3. Extracellular Vesicles: Effects on Microglia

Retinal (and brain) microglia also secrete extracellular vesicles (EVs), which are
membrane-bound particles composed of mRNA, miRNA, DNA, cytokines, lipids and
proteins, regarded as a biopsy of its origin cell [6,38,39]. EVs are involved in cell-to-cell
communication by transporting their neuro-protective/toxic components in response
to intracellular and extracellular cues as they move through the bloodstream and cere-
brospinal fluid (CSF) to reach other cells within close and distant proximity [6,38,39]. EVs
include exosomes and ectosomes, which consist of apoptotic bodies and microvesicles [39].
Firstly, many endosomal vesicular bodies fuse to form exosomes (40–160 nm in size) which
are then released for intercellular communication [39]. Secondly, microvesicles instead
originate from the plasma membrane undergoing outward budding (100–1000 nm) [38].
Finally, apoptotic bodies are >1000 nm in size and form through membrane blebbing of
disintegrating, e.g., retinal microglia [38]. In fact, components of apoptotic bodies such
as phosphatidyl serine modulate microglial phagocytosis [38,39]. As a result of these
diverse features, microglial EVs have recently started to be investigated in relation to
neurodegenerative diseases.

2.4. Microglia and Ageing

Microglial cells in the retina of newborn and postnatal rats have a round or amoeboid
form and show pseudopodal processes involved in cell debris phagocytosis and develop-
mental synapse remodelling [2]. Steadily, as the second and third week of the postnatal
period approaches, microglial cell bodies become smaller with fine ramifications [2], as-
suming a highly ramified phenotype with the progress in brain development [40]. This
progression is also reflected in brain regions, including the cerebellum, which suggests that
microglia are actively involved through the maturation of the CNS.

A study investigated cortical microglia characteristics in old adult (24 months) and
young adult mice (6 months) to find decreased microglial density and irregularly dis-
tributed clusters [41]. However, retinal microglia studies have revealed some contradic-
tory results. Firstly, similar age groups of mice as the previous study were examined
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(18–24 months vs. 3–4 months) to find that the older adults had significantly elevated
retinal microglia densities compared to that of younger adult mice [42]. This suggests that
the microglial responses to ageing may be region-specific. Further inspection of real-time
retinal imaging showed that most of the old adult microglia appeared to have fewer and
shorter processes, suggestive of activated or amoeboid microglia, than those in the young
mice [42]. These were found to be arranged in a mosaic distribution. A more recent study
looked at the morphological and marker expression differences of whole-mounted retinal
microglia in old (15 months) and young (age not specified) mice [43]. Unlike the results
from Damani et al., this study found no significant differences in iba-1 positive retinal
microglia cell density and area covered by the processes between the two age groups, whilst
the cell soma area in the OPL, IPL, NFL and GCL and the number of vertical processes
had significantly increased [42,43]. Additionally, the young microglia cells were mostly
expressing P2RY12 and no CD68, whilst the aged microglia were CD68+ and appeared
amoeboid [43]. These results, instead, imply that with ageing, microglia may shift their
morphologies and genetic profile to accommodate the ageing process [43]. Fernández-
Albarral et al., however, do not disclose the exact ages, species of mice or the quantitation
methods used. Such differences between studies may impact the results.

Aged microglia become less dynamic, showing significantly slower process motilities
compared to those in their younger counterparts, which likely compromise their ability to
continuously survey and interact with their environment [42]. Post-mortem hippocampal
and cortical investigations in “young”, “middle”, or “old” (20–69 vs. 70+ vs. 90+ years
old) adults revealed more region-specific microglial responses to ageing [4]. Rod-shaped
microglia were found to be significantly more abundant in the “middle” compared to
“young” adults, although this was only seen in the hippocampus whilst the “old” adults
only had significant rod increases in the hippocampus [4]. Other cortical and hippocampal
studies found similar microglial trends with age, which suggests that aged microglia may
have diminished surveillant capabilities required for maintaining a healthy CNS, which in
turn may increase the risk of developing neurodegenerative diseases [44–46].

Myelinated axons of neurons are an essential feature of the CNS that enables efficient
action potential conductance [47]. Whilst myelin is produced by many oligodendrocyte
cells, it undergoes constant renewal, with myelin debris being directly removed and indi-
rectly replaced by microglia [47,48]. However, it has been proposed that changes in myelin
debris formation with ageing may also result in age-related dysfunction of CNS immune
cells such as microglia [49]. Hence with age, there are more impaired myelin-associated
molecules, and a higher myelin protein turnover rate is required [49]. This leads to an in-
creased rate of myelin breakdown, causing burdensome myelin accumulation, which then
forms insoluble lysosomal aggregates within microglia cells [49]. TREM2 are expressed on
microglial cell surface membranes; however, its deficiency or mutation can result in disease
caused by excessive demyelination [50]. Poliani et al. found “aged” TREM2 deficient brains
had demyelination with dystrophic and amoeboid looking microglia [50]. It is also said
that TREM2 positive amoeboid microglia may then morph into different shapes as it starts
to produce factors such as TNF and IL-1, which are considered to be “pro-regenerative”
factors [48]. Thus, the extracellular matrix is modified to trigger modifying the extracel-
lular matrix to attract and activate oligodendrocyte precursor cells (OPCs) which then
remyelinate the axon [48]. Furthermore, healthy microglial responses to demyelination
were found to increase expression of genes associated with activation, phagocytosis and
lipid metabolism, whilst that of TREM2 deficient microglia were found not to [50]. Other
studies have shown that although debris clearance by microglial phagocytosis is greater
with the increase in age, “younger” myelin phagocytosis was more proficient than with
“older” myelin [51]. These age-related changes were also correlated with the more frequent
appearance of “dystrophic” non-ramified microglia [51]. There are not yet many investiga-
tions of myelin debris related retinal microglial phagocytosis, possibly due to the lack of
myelin in the retina itself.
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With ageing, the microglial populations become dystrophic and undergo structural
and morphological changes. The cytoplasm starts to fragment, their cell processes grad-
ually lose the fine ramifications and show spheroidal swellings [52]. In addition, their
constitutive microglial function starts to decline and show abnormal microglial injury re-
sponses. These alterations, combined with molecular and gene expression ageing changes
within microglia, resulting in their reduced capability of maintaining homeostasis in the
immune environment, and this may contribute to neuronal impairments, cognitive decline
and age-related diseases [5,27,53–55].

2.5. Genetic Factors: Effects on Ageing Microglia

Age is a well-known risk factor for neurodegenerative diseases [56–58]. Therefore,
the change of gene expression in the ageing retina has become of significant interest.
For instance, Chen et al. investigated the total retinal RNA of 3-month- and 20-month-old
C57BL/6 mice [57]. With the increase in age, 298 genes, including those related to stress re-
sponse and glycoprotein synthesis, were upregulated more than two-fold whilst 137 genes,
including those related to immune and defence responses, had also been downregulated
more than two-fold [57]. Additionally, RT-PCR analyses showed increases in inflammatory
cytokine-, chemokine-, or complement activation-associated genes, e.g., chemokine (C-C
motif) ligand 2 (CCL2), CCL12 or complement component 3 (C3) [57]. The authors then
hypothesised that this might reflect microglial activation, which was supported by the
immunohistological observation of isolectin B4+ amoeboid microglia in the IPL of aged
mice only [57]. Another study was able to specifically investigate transcriptional changes
in the ageing retinal microglia by comparing the RNA extracted from isolated retinal
microglia of 3-, 12-, 18-, and 24-month-old C57BL/6 mice [58]. A total of 719 differentially
expressed genes were identified and were functionally associated with microglial immune
regulation, e.g., IL3 and IL7, angiogenesis, e.g., vascular endothelial growth factors and
trophic growth factors, e.g., neurotrophin [58]. Interestingly, like Chen et al., expression of
C3, a gene associated with age-related macular degeneration (AMD), increased with age
which implied that senescence-associated retinal microglia transcriptional changes might
contribute to AMD pathogenesis [58].

3. Multiple Sclerosis
3.1. Multiple Sclerosis

Multiple Sclerosis (MS) is a chronic inflammatory disease of the CNS, affecting ap-
proximately 100,000 patients in the U.K. and 2,500,000 patients globally [59]. Interestingly,
it can affect up to three times as many women as men, with an average age of onset in
early adulthood [60]. Whilst the initial records of pathophysiological features related to
MS date back to 1838, their pathological and clinical presentations were first identified as
“MS” in 1863 by Jean-Martin Charcot [61]. Since then, the complex pathologies of MS have
been revealed. Frequently occurring symptoms of MS involves the ocular pathway such as
RNFL thinning, optic neuritis (ON) characterised by inflammatory damage to the optic
nerve and uveitis characterised by intraocular inflammation of the vitreous body, retina,
and uveal tract [62–66]. It has also been reported that such retinal changes may occur before
changes in the rest of the CNS in many neurodegenerative diseases, including MS [26].
These recent findings have led to much interest in retinal research. Despite the complex
processes involved in MS development, it is a disease defined by autoimmune responses
through activation of immune cells such as T-lymphocytes, B-lymphocytes, microglia cells
and macrophages, demyelination, remyelination and neurodegeneration [12,67–69].

A well-recognised hypothesis of MS is that it develops through two main phases.
Firstly, T-cells and B-cells mediate inflammatory responses by releasing cytokines which
induce activation of inflammatory cells such as microglia behind a “closed” blood-brain
barrier (BBB) [68,70–72]. Chronic inflammation can then result in mitochondrial dysfunc-
tion, causing energy deficiency. Secondly, the neuroprotective signals are over-ridden,
which impairs the ability to repair demyelination, damaged axons and neurodegenera-
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tion [68,70]. As a result, there are significant blockages of axonal conductance whereby
eventually, the patient is left with irreversible lesions of the CNS such as the BBB, causing
it to become “leaky” [68]. This, however, remains a theory due to recent emerging evidence
showing that some patients respond better to therapeutics agents that target B-cells as
opposed to those that target T-cells [70]. Although there have been multiple investigations
using ever-evolving methods, there is a lack of consensus due to contradictory scientific
results [73].

3.2. Sub-Types of Multiple Sclerosis

There is a spectrum of severity for symptoms and rates of progression, reflecting the
heterogeneity of MS [70]. The earliest presentation of MS patients can be recognised as
a clinically isolated syndrome (CIS) [67]. CIS patients have monophasic and monofocal
symptomatic episodes, experiencing, e.g., ataxia, photophobia or areflexia, which lasts
between 24 h at 3 weeks [67]. Primary progressive MS (PPMS) affects around 15% of MS
patients who usually experience a steady and progressive decline in health [74]. Progressive
relapsing MS (PRMS) is the least common form of MS, which only affects around 5% of
patients that experience a steady decline in health with unexpected spikes of deterioration
and recovery [74]. Relapse remitting MS (RRMS) is a more common form, affecting 80–90%
of patients that experience unforeseen surges of disability [70]. Usually, these surges are
succeeded by complete recoveries, but as patients age and progress to later stages, these
recoveries become more partial [70,74]. This may be justified by many RRMS patients
proceeding on to develop secondary progressive MS (SPMS), where patients may experi-
ence fewer spikes of impairment and start to mimic the disease trajectory of PPMS [70,74].
Recently, wider interests in genetic studies have enabled MS-specific alleles and gene
variants to be recognised, especially through the genome-wide association study [70,75].
Large amounts of data have accommodated more sophisticated analyses that revealed that
specific gene variants were correlated to the various types of MS [76]. These gene variants
were predominantly found physically and functionally near to immunomodulatory genes
associated with MS pathogenesis [70,75].

Despite this, the profiles of these sub-types are only descriptive as there is a lack of
sufficient evidence to make accurate pathophysiological distinctions [77]. For instance,
a large proportion of MS patients experience asymptomatic phases whereby MS-associated
lesions and other pathophysiological changes may occur silently [78]. Some post-mortem
brain studies have even shown that there were distinctive MS-associated pathologies seen
in subjects who had been considered “healthy” during their lifetime [78]. More recently,
references to these sub-types have therefore evolved, distinguishing between disease activ-
ity or no disease activity with details of “surges” or steady progression and observations of
new CNS lesions [77].

3.3. Ocular Manifestations of Multiple Sclerosis

Post-mortem and retinal imaging studies have revealed MS-related pathologies such
as optic nerve damage by demyelination and atrophy and GCL, IPL, and RNFL thinning
(Figure 2) where the RGCs and microglia can be found [79,80]. It is theorised that reti-
nal thinning is a downstream effect of the optic nerve and RGC degeneration following
microglia-mediated immune responses [79,81]. Interestingly, these hallmarks are symp-
tomatically present in more than 20% of pMS and asymptomatically present in more
than 68% of pMS, making almost a staggering 90% of pMS who are estimated to have
such retinal pathologies. The typical symptomatic features consist of photopsia, monoc-
ular loss of visual acuity and colour vision with mild eye pain, whilst some atypical
features consist of photophobia, binocular prolonged vision loss and severe or absence of
pain [62,67,82]. These symptoms may develop from a couple of hours to days, peaking at
roughly 2–3 weeks from the initial signs followed by recovery [83].

Clinicians have been encouraged to use neuroimaging techniques such as magnetic
resonance imaging (MRI) to confirm MS-associated diagnoses [63,79]. Such neuroimaging
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methods can be used to image the entire CNS, including the visual pathway. For example,
an ON-patient MRI showed ventricular brain enlargement and atypical thickening of the
optic nerve, which were indicative of brain atrophy and optic nerve demyelination [84].
Optical coherence tomography (OCT) and motion perception assessments, both of which
examine the visual system, may also be used as adjuncts to MRIs [85]. The majority
of neuroimaging techniques may be complex, low reproducibility, uncomfortable and
extremely costly (e.g., MRI) [63,79,80]. In contrast, OCT retinal imaging offers a non-
invasive, simpler and less expensive technique to provide high-resolution images with
detailed analysis of distinct retinal layers [63,79,80,83]. Whilst sophisticated MRI techniques
can be used to identify dynamic inflammation, typically seen in earlier stages of MS,
standard MRI parameters can be correlated to OCT evidence indicative of irreversible
neurodegeneration and, therefore, significant reductions to retinal thickness [79]. Despite
the shortcomings of both methods, each provides unique information relating to distinct
aspects of MS pathogenesis. This emphasises that both MRI and OCT should be used in
conjunction to maximise vital information extraction, enabling in-depth monitoring of
MS-associated atypical pathologies and making MS trajectory predictions.

3.4. Microglia and Multiple Sclerosis

Like other neurodegenerative disorders, changes in microglial activation has also been
observed both in models of MS and in pMS. Experimental autoimmune encephalomyelitis
(EAE) is often used in scientific investigations to model MS and ON [48]. Although
all experimental models of diseases are not fully representative, studies have shown
similarities between human and animal investigations. For instance, compared to healthy,
EAE-induced mice were found to have more “de-ramified” amoeboid microglia in the
optic nerve and spinal cord [86]. Horstmann et al. found in MS modelled mice by injection
of MOG35-55 (encephalitogenic peptide which induces EAE) that retinal microglia were
significantly more abundant compared to that of healthy mice injected with PBS [87].
The same investigation also found that, at 60 days post-immunisation, the MS-induced mice
had non-significantly but slightly more amoeboid microglia but significantly more ramified
microglia compared to the control mice [87]. Another investigation also used MOG35-55 to
induce EAE in mice [88]. Within the first week of immunisation, retinal microglia density
had increased significantly [88]. In this investigation, amoeboid microglia were also found
to be more abundant at 7 and 28 days post-MOG35-55-immunisation; however, no statistical
analyses were carried out. These variations of microglial morphotypes indicate that retinal
microglia may behave dynamically, becoming “activated” and “de-activated” throughout
the progress of EAE. This could correlate to changes in microglial activation, which may
occur during fluctuations of demyelination and remyelination seen in MS. Additionally,
more sophisticated retinal layer-specific analyses were performed on EAE-induced and
healthy mice to find layer-specific microglial morphotypes [86]. Whilst both EAE and
healthy mice consisted of ramified microglia in the IPL and OPL, amoeboid microglia were
only found in the GCL layer of EAE-induced mice [86]. This interestingly correlates to
the GCL and IPL thinning hallmarks of MS, although it has not yet been investigated if
this thinning pathology is directly linked to microglial activation. Ultimately, this suggests
that retinal microglia may respond and activate in a temporally specific and layer-specific
manner [32,86].

Similar implications can also be seen in human studies whereby there was a signif-
icantly reduced expression of P2RY12 (homeostatic microglia marker) and significantly
increased expression of CD68 in both normal-appearing white matter and areas of active
lesions of MS brains compared to healthy brains [89]. Since these markers have been
associated with specific functions and microglia morphotypes, the results from Zrzavy
et al. suggest that MS brains have fewer surveillant ramified microglia whilst having more
phagocytic amoeboid [32,36,89].

Myelin phagocytosis is an additional pathological feature of MS [51]. When Hen-
drickx et al. investigated the phagocytic capabilities of myelin by microglia through flow
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cytometry, microglia derived from normal-appearing white matter of post-mortem brains
seemed to engulf more myelin from MS donors compared to that from healthy donors [51].
Furthermore, myelin debris processing has been correlated to microglia taking on other
“dystrophic” morphologies [51,90]. Cuprizone (CPZ) is a toxic and systemic copper chela-
tor that can be administered intravenously and orally to model MS and demyelinating
diseases [90,91]. Cantoni et al. investigated demyelination and microglia characteristics
in healthy or CPZ administered [90]. Histological observations revealed that healthy ani-
mals were unaffected with their myelin integrity whilst most microglia appeared ramified.
Conversely, CPZ administered animals exhibited hippocampal and corpus callosum (CC)
neuron demyelination that became more “profoundly” evident with longer exposure to
CPZ [90]. Interestingly, amoeboid microglia were abundant up to 4 weeks of CPZ adminis-
tration, but as this increased to 6 or 12 weeks, more ramified microglia were observed [90].
This suggests that microglial activation plays a more active role in the earlier stages of
demyelination or demyelinating diseases such as MS. This is further supported by clini-
cal evidence showing that younger MS patients in earlier stages of the disease are more
responsive to therapeutic interventions such as Rituximab that can reduce microglial activa-
tion [92,93]. Conversely, transcriptional investigations in microglia from normal-appearing
white (NAWM) and grey matter (NAGM) of MS and healthy volunteers showed some
interesting differences [94]. Firstly, expression of surveillant microglia markers such as
P2RY12 was found to be similar in NAGM and NAWM [94]. Secondly, compared to the
NAGM, the NAWM had higher levels of genes involved in the NF-κB pathway, which is
involved in the immunomodulatory responses in MS pathology [94]. Unlike the findings
from the CPZ MS models [90], van der Poel et al. [94] suggest that surveillant properties
of microglia may remain unaffected in the initial stages of MS whilst the transcriptional
profile of human-derived microglia are region-specific. Although evidence from human
studies would provide a valuable translational comparison, there are, to date, no reports
that investigate the morphological characteristics of retinal microglia in patients with MS.

3.5. Immunological Markers

Retinal microglia are also unsurprisingly involved in uveitis, an infrequent mani-
festation of MS. Experimental autoimmune uveitis (EAU) is a commonly used model of
uveitis, which can be induced by immunisation of interphotoreceptor retinoid-binding
protein (IRBP) [95]. Whole-mounted retinas of EAU-induced mice were found with P2RY12
positive microglia that underwent morphological activation from ramified to amoeboid
morphology within 7 days post-IRBP-immunisation, indicating the early involvement
of retinal microglia in EAU pathology [95]. Interestingly, ablation of microglia with the
antagonist PLX5622 in IRBP-immunised was found to suppressed EAU. This was observed
by a decrease in infiltrating inflammatory cells, lack of photoreceptor folds and retinal
granulomas compared to untreated animals [95]. Additionally, three-dimensional im-
ages were constructed from images of retino-vascular leukocytes, including T-cells and
microglia, labelled with CD11b, CD4/CD8, MHCII and P2RY12 [95]. The expression of
all markers could be found co-localised with lectin, a marker of blood vessels. Together,
these results emphasise the active role of microglia activation in initiating the transport of
leukocytes between the blood-retinal-barrier [95]. Whether the morphological shift had a
direct correlation to EAU pathogenesis was not explored.

3.6. Extracellular Vesicles: Effects on Multiple Sclerosis

The EAE model and MS patients have been investigated in parallel to observe
microglia-derived microvesicle (M-MV) EVs in MS/EAE brain pathology [96]. Firstly,
M-MVs were found to be neuroinflammatory as evidenced by upregulation of inflam-
matory markers such as CD86 (T-cell receptor ligand), iNOs and IL1ß, by the transfer
of the vesicular components from the origin microglial cell to the recipient [96]. Addi-
tionally, EAE mice injected with M-MV into the corpus callosum had many amoeboid
microglia, which were not observable in control EAE mice (injected with saline, liposomes
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or mesenchymal stem cells). Mice with and without acid sphingomyelinase knockout
(ASKO) were induced with EAE [96]. ASKO-EAE mice showed significantly reduced
M-MVs in the CSF, and CD45lowCD11b+ microglia and inflammatory T-cells in the spinal
cord, whilst no ASKO-EAE mice had developed EAE pathologies [96]. In humans, healthy
participants were found to have M-MVs in their CSF with increased concentrations in
MS: significantly greater in CIS compared to RRMS. These results suggest that M-MVs
are differentially present in MS patients and EAE models, which may cause microglial
activation and morphotype changes whilst these responses may be reduced by preventing
M-MV shedding [96]. This also reveals the potential of targeting M-MVs to monitor disease
and its therapeutic strategies. Their role in the retina is still to be established, although
if they are found to influence retinal microglia morphology, this could have significant
implications for using the eye as a monitoring and treatment efficacy tool.

3.7. Genetic Factors: Effects on Retinal Microglia in Multiple Sclerosis

The MOG35-55 induced EAE model of MS was used to identify the genetic and
morphological differences of retinal microglia between 8-week-old C57BL/6 mice and
healthy controls [97]. Iba-1 staining of cross-sections of the retina revealed mostly ramified
microglia in healthy controls whilst there were rounder and amoeboid-like microglia
with higher expression of iNOS in early EAE mice (16 days post-MOG35-55 induction—
16DPI) [97]. This iNOS expression was reduced by 41DPI, although still higher than that
in healthy controls. Additionally, there was increased expression of C1q and TNF-alpha
in EAE [97]. This could suggest that early transcriptional changes in retinal microglia
reflected by morphological changes may be pathological features of optic neuropathies.

Additionally, Bell et al. investigated the retinal microglia transcriptional profile of
Cx3cr1CreER:R26-tdTomato C57BL/6 mice that were induced with endotoxin-induced
uveitis (EIU) by a single intravitreal injection of LPS [98]. Isolated retinal microglia were
analysed with flow cytometry, Fluorescence-Activated Cell Sorting (FACS), mRNA se-
quencing and quantitative PCR to discover a total of 1069 differentially expressed genes
(DEGs) [98]. There were 613 DEGs found at 4 h post-EIU, 537 DEGS at 18 h and none
at 2 weeks [98]. Initially, activation markers such as Fas and CD44 were upregulated
whilst homeostatic markers such as P2rY12 and Mertk were downregulated in EIU induced
samples whilst healthy controls did not show a similar profile, e.g., high P2RY12 levels
throughout [98]. Additionally, confocal microscopy of tdTomato+ microglial cells in naïve
was ramified whilst EIU cells underwent morphological changes from ramified at 4 hours to
amoeboid at 18 h, which returned to ramified by 2 weeks post-injection [98]. Together these
results indicate that uveitis may be characterised by some initial transcriptional changes
that may be reflected by retinal microglia morphology changes [98]. Similar investigations
in patient cells would be useful to determine the clinical translatability of these findings.

4. Other Neurodegenerative Diseases
4.1. Alzheimer’s Disease

AD is the most common cause of dementia. It is characterised by the progressive loss
of neurons as a result of the build-up of extracellular amyloid-beta (Aß) plaques and intra-
cellular neurofibrillary tangles composed of hyperphosphorylated tau proteins [99–101].
By the time the first cognitive symptoms start to appear, roughly 20 years of irreversible
neurodegeneration would already have occurred [100]. Although the exact pathogenesis
is still unknown, microglial activation in the brain and retina has been associated with
AD pathology [4,13,21,99–103]. This highlights the unmet need for earlier detection of
AD pathogenesis and that characterisation of microglia may be a potential answer to
this dilemma.

Brain AD investigations have shown more activated microglia in the cortex and
hippocampus compared to age-matched controls [99,103]. Specifically, Cao et al. found a
significantly greater degree of microglial activation in these areas of AD modelled mice
at 12 months old compared to other ages and compared to age-matched or older healthy

329



Cells 2021, 10, 1507

controls [99]. Additionally, 4-month-old 5× familial AD modelled mice showed that
Aß plaques were surrounded by activated microglia in the cortex [103]. These activated
microglia were also found to co-localise with Aß aggregates, and as Aß accumulated,
microglial cell death was observed [103]. Similarly, Aß plaques were found surrounded by
retinal microglia with a large cell body and fewer and thicker ramifications, suggesting
activated microglia observations could be seen in the AD modelled retina [100–102]. Some
sources have found activated retinal microglia in 3× transgenic AD mice as young as
5 postnatal weeks old, suggesting an initial microglial response in AD pathology [102].
This suggests that some microglial responses to AD may occur in the retina before the
brain. Despite these findings, it is important to note the ambiguous definition of activated
microglia. For instance, some literature refers to all non-resting microglia as “activated
microglia”, and some may use the term interchangeably with “activation” of microglia,
whilst more recent literature may use the term in reference to the unique morphological
description of the activated microglia.

Rod microglia may have a region-specific involvement in AD pathology [4,21]. For
instance, when three brain regions of AD patient autopsies were examined, rod microglia
were only seen in the parietal cortex and not in the hippocampus or temporal cortex [4].
Additionally, there were no significant observations seen relating rod microglia in hip-
pocampal and cortical brain regions of patients who had traumatic brain injury [4]. How-
ever, rod microglia were found to be significantly abundant in the parietal cortex but not
the hippocampus of AD patients compared to healthy controls [4]. Rod microglia have
also been observed in those with mutated C9orf72 whilst they were absent in age-matched
controls whilst additionally, a high density of rod microglia in the grey matter of those
with Down’s Syndrome AD correlated to more severe pathological hallmarks compared to
those just with AD [21].

Recently, Grimaldi et al. investigated the retinal pathology in post-mortem AD patient
retinas [15]. These samples also had Aß plaques and phosphorylated tau tangles, with signs
of retino-neuronal degeneration evidenced by increased expression of caspase 3, a marker
of AD-associated neurodegeneration [15]. Additionally, the AD retinal slices examined had
a significantly higher density of iba-1 positive microglial cells which also expressed higher
levels of DAM marker, IL-1ß, compared to healthy samples [15]. TREM2 is also a DAM as-
sociated marker, although this was not upregulated in the iba-1 positive AD microglia [15].
Despite this, the AD retinas expressed higher levels of TREM2 mRNA compared to healthy
controls [15]. This unexpected trend in AD retinal microglia may be due to historic evidence
of post-mortem retinal samples with Aß deposits expressing downregulated TREM2 [15].
Investigations that observe other retinal DAM markers in parallel to morphological param-
eters may provide useful insight to elucidating AD retino-pathologies.

4.2. Parkinson’s Disease

Parkinson’s disease (PD) is the second most common type of neurodegenerative
disease, affecting over 10 million people worldwide [104,105]. Its pathological hallmark
consists of Lewy body (LB) aggregates composed of alpha-synuclein (α-syn) that accumu-
late inside the neuronal cell bodies and axons [104,105]. This is followed by the gradual
neurodegeneration of dopaminergic neurons in CNS regions such as the substantia niagra
(SN) pars compacta [6,106,107]. By the time the initial clinical symptoms such as tremor,
rigidity, akinesia and postural stability start to appear, 50–80% of dopaminergic neurons
have already been lost [107,108]. Much like AD, PD research has revealed many potential
mechanisms of pathogenesis, including neuroinflammation as a result of microglial acti-
vation [6,105,109]. Recent studies have also revealed that up to 80% of PD patients may
experience some visual dysfunction at least once throughout their disease progression [105].
Additionally, some studies have reported these retinal changes to occur prior to that of the
brain [110]. Considering these factors, exploring the retinal microglia characteristics may
serve as an ideal starting point in identifying earlier biomarkers of PD.
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One study investigated the characteristics of SN and hippocampal microglia in three
participant groups: PD patients, matched healthy participants and prodromal PD (p-PD)
participants, with age-matched analyses performed (age range from 56 to 96 years old) [111].
Whilst there were almost no α-syn and LBs found in both brain regions of healthy controls,
there were some in that of the p-PD patient specimens and significantly more in PD [111].
Additionally, healthy controls had significantly more ramified microglia compared to p-PD
and PD groups, p-PD had significantly more amoeboid microglia compared to healthy
participants, and PD patients also had significantly more than p-PD [111]. “Primed” or
activated microglia were prominently seen in p-PD compared to any other participant
group. This suggests that activated microglia may be an early indicator whilst amoeboid
microglia are associated with PD pathology.

Similarly, healthy retinas were free of α-syn whilst there were some in 5-month-old
retinas of transgenic mice (TgM83) modelled for PD and significantly more in the OPL
of 8-month-old TgM83 retinal samples [112]. Only 8-month-old mouse retinas indicated
microglial activation due to significant increases of CD68 expression (microglial activation
marker) and visual observation of amoeboid microglia, whilst this was not seen in other
experimental groups [112]. This suggests that there may be a differential expression of
activated microglial markers and morphological changes through the early to intermediate
stages of PD pathology. However, there are other studies that show that whilst there was
OPL α-syn accumulation in mice modelled for α-syn-dependent diseases (Plp-α-syn), there
were mostly ramified microglia found in whole-mounted retinal samples with no sign
of microglial activation for all age groups investigated [113]. This may have been due to
differences in disease models used, age groups investigated, and methods of analysis.

4.3. Glaucoma

Glaucoma is one of the main causes of blindness worldwide, which is estimated
to affect more than 120 million people by 2040 [114]. It is characterised by the gradual
loss of RGCs and, like AD and PD, significant neurodegeneration would have already
occurred before clinical symptoms start to emerge [114]. Numerous methods for detecting
the activity of glaucoma have been developed, including elevated intraocular pressure and
an increased numbers of dying retinal cells, which is measured by detecting apoptosing
retinal cells (DARC) [115,116]. Additionally, microglial activation may also play a role in
glaucoma pathogenesis.

Microglia activation has been identified as one of the first events in glaucomatous neu-
ral damage, which may occur before RGC death [117,118]. For instance, when Swiss albino
mice were modelled with the unilateral ocular hypertension (OHT) model of glaucoma,
there was microglial activation [108]. This was seen in the form of increased cell body size
and retraction of cell processes by as early as 1 day post-surgery (PS) and increased cell
density by 3 days PS. Ramírez et al. additionally found that retinal microglia were P2RY12+
at 1 day PS [108]. This expression was decreased at 3 and 5 days PS, which then returned
to normal levels by 15 days PS [108]. Moreover, the extent of neurodegeneration could also
be correlated with early microglial changes, including microgliosis or microglial activation,
as evidenced in transgenic Cx3cr1GFP/+ DBA/2J mouse retinas modelled for pigmentary
glaucoma [117]. In addition, in another experimental glaucoma model, treatment with
minocycline or with a high dose of irradiation reduced microglial activation, resulting in
lower RGC death [119,120].

Rod microglia have also been associated with several disease states. In a model of
progressive RGC degeneration in rats, it has been shown that optic nerve transection (ONT)
induced retinal rod microglia formation [23]. This was observable within the first 7 days,
peaking at 14 days and disappearing after 2 months [23]. These periodic trends were
interestingly reflected by the trends of ONT-induced RGC death. Additionally, these retinal
rod microglia were found to orient themselves along the axon and cell body of RGCs,
suggesting their active role in ONT-associated neurodegeneration [23].
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4.4. Inherited Eye Disease: Retinitis Pigmentosa

Another major cause of inherited irreversible blindness is retinitis pigmentosa (RP).
It affects roughly 1 in 4000 people in the world. Typically, patients may undergo loss of
retinal rod cells, whilst more advanced cases may be caused by loss of cone cells. Although
the exact mechanism of RP is still unclear, there is evidence of early retinal microglia acti-
vation occurring initially in the process of photoreceptor degeneration [121]. For instance,
Di Pierdominico et al. observed P23H-1 rats, a model of inherited photoreceptor degen-
eration [121]. A reduction in rows of photoreceptor nuclei occurred between P10-21 with
a greater reduction between P15-21 [121]. This occurred simultaneously with microglial
morphology changes to amoeboid microglia, observed through retinal cross-section histol-
ogy analyses showing that iba-1 positive microglia with shorter processes by P15 whilst
the total retinal microglia density was significantly greater in P23H-1 rats compared to
controls between P15-45 [121]. The same study investigated Royal College of Surgeons
(RCS) rats, another model for inherited photoreceptor degeneration, to find a similar trend.
The most significant photoreceptor degeneration occurred between P33-60 whilst retinal
microglia took on the amoeboid appearance by P21-33 [121]. These microglia also migrated
to the outer retinal layers between P21-60. RCS retinas had a significantly higher density
of microglia compared to controls P21-60, whilst there was a significant decline between
P45-60 [121].

5. Perivascular Microglia

Investigating microglia that reside in or around the perivascular region (PM) has
become a popular field of research because of the associations that have been made be-
tween immune responses to neurological conditions and the CNS vascular network [122].
These associations are seen where patients with diabetic retinopathy had a significantly
elevated number of hyper-ramified retinal PM microglia cells in comparison to that of
normal subjects [34]. Additionally, PM microglia are said to closely track any incoming
compounds from outside the blood-brain barrier through the vessels and into the CNS [95].
For instance, drug-induced depletion of PM microglia in mice with experimental AD
resulted in corticovascular accumulation of amyloid plaques [122]. Other investigations
also found that glaucoma modelled mice (ocular hypertension model induced by laser)
presented with rod microglia both in the retinal PM and adjacent to the retinal axons [22].
This indicates that microglia morphotypes are not specific to perivascular regions.

6. Imaging Retinal Microglia

The establishment of a robust method to image retinal microglia both non-invasively
and in vivo would provide an invaluable avenue to tracking disease-associated retinal
microglia pathologies. There are indeed transgenic, e.g., CX3CR-1GFP mice, which are
specially bred to have enhanced expression of the green fluorescent protein (GFP) in the
chemokine receptor 1 (CX3CR-1) gene [123–125]. As a result, scanning laser ophthalmo-
scopes (SLOs) and OCT systems may be used to non-invasively image the fluorescing
retinal microglia at a cellular resolution, to investigate their shape, spatial distribution and
density in real time [37,124–126]. Each of these studies could use distinctive methods with
unique SLO/OCT systems including: multi-colour confocal SLO to detect multiple fluo-
rescent markers [124], widefield autofluorescence imaging [125] and 488 nm fluorescence
imaging using commercial SLO/OCT devices [126]. Although this reveals the imaging
versatility of the Cx3CR-1GFP mice, genetic modifications often have undesirable adverse
effects and are not currently clinically translatable.

Despite this, there have also been reports of attempts of in vivo and non-invasive
imaging methods in humans [127,128]. For example, Liu et al. developed a multimodal
adaptive optics (AO) system which combined SLO and OCT systems [127]. Superlumines-
cent diodes were also used to produce the imaging beams from each of the AOSLO and
AOOCT with the addition of mirrors positioned precisely for it to be directed into the eye,
enabling the retina to be imaged. Although they were able to image microglia in the inner
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limiting membrane (ILM), these were identified by subjective visual interpretation, and the
authors emphasise the need for improvement due to the lengthy process (1 hour to im-
age) [127]. Although AOOCTs can produce high-resolution and cellular levels of imaging,
this is compromised by ~6-fold reduction in the field of view compared to a commercial
machine [128]. For instance, Castanos et al. used spectral-domain en face OCT imaging in
the reflectance mode (OCT-R) to obtain larger images of the retina [128]. On examination
of the ILM in healthy participants, uniformly distributed ramified macrophage-like cells
were observable [128]. In patients with diabetic retinopathy, central retinal vein occlusion
and open-angle glaucoma, these cells appeared amoeboid and not uniform [128]. Through
these morphological and distributional characteristics, the authors interpret these cells
as microglia or hyalocytes. Although this reveals the possibility of non-invasive in vivo
imaging of the human retina, the authors recognise limitations to their technology, in-
cluding manual subjective interpretations of cell morphology and the indefinite cell type
distinction [128].

7. Contradictory Findings: Reasons and Limitations

Although the aforementioned studies had similar objectives of finding densitometric
or morphological features of microglia, there were clearly some which produced contra-
dictory results. This may have been because many of the methods of analyses used were
subjective, varied and even ambiguous. These aspects could have been amended to allow
for more consistent, representative and less biased results. For example, when specific
regions of the CNS, such as the striatum, SN, hippocampus or the retina, have been inves-
tigated, randomly chosen “sections” or “slices” are analysed [86,111,129]. Additionally,
some investigations took subjective measures to distinguish “ramified” and “amoeboid”
cells whilst also using manual counting methods [99]. There are indeed other methods
that can certainly be used to reduce the impact of these subjective and non-representative
techniques. For instance, more extensive and efficient imaging methods can be achieved by
scanning the whole retina rather than sectors and including z-stacks of all the layers and
maximum intensity projections [24]. In this way, observations of the whole retina and all
its layers can be comprehensively analysed. Furthermore, algorithms that automate cell
counting can be used to quantify densitometric parameters [24]. In light of encouraging
future investigations, avoidance of subjective categorisation of microglia morphotypes has
successfully already been performed using changes in 15 parameters defined through the
course of microglial inflammation enabling morphometric analyses output by automated
software (Fraclac; ImageJ) [130]. However, it is important to note that Fernández-Arjona
et al., manually selected the microglia cells to be analysed based on a set of criterion which
consisted of: fully visible cell body and processes which are nonoverlapping with parts of
other adjacent cells [130]. Therefore, the resulting data were not fully representative or free
from bias, although this clearly demonstrates the principle of using quantitative data to
determine the different morphotypes.

Clinical and preclinical trials often have only male subjects [60,91]. This may be in
order to reduce the effects of physiological differences such as the ovarian cycle, confound-
ing the results of the trial or experiment. However, are known sexual dimorphisms for
the structural and functional differences in microglial responses to ageing and disease,
including MS [131]. This may be due to X chromosomes that express the greatest number
of immune-related genes in the whole human genome and epigenetic and environmental
influences [131,132]. Han et al. also suggest that hormonal differences may influence
males having more activated microglia in development stages, putting them at higher
risk of disease, whilst for females, this occurs during adulthood [131]. Other investiga-
tions on mediating hypersensitivities to pain have shown the involvement of microglia in
male mice whilst other immune cells such as T-cells are required in female mice [133,134].
Although there are no reports which investigate the sexual differences in the morpho-
logical characteristics of retinal microglia in MS, transcriptome microarray analyses of
male and female mice of two age groups (3 or 24 months) have shown that age-associated
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changes of retinal microglia cell-specific gene expression are sexually dimorphic [135].
Designing trial/experimental studies based on one sex may limit the ability to identify sex-
associated pathological differences in MS, a disease more common in females [60]. Using
stratified analyses in investigations that are inclusive of both sexes instead would benefit
understanding pathological differences between different sub-sets of patients within the
heterogeneous MS population. This would also enable larger patient group sizes to be
investigated in larger multicentre research collaborations with consequently greater impact
and generalisability.

There has also been a recent interest in the use of computer vision and machine
learning algorithms to enable automated recognition and/or categorisation of “cells” or
“regions of interests” in neuroimaging data. Commonly used in biomedical research are
support vector machines (SVMs), regarded as supervised machine learning techniques
that can categorise data and perform regression analyses [136]. Linear SVMs can use the
input “training” data for each category to extract features that may be used to define
each category [137]. Then, it uses the input “training” data to effectively categorise each
data point by examining said defining features [137]. This is achieved by automatically
identifying the optimal hyperplane that allows each data point to be distinguished in one
category from those of another. These machine learning algorithms have already been
implemented in research in efforts to predict dementia in patients using data from high-
resolution MRIs and even mental state assessment scores [136]. Although these studies
do not yet produce algorithms that have 100% accuracy and precision, the concept of
using shareable automated algorithms presents as an excellent starting point to improving
biomedical data processing and analysis [136].

8. Concluding remarks

In conclusion, microglia offer an exciting avenue for research in neurodegenerative
disorders, including MS. There is also mounting evidence to show some early retinal
microglial changes in response to diseases, further supporting the idea of using retinal
biomarkers as an earlier method of disease detection. Additionally, there is a growing num-
ber of studies that investigate retinal and brain microglia with respect to its morphological,
genetic and molecular characteristics. However, the key to our understanding of their
role is the ability to perform accurate and consistent quantitative analyses of the dynamic
changes in structure, as morphotypes may be closely linked to microglia function. We
would encourage the development of standardised experimental designs and validated
data analysis algorithms, as these are necessary to comprehensively delineate the role that
these important cells have in disease pathogenesis and severity.
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Abstract: Astrocytes have been associated with the failure of axon regeneration in the central nervous
system (CNS), as it undergoes reactive gliosis in response to damages to the CNS and functions as
a chemical and physical barrier to axon regeneration. However, beneficial roles of astrocytes have
been extensively studied in the spinal cord over the years, and a growing body of evidence now
suggests that inducing astrocytes to become more growth-supportive can promote axon regeneration
after spinal cord injury (SCI). In retina, astrocytes and Müller cells are known to undergo reactive
gliosis after damage to retina and/or optic nerve and are hypothesized to be either detrimental
or beneficial to survival and axon regeneration of retinal ganglion cells (RGCs). Whether they can
be induced to become more growth-supportive after retinal and optic nerve injury has yet to be
determined. In this review, we pinpoint the potential molecular pathways involved in the induction
of growth-supportive astrocytes in the spinal cord and suggest that stimulating the activation of
these pathways in the retina could represent a new therapeutic approach to promoting survival and
axon regeneration of RGCs in retinal degenerative diseases.

Keywords: macroglia; astrocytes; Müller cells; optic nerve crush; retinal ganglion cells; spinal cord
injury; signal transducer and activator of transcription 3; epidermal growth factor

1. Introduction

The retina originates from the CNS during embryonic development [1]. The inner
most layer of the retina harbors RGCs whose axons form the optic nerve that directly relays
visual information to the brain [2]. RGCs can be considered CNS neurons because the
optic nerve is myelinated by oligodendrocytes and do not regenerate spontaneously after
injury [2,3]. Hence, the optic nerve crush (ONC) model has been widely used to determine
the molecular mechanisms of neuronal survival and axon regeneration in the CNS [3–9].
While genetic and pharmacologic manipulations have been shown to activate neural
repair mechanisms in RGCs after ONC, activation of macroglia in the retina, particularly
astrocytes and Müller cells, has been shown to exert either detrimental or beneficial effects
on survival and regeneration of RGCs after the injury [3,10–15].

Astrocytes in the CNS become activated in response to neuronal damage and neu-
roinflammation and form a dense network encapsulating the lesion site, known as the
glial scar [15,16]. Although the glial scar functions as a physical and chemical barrier
against further exposure to inflammatory agents, it also prevents growth of axons into the
lesion site [16,17]. Astrocytes, therefore, have long been associated with the failure of axon
regeneration in the CNS, and studies have attempted to eliminate or inhibit astrocytes to
promote axon regeneration after CNS injury [16,18–20]. However, accumulating evidence
now supports the concept that astrocytes are required for successful neuronal survival
and axon regeneration in the CNS [12,13,16,19,21–25]. In this review, we will outline the
evidence that reactive gliosis is required for successful neural repair in the CNS and suggest
that harnessing the function of macroglia in the retina could promote survival and axon
regeneration of RGCs.
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2. Macroglia in the Retina

There are two types of macroglia in the retina: astrocytes and Müller cells. During
retinal development, astrocytes from the brain enter the retina along the developing optic
nerve [26,27]. In the mature retina, they are confined to the nerve fiber and ganglion cell
layers [28]. On the contrary, Müller cells, the largest glial cell in the retina, originate from
the retinal epithelium and span the entire retinal thickness [29,30]. The somata of Müller
cells are located at the inner nuclear layer, and they extend their processes toward the
outer and inner limiting membranes [31]. Müller cells ensheath retinal neurons and blood
vessels in the plexiform and nerve fiber layers, allowing metabolic exchange between
retinal vasculature and RGCs [32]. Astrocytes play a vital role in the development of
the vascular system in the retina and contributes to the formation of the blood-retinal
barrier [33,34]. Unlike Müller cells, astrocytes only envelop blood vessels in the nerve fiber
and ganglion cell layers [32]. Astrocytes and Müller cells together maintain the integrity of
the blood-retinal barrier by stabilizing tight junctions between endothelial cells and ensure
the immune privilege of the eye [15,30]. They also provide essential nutrients, such as
lactate and amino acids, from the circulation to neurons while participating in the retinal
regulation of neurotransmitters, glucose metabolism and blood flow [10,15,30,35].

Astrocytes and Müller cells can provide RGCs with neurotrophic factors and antiox-
idants to maintain their viability [15,36–38]. Astrocytes can produce and release ciliary
neurotrophic factor (CNTF), while Müller cells are known to be the major source of retinal
brain derived neurotrophic factor (BDNF) and are capable of producing other well-known
neurotrophic factors such as nerve growth factor (NGF) and glial cell line derived neu-
rotrophic factor (GDNF) [14,39,40]. Increasing the retinal expression of these neurotrophic
factors has been shown to promote survival and/or axon regeneration of RGCs. Moder-
ate overexpression of BDNF in glaucomatous eye can result in long-term RGC survival
while daily topical application of NGF can promote both survival and axon regeneration
of RGCs after ONC [41,42]. Additionally, intravitreal co-administration of GDNF and
CNTF can lead to survival and axon regeneration of RGCs after ONC possibly by directly
binding to their respective receptors expressed by RGCs and/or inducing Müller cells to
release additional neuroprotective factors, including BDNF and osteopontin [43]. Both
macroglia can synthesize glutathione and counteract reactive oxygen species produced in
the retina [11,15,36,37].

In response to the retinal injury, both astrocytes and Müller cells undergo reactive
gliosis, up-regulating intermediate filaments, namely glial fibrillary acidic protein (GFAP),
vimentin and nestin, and becoming more rigid [35]. This increased rigidness of both
macroglia is mediated by signal transducer and activator of transcription 3 (STAT3), which
is known as the master regulator of glial scar formation [18,35]. The rigidness allows
for the glial scar formation, establishing the physical and chemical barrier to RGC axon
regeneration [35]. Despite their proposed roles in inhibiting axon regeneration, studies
show that these macroglia are rather essential in axon regeneration of RGCs. Astrocytes are
known to release CNTF after lens injury and transform mature RGCs into a regenerative
state, and the up-regulation of CNTF in astrocytes is also mediated by STAT3 [14,25].
Müller cells are also known to express CNTF after lens injury and hence may be involved
in promoting the regeneration of RGCs in cooperation with astrocytes [44].

Since lens injury leads to intraocular inflammation, activation of inflammatory re-
sponses has been proposed to contribute to RGC axon regeneration [3,45]. Indeed, in-
jecting the yeast wall extract zymosan can reproduce the regenerative effects of lens in-
jury [3,14,44,45]. However, bacterial membrane component lipopolysaccharide (LPS) could
not yield the same RGC axon regeneration, and this is due to zymosan’s unique ability to
stimulate dectin-1 receptors on leukocytes that invade the eye in response to the intraoc-
ular inflammation [46]. This finding suggests that infiltrating immune cells may secret
neurotrophic factors that ultimately stimulate RGCs to regenerate after ONC [46]. Indeed,
both macroglia and macrophages have been proposed to be the source of neurotrophic
factors that promote RGC axon regeneration [44]. However, studies have shown that
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depletion of macrophages from the eye does not reduce the regenerative effects of lens
injury whereas reduced number of reactive macroglia compromised the beneficial effects of
zymosan [44,47]. This suggests that macroglia may be the major mediators of the regenera-
tive effects in response to the intraocular inflammation [44]. Considering the dual role of
macroglia in RGC axon regeneration, they may exist in two reactive states: neurotoxic state
and growth-supportive state. Since RGC axon regeneration could be induced specifically
by lens injury, the reactive state of macroglia may depend on the type of injury.

3. Two Distinct Reactive States of Astrocytes in the CNS

Pioneering studies by Sofroniew and colleagues established the concept that reactive
astrocytes are necessary for protecting neurons from further damages after CNS injury and
helping them survive and regenerate [17,20,23,48–52]. Additionally, accumulating evidence
now posits the idea of phenotypical heterogeneity among reactive astrocytes [18,53–56].
Zamanian et al. have identified two distinct reactive states of astrocytes in the CNS using
a transcriptome; they genetically profiled astrocytes after a systemic injection of LPS or
cerebral ischemia [55]. LPS-induced neuroinflammation resulted in astrocytes expressing
the components of classical complement cascade that are hypothesized to drive the loss of
synapses and subsequently neurodegeneration [55]. On the contrary, the ischemic injury
induced astrocytes to express neurotrophic factors and cytokines that can promote neural
repair in the CNS [55]. The two types of reactive astrocytes induced by neuroinflammation
and ischemia are known as A1 and A2, respectively [56]. Studies showed that the A1
phenotype is neurotoxic while the A2 phenotype is beneficial for neuronal survival and
axon regeneration [56–60]. Figure 1 depicts the two distinct molecular pathways leading to
changes in phenotype and function of reactive astrocytes.

 

κ
Figure 1. Neuroinflammation and ischemia lead to the generation of A1 and A2 astrocytes, respectively, in the spinal cord.
Neuroinflammation may activate the NFκB pathway in reactive astrocytes and induce the A1 phenotype; on the other hand,
ischemia may activate the STAT3 and/or PI3K/Akt pathways and induce the A2 phenotype. A1 and A2 astrocytes may
exist on a phenotypic continuum. A1 astrocytes may be neurotoxic and promote neurodegeneration whereas A2 astrocytes
may release neurotrophic factors and growth-supportive substrates and promote both survival and axon regeneration of
CNS neurons. EGFR ligands may induce the generation of A2 astrocytes via activation of STAT3 and PI3K/Akt pathways
(created with BioRender.com). Abbreviations: EGF, epidermal growth factor, EGFR, epidermal growth factor receptor,
TGF-α, transforming growth factor-α, HB-EGF, heparin-binding EGF-like growth factor, NFκB, nuclear factor κB, STAT3,
signal transducer and activator of transcription 3, PI3K/Akt, phosphoinositide 3-kinase/protein kinase B.
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It should be noted that ONC results in generation of A1 astrocytes [57]. Neutralizing
the factors that induce the A1 phenotype, such as interleukin-1α, tumor necrosis factor
α and complement component 1q, could prevent the A1 formation and RGC death up to
14 days after injury [57]. Currently, it is unknown whether lens injury can generate A2
astrocytes in the retina and whether this phenotypic division also exists among Müller cells.
However, identifying growth factors and downstream effectors involved in the induction
of the A2 phenotype would allow for developing therapeutic strategies for protecting RGCs
and promoting axon regeneration. Considering that findings from the ONC model gener-
ally have been found to hold true for spinal cord injury (SCI) [3], molecular mechanisms of
inducing the A2 phenotype in the spinal cord could be applied to the retina and may hold
therapeutic potential for retinal degenerative diseases.

4. Harnessing Astrocytes to Promote Neural Repair in the Spinal Cord

Astrogliosis has been extensively studied in the spinal cord, and accumulating evi-
dence now suggests that it may have both beneficial and detrimental roles in the patho-
physiology of SCI [18,23,51,52,56,61]. Although the signaling pathways leading to A1 and
A2 phenotypes following SCI have yet to be determined, the nuclear factor κB (NFκB)
and STAT3 pathways are believed to transform astrocytes into A1 and A2, respectively,
because the roles of these two pathways seem to coincide with the hypothetical functions
of A1 and A2 astrocytes (Figure 1) [61]. The NFκB pathway has a pivotal role in inducing
neuroinflammation, and the inactivation of the pathway can reduce the expression of
proinflammatory cytokines and significantly enhance the function of the spinal cord after
SCI [62,63]. On the contrary, the inactivation of STAT3 pathway results in widespread
infiltration of inflammatory cells and demyelination after SCI, whereas the activation of
this pathway leads to rapid migration of reactive astrocytes to the lesion site to establish
a physical barrier against inflammatory cells and promote significant improvement in
functional recovery [64]. In further support of the idea that the STAT3 pathway may be
involved in the generation of A2 astrocytes, Su et al. recently showed that down-regulation
of microRNA-21 (miR-21) in astrocytes leads to STAT3-mediated conversion of A1 to A2
while up-regulation of miR-21 in astrocytes suppresses STAT3 activation and reverses the
conversion process [60]. They also showed that these A2 astrocytes can promote axonal
growth of neurons through the STAT3 pathway in vitro, suggesting that they may be bene-
ficial to axon regeneration [60]. In addition to the STAT3 pathway, the phosphoinositide
3-kinase/protein kinase B (PI3K/Akt) pathway may also contribute to the generation
of A2 astrocytes, as Xu et al. have shown that up-regulation of PI3K/Akt pathway and
down-regulation of NFκB pathway are involved in counteracting A1 formation and pro-
moting A2 formation [65]. Considering the evidence that the activation of STAT3 and
PI3K/Akt pathways may be involved in the generation of A2 astrocytes, pharmacological
stimulation of these pathways may lead to the increased population of A2 astrocytes that
can promote neuronal survival and axon regeneration after CNS injury. The members of
epidermal growth factor (EGF) family are known to activate these pathways via activation
of epidermal growth factor receptors (EGFRs), and there is growing evidence that EGFR
signaling can harness astrocytes to promote neuronal survival and axon regeneration in
the CNS [21,22,66–70].

5. Manipulating Epidermal Growth Factor Signaling to Promote Neural Repair in
the CNS

The EGF family is a group of related growth factors that are involved in a wide range
of developmental processes, including proliferation, differentiation, and migration; the
most notable members are EGF, transforming growth factor-α (TGF-α) and heparin-binding
EGF-like growth factor (HB-EGF) [70]. These ligands signal through EGFR and three other
homologous receptors, ErbB2, ErbB3 and ErbB4 [71]. Upon ligand binding, EGFRs undergo
either homodimerization or heterodimerization; as an example, EGF can induce EGFR-
EGFR homodimerization or EGFR-ErbB2 heterodimerization [70]. After this dimerization
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process, phosphorylated tyrosine residues function as docking sites for signaling protein
complexes that are involved in PI3K/Akt and STAT3 pathways [70].

Members of the EGF and EGFR families are widely expressed in various regions of
the CNS, including spinal cord, brainstem, cerebellum, diencephalon, telencephalon and
hippocampus [70]. Their main function in the developing and adult CNS is to stimulate
the proliferation and differentiation of neural progenitors; as an example, EGF and TGF-α
stimulate both embryonic and adult striatal progenitors to proliferate and then differentiate
into neurons and astrocytes [72–74]. The EGF and EGFR families also have been shown to be
involved in neural repair after CNS injury. Studies showed not only that EGFR expression
increases in subventricular zone (SVZ) after ischemic injury but also that intraventricular
infusion of EGF promotes proliferation of neural stem cells in SVZ after cerebral ischemia
and eventually leads to neuronal replacement in the injured striatum [75,76]. EGFR ligands
can also exert neuroprotective effects against neurodegeneration; studies have shown
that EGF and HB-EGF can promote dopaminergic neuronal survival in animal models of
Parkinson’s disease [77,78].

Although EGF and EGFR have been shown to promote neurite outgrowth of cultured
CNS neurons, retinal studies have shown that EGFR signaling is activated by growth-
inhibitory molecules, and inhibition of the EGFR signaling can promote axon regeneration
of RGCs [79–81]. Koprivica et al. showed that myelin-derived proteins Nogo-66 and
oligodendrocyte myelin glycoprotein can trigger indirect phosphorylation of EGFR in
cultured postnatal cerebellar granule cells by activating their common receptor complexes
that consist of Nogo-66 receptor (NgR) and its co-receptors p75/TROY and Lingo-1 [81].
Blocking the NgR-induced phosphorylation of EGFR using irreversible EGFR inhibitor
PD168393 promoted neurite growth in retinal explant and axon regeneration in the ONC
model [81]. The authors suggested that the EGFR inhibitor acts directly on RGCs to block
their growth-inhibitory responses to myelin-derived proteins [81]. However, Douglas et al.
later showed that the EGFR inhibitor has no direct impact on RGCs and, surprisingly,
EGFR [82]. They reported that EGFR is only activated in glial cells, such as astrocytes
and oligodendrocytes, in the retina and optic nerve, 14 days after optic nerve injury [82].
Furthermore, siRNA-mediated knockdown of EGFR in retinal culture could not promote
neurite growth, but addition of competitive EGFR inhibitor AG1478 could restore neurite
growth to the siRNA-treated cultures, suggesting that EGFR itself does not mediate the
inhibition of axon regeneration [82]. Although the authors could not pinpoint the exact tar-
get of the EGFR inhibitor, they provided in vitro evidence that the inhibitor stimulates the
release of neurotrophins, such as BDNF and NGF, from RGCs and retinal glia, and increases
cyclic adenosine monophosphate, a second messenger involved in axon regeneration [82].

Currently, it is unclear whether EGFR signaling is involved in inhibition of axon re-
generation. However, in support of the possibility that EGFR signaling could support axon
regeneration in the CNS, a couple of studies have shown that TGF-α can promote axon
regeneration after SCI [21,22]. Based on previous evidence that astrocytes can promote
neuroprotection and may support axonal growth after injury, White et al. hypothesized
that endogenous astrocytes could be harnessed to support axon regeneration with proper
stimulation after SCI, and they intrathecally administered TGF-α in adult mice for two
weeks following the injury [21]. TGF-α was able to stimulate proliferation and migration
of astrocytes toward the lesion center and promote axon regeneration within the lesion [21].
As EGFR immunoreactivity was the strongest in GFAP-positive cells, the authors sug-
gested that TGF-α acts directly on astrocytes [21]. Interestingly, TGF-α treatment not
only increased the expression of neurocan, which is associated with inhibition of axonal
growth, but also increased the expression of laminin throughout the lesion site [21]. As
laminin immunoreactivity was co-localized with axons, the authors suggested that astro-
cytes may contribute to the formation of basal lamina structures throughout the lesion
and provide a permissive substrate for axon elongation [21]. White and colleagues later
published another study showing not only that TGF-α treatment can transform astrocytes
into a growth-supportive phenotype that supports robust neurite outgrowth of dorsal root
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ganglion cells in vitro but also that overexpression of TGF-α in vivo by intraparenchymal
adeno-associated virus injection adjacent to the injury site increased axon regeneration
at the rostral lesion border [22]. In support of these findings, Sofroniew and colleagues
included EGF as a part of the combinatorial pharmacological treatment for CNS axon
regeneration, showing that EGF can increase the release of axon growth-supportive sub-
strates, including laminin, fibronectin and collagen, and contribute to the overall axon
regeneration after SCI [68]. They also noted that although EGF significantly increased
astrocyte proliferation and density, axons were able to grow through and beyond glial scar
formation [68]. Recently, Chen et al. showed that EGF can generate A2 astrocytes in vitro
by down-regulating A1-like genes and up-regulating A2-like genes, further supporting
the previous findings [66]. Overall, it is evident that manipulation of EGFR signaling
can aid CNS axon regeneration by inducing the A2 phenotype that can provide axon
growth-supportive substrates.

6. Manipulating EGFR Signaling in the Retina

Although EGFR signaling seems to induce the A2 phenotype in the spinal cord, it is
currently unknown whether EGFR signaling can also generate A2 astrocytes in the retina
and promote RGC survival and axon regeneration after injury. Ever since the discovery
of the intrinsic ability of mature RGCs to regenerate their axons, the major focus of ONC
studies has been on further deciphering how to activate the intrinsic growth ability of
RGCs [4–9]. Despite the evidence that retinal astrocytes and Müller cells can provide
neurotrophic support to RGCs and maintain their viability, the post-injury reparative roles
of these retinal macroglia still need to be elucidated. Additionally, no studies have shown
whether EGFR ligand-induced EGFR signaling can lead to survival and axon regeneration
of RGCs. Figure 2 depicts three molecular pathways that may be induced by manipulating
EGFR signaling in the retina after ONC.

EGFR signaling is involved in proliferation of retinal progenitor cells and macroglia
during retina development, and retinal EGFR expression has been shown to decrease as
the retina matures and loses its mitogenic response to EGFR ligands [83]. However, retinal
injury can increase EGFR expression in adult retina, suggesting that the retina becomes
more responsive to EGFR ligands after injury [83]. Whether intravitreal injection of EGFR
ligands after ONC can induce A2 formation and promote RGC survival and axon regenera-
tion has yet to be investigated. However, as Harder et al. recently suggested that astrocytes
may exert protective effects on RGCs through EGFR signaling [84], it may be possible that
activation of EGFR signaling in astrocytes may at least promote RGC survival (Figure 2).
Interestingly, they also showed that the up-regulation of complement C3 in astrocytes is
mediated by EGFR signaling and responsible for protecting RGCs against high intraocular
pressure [84]. Because C3 is a known marker of A1 astrocytes [57], this finding does not
support the idea that A1 phenotype is neurotoxic and raises the question whether so-called
neurotoxic astrocytes are indeed detrimental to neurons. However, this could also imply
that astrocytes perhaps exist as a continuum, with a heterogeneous population of A1 and
A2, as previously suggested by Liddelow and Barres (Figure 1) [56]. Therefore, it is possible
that those neuro-supportive astrocytes with increased C3 expression could have exhibited a
genetic profile that may lie somewhere in the middle of the phenotypic continuum. Overall,
future research could consider investigating: (1) whether EGFR ligands can promote RGC
survival and/or axon regeneration after injury via A2 formation, (2) whether downstream
targets of EGFR signaling are involved in the potential neuroprotective and regenerative
effects of EGFR ligands, and (3) the phenotypic ratio between retinal A1 and A2 astrocytes
after injury and after post-injury treatment with EGFR ligands.

Since the retina also contains Müller cells that undergo reactive gliosis along with
astrocytes, dissecting the reparative roles of retinal gliosis would require understanding the
post-injury molecular changes in Müller cells. Unlike reactive astrocytes, the phenotypic
dichotomy of reactive Müller cells has yet to be defined although studies seem to suggest
that Müller cells may also exhibit a similar continuum of reactive states [35,85]. Because
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these two macroglia both express EGFR and respond to EGFR ligands [83,86,87], they
may undergo similar molecular changes after injury (Figure 2). However, what makes
Müller cells unique is that they can dedifferentiate into retinal progenitor-like cells and
become pluripotent in response to EGFR signaling (Figure 2) [35,87]. Although how this
dedifferentiation of Müller cells may contribute to the overall reactive gliosis in the retina
remains unknown, studies have suggested that inducing Müller cells to become pluripotent
may be a therapeutic strategy for retina regeneration in retinal degenerative diseases, such
as age-related macular degeneration and glaucoma [35,87–89]. Future studies could try
to determine the continuum of reactive states of Müller cells and investigate: (1) whether
EGFR ligand treatments can harness Müller cells to become like A2 astrocytes and/or
dedifferentiate into progenitor-like cells that may also contribute to survival and axon
regeneration of RGCs, (2) the potential interaction between Müller cell gliosis and Müller
cell-derived progenitor-like cells, and (3) how this interaction may affect retinal astrogliosis
and the overall survival and axon regeneration of RGCs.

Figure 2. Intravitreal injection of EGFR ligands after ONC may lead to generation of A2 astrocytes and promote survival
and axon regeneration of RGCs. It may also induce Müller cells to become more growth-supportive and help maintaining
survival of RGCs and promoting optic nerve regeneration in cooperation with A2 astrocytes. Alternatively, Müller cells may
dedifferentiate into retinal progenitor-like cells and contribute to survival and axon regeneration of RGCs (created with
Biorender.com). Abbreviations: BDNF, brain derived neurotrophic factor, CNTF, ciliary neurotrophic factor, NGF, nerve
growth factor, RGC, retinal ganglion cell, EGFR, epidermal growth factor.

7. Conclusions

Despite having an overall negative connotation for over a decade, reactive gliosis
is now being recognized as an essential contributor to CNS repair [20,23,68]. Although
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its positive contributions to neuronal survival and axon regeneration in the spinal cord
has been established, its potential roles in promoting RGC survival and axon regener-
ation have yet to be determined. However, a growing body of evidence suggests that
retinal macroglia may be essential in aiding post-injury survival and axon regeneration of
RGCs [14,15,44,45,47,84]. Considering that EGFR signaling can contribute to axon regener-
ation in the spinal cord and activate the STAT3 pathway, which is critical to generation of
A2 astrocytes, future research should investigate whether EGFR ligand-mediated EGFR
signaling can induce A2 formation and promote survival and axon regeneration of RGCs
after injury. It is also critical to understand whether EGFR signaling can induce Müller cells
to become like A2 astrocytes, as they undergo reactive gliosis along with retinal astrocytes
in response to injury. Additionally, there has been increasing attention to the possibility
to deliver neurotrophic factors by eye drops, and clinical studies suggest that this could
represent a safe and effective strategy for treating retinal degenerative diseases [42,90–94].
Hence, future research should evaluate the efficacy of EGFR ligand-based eye drops after
ONC and investigate whether the topical delivery of EGFR ligands could generate growth-
supportive phenotypes of retinal astrocytes and Müller cells. Harnessing retinal macroglia
to promote survival and axon regeneration of RGCs would contribute to designing and
improving therapeutic strategies for degenerative retinal diseases.
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Abstract: Unconventional myosins, linked to deafness, are also proposed to play a role in retinal cell
physiology. However, their direct role in photoreceptor function remains unclear. We demonstrate
that systemic loss of the unconventional myosin MYO1C in mice, specifically causes rhodopsin
mislocalization, leading to impaired visual function. Electroretinogram analysis of Myo1c knockout
(Myo1c-KO) mice showed a progressive loss of photoreceptor function. Immunohistochemistry
and binding assays demonstrated MYO1C localization to photoreceptor inner and outer segments
(OS) and identified a direct interaction of rhodopsin with MYO1C. In Myo1c-KO retinas, rhodopsin
mislocalized to rod inner segments (IS) and cell bodies, while cone opsins in OS showed punctate
staining. In aged mice, the histological and ultrastructural examination of the phenotype of Myo1c-
KO retinas showed progressively shorter photoreceptor OS. These results demonstrate that MYO1C
is important for rhodopsin localization to the photoreceptor OS, and for normal visual function.

Keywords: motor protein; myosin 1C; photoreceptor; rhodopsin; retina; outer segments; visual function

1. Introduction

Protein trafficking and proper localization within the photoreceptors must occur ef-
ficiently and at high fidelity for photoreception, photoreceptor structural maintenance,
and overall retinal cell homeostasis. Additionally, it is well-known that proper opsin
localization is tightly coupled to photoreceptor cell survival and function [1–9]. However,
the cellular events that participate in retinal injuries due to improper signalling and pro-
tein localization to the photoreceptor outer segments (OS) are not yet fully understood.
While many proteins are known to play essential roles in retinal cell development and
function, the involvement of motor proteins in eye biology is less understood. Identifica-
tion of genetic mutations in the Myo7a gene, associated with retinal degeneration in Usher
syndrome, suggests that unconventional myosins play a critical role in retinal pigmented
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epithelium (RPE) and photoreceptor cell function [10,11]. Unconventional myosins are
motor proteins that are proposed to transport membranous organelles along the actin
filaments in an adenosine triphosphate (ATP)-dependent manner, and additional roles
are currently being discovered [11–13]. The loss of Myo7a primarily affects RPE and OS
phagocytosis, leading to retinal cell degeneration [10,11]. However, it is believed that
other yet unidentified class I myosins may participate more directly in photoreceptor cell
function. Here, we present compelling evidence for another unconventional actin-binding
motor protein, MYO1C, which plays an important role in retinal cell structure and function
via opsin localization to the photoreceptor OS.

Rhodopsin and cone pigments in photoreceptor OS mediate scotopic and photopic
vision, respectively. The visual pigment rhodopsin is a prototypical G-protein-coupled
receptor (GPCR), expressed by retinal rods for photon absorption. Light sensitivity is con-
ferred by 11-cis retinaldehyde, a chromophore that is covalently linked to the K296 residue
of the opsin protein [14–18]. Photon absorption causes a cis-to-trans conformational shift in
the retinaldehyde, leading to structural changes in the opsin protein moiety [6,15]. This ini-
tiates a GPCR signalling pathway/phototransduction cascade, signalling the presence
of light. Each photoreceptor cell contains an OS housing the phototransduction machin-
ery, an inner segment (IS) where proteins are biosynthesized, and a synaptic terminal
for signal transmission. One of the fundamental steps in vision is the proper assembly
of signal-transducing membranes, including the transport and sorting of protein compo-
nents. A major cause of neurodegenerative and other inherited retinal disorders is the
improper localization of proteins. Mislocalization of the dim-light photoreceptor protein,
rhodopsin, is a phenotype observed in many forms of blinding diseases, including retinitis
pigmentosa (RP) [3,16]. The proteins that participate in phototransduction (including
rhodopsin, transducin, phosphodiesterase (PDE6), or the cyclic nucleotide-gated channels
(CNG)) are synthesized in the IS and must be transported through the connecting cilium
to the OS. These proteins are either transmembrane or peripherally associated membrane,
which are attached to the membrane surface [1–9]. How the transmembrane proteins
(e.g., rhodopsin and CNG) and peripherally associated proteins (e.g., transducin and PDE6)
traffic through the IS to incorporate eventually in the nascent disc membrane, or the pho-
toreceptor outer membrane, is not fully understood and constitutes an area of intense
research, as the mislocalization of these proteins causes retinal cell degeneration and can
lead to blindness [1–9].

The myosin-1 family of molecular motors consists of eight different isoforms that
participate in a wide range of cell biological processes that require generation or regu-
lation of membrane tension, angiogenesis, formation of cell adhesions, and changes in
the actin architecture [19–22]. Additionally, myosin-1 motors affect intracellular traffick-
ing; function as tension-sensitive docks, phagocytosis, or tethers; and power membrane
deformation [19–22]. Unconventional myosins are also proposed to be involved in the light-
induced translocation of mitochondria in photoreceptors and in human non-syndromic
deafness [23–28]. Genetic mutations in myosins that lead to hearing loss have also been
associated with retinal degeneration [29–33]. Some of the essential genes involved in either
or both of these functions belong to a family of unconventional motor proteins and include
MYO3A [29], MYO7A, MYO6, MYO15 [29–31], and MYO5. Recently, it was reported that
mutations affected the nucleotide-binding pocket and calcium binding ability of another
unconventional myosin, MYO1C, and these were associated with deafness [32,33]. Impor-
tantly, MYO1C was identified in proteomic analysis of the retina and vitreous fluid as
part of a protein hub involved in oxidative stress [34]. MYO1C is an actin-binding motor
protein that is widely expressed in multiple cell types. It participates in a variety of cellular
functions, including protein trafficking and translocation [12,35–37]. As MYO1C has low
tissue specificity based on mRNA and protein expression, it remains unclear which cell
type is most dependent on MYO1C function and is affected by the loss of MYO1C.
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In this study, we systematically analysed the function of the unconventional motor
protein, MYO1C, in proper protein localization in photoreceptors. We found that a global
genetic deletion of Myo1c resulted in a retinal phenotype only, which manifested as a
progressive mislocalization of opsins to the OS. Using retinal lysate from wild-type (WT)
mice in co-immunoprecipitation assays, we showed that MYO1C and rhodopsin directly
interact, indicating that opsin is a cargo for MYO1C. Loss of MYO1C promoted a progres-
sive shortening of OS that was concomitant with a reduction in photoreceptor function,
suggesting that MYO1C is critical for maintenance of photoreceptor cell structure and for
visual function. Our findings have significant clinical implications for degenerative rod
and cone diseases, as mutations in MYO1C or its interacting partners are predicted to affect
retinal health and visual function by altering opsin localization to the photoreceptor OS,
a fundamental step for maintaining visual function in humans.

2. Experimental Procedures
2.1. Materials

All chemicals, unless stated otherwise, were purchased from Sigma-Aldrich (St. Louis,
MO, USA) and were of molecular or cell culture grade quality.

2.2. Myo1c-Knockout (Myo1c-KO) Mouse Model

Mice were kept with ad libitum access to food and water at 24 ◦C in a 12:12 h light–
dark cycle. All mice experiments were approved by the Institutional Animal Care and Use
Committee (IACUC protocol #00780; G.P.L.) of the Medical University of South Carolina
and performed in compliance with ARVO Statement for the use of Animals in Ophthalmic
and Vision Research. We previously generated Myo1c transgenic mice (Myo1cfl/fl) in
C57BL/6N-derived embryonic stem cells, flanking exons 5 to 13 of the mouse Myo1c gene,
which allowed us to specifically delete all Myo1c isoforms in a cell-specific manner [28].
Here, a complete Myo1c-knockout was generated by crossing Myo1cfl/fl mice with an F-
actin Cre mouse strain (B6N.FVB-Tmem163Tg (ACTB-cre)2Mrt/CjDswJ) obtained from
Jackson Labs. We refer to the Myo1cfl/fl × f-actin Cre cross as Myo1c knockout (Myo1c-KO)
mice. Since the role of Myo1c has not been investigated, the F-actin Cre+ mice gave us an
opportunity to study MYO1C function in an un-biased fashion in various cell types/tissues.
For this study, the Myo1c-KO mice were crossed onto a C57BL/6J background to avoid
potential problems with the Rd8 mutation (found in C57BL/6N lines), and all breeding
pairs were sequenced and were negative for Rd8 and Rd1 mutations [38]. Equal numbers
of male and female mice (50:50 ratio) were used per group and timepoint.

2.3. Immunohistochemistry and Fluorescence Imaging

Light-adapted mice were euthanized, and their eyes were immediately enucleated.
The eyes were fixed in 4% paraformaldehyde and buffered with 1X PBS for 2 h at 4 ◦C,
using established protocols [39]. After fixation, samples were washed in 1X PBS and
embedded in paraffin and processed (MUSC Histology core facility). Sections (10 µm) were
cut and transferred onto frost-free slides. Slide edges were lined with a hydrophobic marker
(PAP pen), deparaffinized using xylene, and processed through ethanol washes before
blocking for 1–2 h at RT. Blocking solution (1% BSA, 5% normal goat serum, 0.2% Triton-
X-100, 0.1% Tween-20 in 1X PBS) was applied for 2 h in a humidified chamber. Primary
antibodies were diluted in blocking solution as follows: anti-rhodopsin 1D4 (1:500, Abcam,
Cambridge, MA, USA), anti-Myo1c M2 (1:100) [40], cone-arrestin (1:250, Millipore-Sigma,
St. Louis, MO, USA), conjugated PNA-488 (1:2000, Molecular Probes, Eugene, OR), anti-red/
green cone opsin (M-opsin; 1:500; Millipore, St. Louis, MO, USA), anti S-opsin (1:500,
Millipore-Sigma, St. Louis, MO), ZO1 (1:2000, Invitrogen, Waltham, MA, USA), Pde6b
(1:300, ThermoFisher, Waltham, MA, USA), CNGA1 (1:250, Abcam), rod arrestin (1:250,
Invitrogen), Stra6 (1:250, Millipore-Sigma), CRALBP (1:100, Invitrogen), rod transducin
(1:250, Santa Cruz, Dallas, TX, USA), and 4′,6-diamidino-2-phenylendole (DAPI; 1:5000,
Invitrogen) or Hoechst (1:10,000, Invitrogen), which were used to label nuclei. All secondary
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antibodies (Alexa 488 or Alexa 594) were used at 1:5000 concentrations (Molecular Probes,
Eugene, OR, USA). Optical sections were obtained with a Leica SP8 confocal microscope
(Leica, Wetzlar, Germany) and processed with the Leica Viewer software, or using a
Keyence BZ-X800 scope. All fluorescently labelled retinal sections on slides were analysed
by the BioQuant NOVA Prime Software (R & M Biometrics, Nashville, TN, USA) and
fluorescence within individual retinal layers quantified using Image J or Fiji (NIH).

2.4. Measurement of Photoreceptor ONL Thickness and OS Lengths

The lengths of the photoreceptor OS in WT and Myo1c-KO animals (from H&E sections
of retinas) were imaged (Keyence BZ-X800 microscope) and measured at 12 consecutive
points (at 150 µm distances) from the optic nerve (ON). The OS length was measured from
the base of the OS to the inner side of the retinal pigment epithelium. The total number of
layers of nuclei in the ONL of retinal sections through the optic nerve (ON) was imaged
(Keyence BZ-X800 microscope) and measured at 12 locations around the retina, six each in
the superior and inferior hemispheres, starting at 150 µm from the ON. Retinal sections
(n = 5–7 retinal sections per eye) from n = 8 mice for each genotype and timepoint were
analysed. Two-way ANOVA with Bonferroni post-tests compared Myo1c-KO to WT mice
at each segment measured.

2.5. ERG Analysis

Dark-adapted WT and Myo1c-KO mice (50:50 male–female ratio; n = 8 each genotype)
at 2 months of age (young mice; early timepoint), and 6 months of age (end timepoint)
were anesthetized by intraperitoneal injection of a ketamine/xylene anaesthetic cocktail
(100 mg/kg and 20 mg/kg, respectively), and their pupils were dilated with 1% tropicamide
and 2.5% phenylephrine HCl. ERGs were performed under dim red-light in the ERG rooms
in the morning (8 a.m.–12 noon). Scotopic ERGs were recorded with a computerized
system (UTASE-3000; LKC Technologies, Inc., Gaithersburg, MD, USA), as previously
described [39,41,42].

2.6. TEM Analysis of Retinas

Eyecups at the indicated timepoints were harvested and fixed overnight at 4 ◦C
in a solution containing 2% paraformaldehyde/2.5% glutaraldehyde (buffered in 0.1 M
cacodylate buffer). Samples were rinsed in the buffer (0.1 M cacodylate buffer) and then
placed in a post-fixative of 2% OsO4/0.2 M cacodylate buffer for 1 h at 4 ◦C, followed by a
0.1 M cacodylate buffer wash. The samples were dehydrated through a graded ethanol
series and then embedded in Epon (EMbed 812; EM Sciences, Hatfield, PA, USA). For TEM
analysis, each eye (n = 6 individual eyes from n = 6 animals of each genotype) was cut in half
before embedding in Epon blocks. Sections were parallel to the dorsoventral meridian and
near the optic nerve (ON). The cured blocks were sectioned at 0.5 microns (semi-thin plastic
sections) and stained with 1% toluidine blue to orient the blocks to the required specific
cell types. The blocks were trimmed to the precise size needed for ultrathin sectioning.
The blocks were cut at 70 nm and gathered on one-micron grids. The grids were air-dried,
stained with uranyl acetate for 15 min and lead citrate for 5 min, and rinsed between each
stain. They were allowed to dry and imaged with a JEOL 1010. Images were acquired
with a Hamamatsu camera and software. All samples were processed by the Electron
Microscopy Resource Laboratory at the Medical University of South Carolina, as previously
described [39].

2.7. Western Blot Analysis and Densitometry

Total proteins from cells or mouse tissues (n = 3 per genotype) were extracted using
the M-PER protein lysis buffer (ThermoScientific, Beverly, MA, USA) containing protease
inhibitors (Roche, Indianapolis, IN, USA). Approximately 25 µg of total protein was elec-
trophoresed on 4–12% SDS-PAGE gels and transferred to PVDF membranes. Membranes
were probed with primary antibodies against anti-Myo1c (1:250), CRALBP (1:100, Invit-
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rogen), rod transducin (1:250, Santa Cruz), PKCα (1:500, Novus Biologicals, Centennial,
CO, USA), and β-Actin or Gapdh (1:10,000, Sigma) in antibody buffer (0.2% Triton X-100,
2% BSA, 1X PBS) [39,43]. HRP-conjugated secondary antibodies (BioRad, Hercules, CA,
USA) were used at 1:10,000 dilution. Protein expression was detected using a LI-COR
Odyssey system, and relative intensities of each band were quantified (densitometry)
using Image J software version 1.49 and normalized to their respective loading controls.
Each Western blot analysis was repeated thrice.

2.8. Co-Immunoprecipitation (Co-IP) Assays

Co-immunoprecipitation of endogenously expressed proteins (MYO1C and rhodopsin)
was performed using mouse retinal extracts. Six retinas of each genotype (n = 3 animals
of WT and Myo1c-KO) were used for extraction of retinal proteins in 250 µL of RIPA
buffer (phosphate-buffered saline (PBS) containing 0.1% sodium dodecyl sulphate (SDS),
1% Nonidet P-40, 0.5% sodium deoxycholate, and 100 mM potassium iodide) with EDTA-
free proteinase inhibitor mixture (Roche Molecular Biochemicals). Lysates were cleared by
centrifugation at 10,000 rpm for 10 min at 4 ◦C. The prepared lysates were further incubated
with anti-rhodopsin and mouse/rabbit IgG overnight at 4 ◦C and further with protein
G-coupled agarose beads (ROCHE) for 1–2 h. Beads were then collected by centrifugation
at 3000 rpm for 5 min at 4 ◦C, extensively washed in 1X PBS, and resuspended in SDS
gel loading buffer. The proteins were separated on a 10% SDS-PAGE, transferred to
a nitrocellulose membrane, and analysed by immunoblotting with the corresponding
antibodies.

2.9. Overlay Direct Binding Assay

Rhodopsin protein was overexpressed in HEK293 cells using transient transfection
(pcDNA3 rod opsin construct, a gift from Robert Lucas (Addgene plasmid #109361, http:
//n2t.net/addgene:109361, accessed on 25 May 2021; RRID:Addgene_109361) [44], and cell
lysate with overexpressed rhodopsin was subjected to SDS-PAGE gel and transferred
to PVDF membrane. The membrane was then probed by overlaying it with 5 µg of
baculovirus-produced and purified recombinant full-length MYO1C FL [13] protein by
incubating at 4 ◦C for 4 h. Following incubation, the membrane was Western blotted
with MYO1C antibody to detect the direct binding of MYO1C to the rhodopsin bands.
The location of rhodopsin on the membranes was marked by separately probing these
membranes with an anti-rhodopsin (1:500, Millipore Sigma) antibody (Figure 7B).

2.10. ELISA

ELISA was performed as described previously, with minor modifications [44]. In total,
100 ng of mammalian-expressed and purified rhodopsin was coated on individual wells
of a 96-well Maxisorp Immunoplate (Nunc, Rochester, NY, USA) and incubated at 4 ◦C
overnight. The wells were blocked with 5% BSA (Sigma) in PBS for 4 h at 37 ◦C, and then
washed with 1X PBS, 0.1% Tween 20 solution (PBS-T). The wells in the plates were incubated
with 200 ng of MYO1C protein for 4 h at 37 ◦C. Following incubation, the wells were
washed with PBS-T solution and incubated with MYO1C antibody for 4 h. Post incubation,
secondary antibody (HRP-conjugated) against the Fc region of human IgG1 mAbs at a
dilution of 1:5000 in PBS containing 5% BSA was added, and the plates were kept for 1 h at
room temperature. The plates were then washed three times with PBS-T and twice with
PBS and developed by adding 100 µL of substrate (3,3,5,5-tetramethylbenzidine) solution
(Pierce, Hägersten, Sweden). Incubation was conducted at room temperature, the reaction
was stopped as the colour developed by adding 100 µL of 2 M H2SO4, and absorbance at
450 nm was measured on a microplate reader (Biotek, Winuschi, VT, USA).

357



Cells 2021, 10, 1322

2.11. Quantitative Real-Time PCR

RNA was isolated from the retinas of WT and Myo1c-KO animals using Trizol reagent
and processed as described previously [43]. One microgram of total RNA was reverse
transcribed using the SuperScript II cDNA Synthesis Kit (Invitrogen, Eugene, OR, USA).
Quantitative real-time PCR (qRT-PCR) was carried out using SYBR green 1 chemistry
(BioRad, Hercules, CA, USA). Samples for qRT-PCR experiments were assayed in triplicate,
using the BioRad CFX96 Q-PCR machine. Each experiment was repeated twice (n = 6
reactions for each gene), using newly synthesized cDNA.

2.12. Liver Function Tests Using Alanine Aminotransferase (ALT) Assays

To extract total protein, liver tissues from WT or Myo1c-KO mice (pooled livers n = 4
mice per genotype) were homogenized in RIPA buffer on ice and then centrifuged at
14,000 rpm at 4 ◦C for 10 min. Supernatant was collected, and the protein concentration
was estimated using the Bio-Rad Protein Assay Dye Reagent (Sigma). A total of 10 µL of
liver lysate was transferred to 96-well plate, and ALT was measured using a microplate-
based ALT activity assay kit (Pointe Scientific, Cat. A7526, Irvine, CA, USA). Five biological
replicates were used in the assay.

2.13. Heart Function Tests Using Echocardiographic (ECHO) Analyses

Echocardiographic (ECHO) analysis was performed on adult wild-type (WT) and
Myo1c-KO animals (n = 4 per genotype) at the MUSC Cardiology Core Facility. For ECHO
experiments, mutant and wild-type littermate controls were anesthetized in an induction
chamber with 5% isoflurane in 100% oxygen. They were removed and placed on a warming
table where anaesthesia was maintained via nose cone delivery of isoflurane (1% in 100%
oxygen). They were placed in the supine position, and the thoracic area was shaved.
The limbs were taped to the platform to restrict animal movement during echocardiography
acquisition. This also provided a connection to ECG leads embedded in the platform.
Sonography gel was applied to the chest and echocardiographic measurements of the
peristernal long axis and short axis of the heart were acquired to derive the systolic and
diastolic parameters of heart function. ECHO measurements were estimated using Vevo
2100 instrumentation.

2.14. Statistical Analysis

Data are expressed as means ± standard deviation by ANOVA in the Statistica 12
software (StatSoft Inc., Tulsa, OK, USA). Differences between means were assessed by
Tukey’s honestly significant difference (HSD) test. P-values below 0.05 (p < 0.05) were con-
sidered statistically significant. For Western blot analysis, relative intensities of each band
were quantified (densitometry) using the Image J software version 1.49 and normalized to
the loading control β-actin. The qRT-PCR analysis was normalized to 18S RNA, and the
∆∆Ct method was employed to calculate fold changes. Data of qRT-PCR are expressed as
mean ± standard error of mean (SEM). Statistical analysis was carried out using PRISM 8
software-GraphPad.

3. Results
3.1. Construction and Validation of Myo1c Null Mice

We previously generated Myo1c floxed mice using the standard knockout strategy [45]
(Figure S1A). Systemic deletion of Myo1c was achieved by crossing Myo1c floxed (Myo1cfl/fl)
mice with Actin Cre+ (ActCre+; JAX labs) mice to generate Myo1cfl/fl-ActCre+/− knockout
mice (referred to as Myo1c-KO mice in this manuscript). Western blotting of protein lysates
from various tissues, including kidney, heart, and liver of Myo1c-KO mice showed complete
loss of MYO1C, thus confirming the systemic deletion of Myo1c (Figure S1B). Additionally,
immunofluorescence expression analysis of these tissues further confirmed loss of MYO1C
protein in Myo1c-KO mice (Figure S2A–C).
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3.2. Genetic Deletion of Myo1c Induced Visual Impairment in Mice

Immunofluorescence analysis showed that MYO1C was enriched in the rod photore-
ceptor outer (OS) and inner segments (IS) (Figure 1A), as well as in the cone photoreceptor
OS of wild-type (WT) mice (Figure 1B), but it was absent in the photoreceptors of Myo1c-KO
animals (Figure 1A,C). Western blot analysis further confirmed that MYO1C protein was
absent in the retinas of Myo1c-KO mice (Figure 1D). Since mutations or deletion of the
motor protein, MYO7A, were associated with retinal degeneration in Usher syndrome
and its animal model, we were prompted to investigate the effect of Myo1c in retinal
function. Using electroretinograms (ERGs) [46,47], we tested photoreceptor cell function of
Myo1c-KO and WT mice (n = 8 mice per genotype and age-group; 50:50 male–female ratio)
under dark-adapted scotopic conditions. In contrast to WT animals, we observed reduced
ERGs for Myo1c-KO mice at different ages. Two-month-old Myo1c-KO mice showed a
significant reduction in the a-wave amplitudes, but not in b-wave amplitudes (p < 0.0068
and p < 0.098, respectively) (Figure 2A,C). Strikingly, ERG analysis of adult six-month-old
Myo1c-KO mice showed loss of retinal function, in which a significant reduction in both a-
and b-waves was observed (38–45% lower than WT animals (** p < 0.005; Figure 2B,D).
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Figure 1. MYO1C localizes to photoreceptors in mouse retina. Eyes from adult wild-type (WT) and Myo1c-KO mice (n = 8
mice per genotype; 50:50 male–female ratio) were harvested, and retina sections (n = 5–7 sections per eye) were immunos-
tained with an anti-MYO1C antibody (A–C) and M-opsin antibody (B,C), followed by secondary (Alexa 488 or Alexa 594)
antibody staining. MYO1C (green fluorescence), M-Opsin (red fluorescence), and DAPI or Hoechst (blue fluorescence).
Figures in (A–C) are representative of retinal sections (n = 5–7 sections per eye) imaged from n = 8 animals per genotype.
(B,C) Merge (orange) represents co-localization of MYO1C-488 (green) with M-Opsin-594 (red). White arrows in B show
cones. RPE, retinal pigmented epithelium; OS, outer segments; IS, inner segments; ONL, outer nuclear layer. (A–C) Scale
bar = 50 µm. (D) Total proteins isolated from WT (n = 4) and Myo1c-KO (n = 4) mouse retinas were pooled sequentially and
subjected to SDS-PAGE. Two different concentrations of protein (10 µg and 20 µg) were used. Blots were then probed with
anti-Myo1c and Gapdh antibodies. Western blot analysis were repeated thrice. Arrows indicate MYO1C protein band in
retinal lysates of WT mice.
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Figure 2. Genetic deletion of Myo1c in mice results in a decreased visual function. Dark-adapted
scotopic ERGs were recorded in response to increasing light intensities in cohorts of control wild-
type (WT) (blue bars, blue-traces) and Myo1c-KO (red bars, red-traces) mice, aged two months old
(A,C), and six months old (B,D). Two-month-old Myo1c-KO mice had lower dark-adapted a- and
b-wave amplitudes compared with those of controls (post-hoc ANOVA: a-waves, p < 0.0068; b-waves,
p < 0.0098, n.s. not significant.), in particular at higher light intensities (−40, −30, −20, −10, 0 dB).
Six-month-old Myo1c-knockout mice had lower dark-adapted a- and b-wave amplitudes compared
with those of controls (post-hoc ANOVA: a-waves, ** p < 0.005; b-waves, ** p < 0.005), in particular
at higher light intensities (−40, −30, −20, −10, 0 dB). Photoreceptor cell responses (a-waves),
which drive the b-waves, were equally affected in 6-month-old Myo1c-KO animals (both reduced on
average between 38 and 45% of WT animals). Data are expressed as mean ± S.E. (Myo1c-KO mice
and WT mice, n = 8 per genotype and age-group; 50:50 male-female ratio).

3.3. Localization of Rod and Cone Visual Pigments in Myo1c-KO Mice

Since the phototransduction protein rhodopsin constitutes 85–90% of photoreceptor
OS protein content [48,49], and as the ERG responses were impaired in Myo1c-KO mice,
we hypothesized that the loss of MYO1C might have affected proper opsin localization to
the photoreceptor OS. To test this hypothesis, we analysed retinal sections from WT and
Myo1c-KO mice (at 2 and 6 months of age; 5–7 retinal sections per eye from n = 8 mice
per genotype and age-group; 50:50 male–female ratio), probing for rhodopsin, two types
of cone opsins, medium wavelength R/G opsin (M-opsin) and short wavelength S-opsin,
rod-specific phosphodiesterase 6b (Pde6b), rod-specific CNGA1, rod arrestin (ARR1),
rod transducin (G-protein), and the general cone marker PNA lectin. In WT mice at 2
and 6 months of age, rhodopsin localized exclusively to the rod OS (Figure 3A). While the
majority of rhodopsin trafficked to the OS in two-month-old Myo1c-KO mouse retinas,
some mislocalization to the base of the rod IS and the cell bodies in the outer nuclear
layer (ONL) was noted (Figure 3A; white arrows; rhodopsin levels within individual
retinal layers were quantified and shown in Figure S3A–C). This suggested incomplete
opsin localization to photoreceptor OS in the absence of MYO1C. An even more severe
mislocalization of rhodopsin to the rod IS and within the ONL was observed in the 6-
month-old Myo1c-KO mice, suggesting a progressive retinal phenotype in the absence of
MYO1C (Figure 3A; rhodopsin expression within individual retinal layers were quantified
and shown in Figure S3D,E). Staining for the two cone opsins showed that the cone OS
were shorter and mis-shaped by two months, and this abnormality increased by six months
of age (Figure 3B,C). Retinas stained for PNA lectin showed progressively shorter and
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mis-shaped cone OS, indicating that the cone OS structure was compromised in the absence
of MYO1C as these mice aged (Figure 3D). Cone visual arrestin in WT mice retina typically
outlines the entire cell, OS, IS, cell body, axon, and cone pedicle. Staining for cone arrestin
in Myo1c-KO animals (2 months of age) confirmed the short and mis-shaped appearance of
the cone OS compared to WT retinas at similar ages (Figure 4A, white arrows). In our case,
this antibody did not reveal staining to other cone structures, except for the cone OS, so we
could not distinguish changes (if any) in cone IS, cell body, axon, or pedicle among WT
and Myo1c-KO animals. By contrast, staining for Pde6b, a lipidated rod-specific protein
that traffics to the OS independently of rhodopsin [2], showed normal localization to the
rod OS in both WT and Myo1c-KO retinas at 2 months of age (Figure 4B).
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Figure 3. Immunohistochemical analysis of wild-type (WT) and Myo1c-knockout mice retinas shows rhodopsin localization
defects: (A) Levels and localization of rhodopsin (Rho); (B) red/green medium wavelength cone opsin (M-opsin); (C) short
wavelength cone opsin (S-opsin); (D) PNA-488 analysed in two- and six-month-old WT and Myo1c-KO mice retinas.
Arrows in panel A highlight rhodopsin mislocalization to IS and cell bodies in Myo1c-knockout mouse retinas. Images in
panels (A–D) are representative of immunostained retinal sections (n = 5–7 sections per eye) imaged from n = 8 animals
per genotype and age group (50:50 male–female ratio). Scale bars = 75 µm and 25 µm (A, two months old and six months
old, respectively); scale bar = 50 µm (B–D). OS, outer segments; IS, inner segments; ONL, outer nuclear layer; OPL,
outer plexiform layer; INL, inner nuclear layer.
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The CNG channels are also important mediators in the photoreceptor transduction
pathways, and they require proper localization to the OS for normal photoreceptor cell
function [5,49]. Additionally, the absence of CNGA1 or CNGB1 in mice led to decreased
ERG responses and progressive rod and cone photoreceptor cell death [5]. Therefore, to rule
out alternate mechanisms for the observed functional phenotypes in Myo1c-KO retinas,
the retinas of WT and Myo1c-KO mice (3–4 months of age; 5–7 retinal sections per eye from
n = 8 mice per genotype; 50:50 male–female ratio) were stained with the CNGA1 antibody.
This analysis showed that even in the absence of MYO1C, both young and adult mice
retinas showed no defects in the proper localization of CNGA1 protein to OS (Figure 4C;
CNGA1 protein distribution in photoreceptor layer quantified and shown in Figure 4F).
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Figure 4. Immunohistochemical analysis of protein localization in photoreceptors of wild-type (WT) and Myo1c-knockout
mice retinas: Levels and localization of (A) cone arrestin (ARR), (B) Pde6b; (C) CNGA1; (D) rod Arrestin (ARR1); and (E) G-

protein (transducin) were analysed in WT and Myo1c-KO mice retinas to evaluate proper protein localization to photoreceptor
OS. Red Arrows in panel A highlight cone photoreceptor nuclei and OS in WT mouse retinas that were significantly
reduced or shorter, respectively, in Myo1c-KO animals (white arrows in A). Images in panels A–E are representative of
immunostained retinal sections (n = 5–7 sections per eye) imaged from n = 8 animals per genotype and age group (50:50
male–female ratio). Panels (A,B), mice were 2–3 months of age. Panels C–E, mice were 3–4 months of age. (F) Protein
distribution (in %) of CNGA1, rod ARR1, and transducin within the photoreceptor OS and IS in light-adapted mice.
For quantification of protein distribution within retinal layers, 5–7 retinal sections from each eye (n = 8 animals for each
genotype) were analysed using Image J. (G) Representative Western blot (n = 3 repeats) images of retinal proteins from
3–4-month-old WT and Myo1c-KO mice (n = 2 animals per genotype) showed no significant differences in protein expression
of key retinal genes among genotypes. OS, outer segments; IS, inner segments; ONL, outer nuclear layer; INL, inner nuclear
layer; OPL, outer plexiform layer; IPL, inner plexiform layer.

The soluble proteins, arrestin and transducin, exhibit light-dependent localization,
where in response to light, arrestin migrates to rod OS and transducin translocates to
rod IS [50]. To test whether the loss of MYO1C affected rod arrestin (ARR1) and rod
G-protein (transducin) localization, we performed IHC staining for these proteins in retinas
of light-adapted WT and Myo1c-KO mice (3–4 months of age; 5–7 retinal sections per eye
from n = 8 mice per genotype; 50:50 male-female ratio). These analyses showed that in
the presence of light, genetic loss of MYO1C had no negative effect on the localization of
rod arrestin to the OS and G-protein to the IS and cell bodies in retinas of Myo1c-KO mice
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(Figure 4D,E; rod ARR1 and transducin protein distribution in photoreceptor layer quanti-
fied and shown in Figure 4F). Using total protein lysates from retinas of WT and Myo1c-KO
mice (3–4 months of age; four pooled retinas from n = 2 mice per genotype), we analysed
protein expression of key retinal proteins in specific retinal cells: CRABLP1 (expressed in
Müller cells), GNAT1 (expressed in photoreceptors), and PKCα (expressed in retinal bipolar
cells). These analyses showed no significant differences in the expression of these genes in
the inner or outer retinal layers of Myo1c-KO mice when compared to those of WT mice at
3–4 months of age (Figure 4G). Although MYO1C could not be detected by immunohisto-
chemical analysis in mouse RPE, functional MYO1C and Myo1C mRNA were reported in
human RPE cells [43] and mouse RPE [51], respectively. Since the elimination of the motor
protein, Myo7a, in mice leads to alterations in protein localization in the RPE (RPE65) [52],
we stained retinas of young and adult WT and Myo1c-KO mice (5–7 retinal sections per eye
from n = 8 mice per genotype) with an anti-STRA6 antibody, another RPE-specific protein.
This analysis showed that STRA6 expression and localization in the RPE was not affected
in the absence of MYO1C (Figure S4). Since the motor protein MYO1C is proposed to have
various functions, such as in protein trafficking, organization of F-actin, mitotic spindle
regulation, and gene transcription [22,40], based on our observations above, we further
investigated one of its roles in photoreceptor homeostasis. Our hypothesis was that its
absence in photoreceptors of Myo1c-KO animals might contribute specifically to defective
rhodopsin localization to the photoreceptor OS, which might result in retinal phenotypes.

3.4. Native Cre+ Mice Showed No Retinal Phenotypes

To rule out any Cre+-mediated effects on retinal phenotypes observed in the Myo1c-
KO; Cre+ animals, the eyes from native Cre+ mice (3–4 months old; n = 3 animals) were
harvested and subjected to similar histological and immunofluorescence analysis. As com-
pared to age-matched WT mice retinas (n = 3 animals), the retinas of Cre+ mice showed no
retinal pathology or mislocalization of opsins (Figure S5A vs. Figure S5B). These analyses
support the view that genetic loss of MYO1C affects key components of phototransduction
specifically, and this is further manifested in defects in visual function.

3.5. Myo1c-KO Mice Demonstrated Photoreceptor OS Loss

To further evaluate if rhodopsin mislocalization was associated with structural changes
to the retina, histological and transmission electron microscopy (TEM) analyses of retinal
sections of young and adult WT and Myo1c-KO mice were performed. In histological sec-
tions of retinas (5–7 retinal sections per eye from n = 8 mice per genotype and age), the pro-
gressive shortening of rod photoreceptor OS was observed. The OS of adult Myo1c-KO mice
at 6 months of age were shorter than the OS of Myo1c-KO mice at 2 months of age, which in
turn were shorter than those in WT mice at similar ages (Figure 5A,B; OS lengths quantified
from H&E sections and represented using spider-plots in Figure 5C,D; ** p < 0.05). In com-
parison to WT mice, the photoreceptors in Myo1c-KO mice were less organized, especially
in the 6-month-old mice (Figure 5B), suggesting that loss of MYO1C may progressively
affect photoreceptor homeostasis. The retina outer nuclear layer (ONL) thickness between
genotypes at both ages revealed no significant reduction in nuclear layers in Myo1c-KO
animals compared to WT mice (ONL thickness quantified from H&E stained sections and
represented using spider-plots in Figure 5E,F).
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Figure 5. Histological analysis shows reduced photoreceptor OS lengths in Myo1c-KO mice retinas: (A,B) Retinas from
2- and 6-month-old WT and Myo1c-KO mice were sectioned, using an ultra-microtome, and semi-thin plastic sections
were obtained to evaluate pathological consequences of MYO1C loss. Quantification of OS lengths from H and E sections
(C), two- month-old mice; (D), six-month-old mice) and ONL thickness (E), two-month-old mice; (F), six month-old mice,
using “spider graph” morphometry. The OS lengths and total number of layers of nuclei in the ONL from H and E sections
through the optic nerve (ON; 0 µm distance from optic nerve and starting point) were measured at 12 locations around
the retina, six each in the superior and inferior hemispheres, each equally at 150 µm distances. RPE, retinal pigmented
epithelium; OS, outer segments; IS, inner segments; ONL, outer nuclear layer; INL, inner nuclear layer; OPL, outer plexiform
layer. Retinal sections (n = 5–7 sections per eye) from n = 8 mice for each genotype and time point (50:50 male-female
ratio) were analysed. Two-way ANOVA with Bonferroni post-tests compared Myo1c-KO mice with WT in all segments.
** p < 0.005, for OS length in only 6-month-old Myo1c-KO mice, compared to WT mice; and n.s. (not significant) for ONL
thickness in both 2-month and 6-month-old Myo1c-KO animals, compared to WT mice). (A,B) Scale bar = 100 µm.

3.6. Ultrastructural TEM Analysis Showed Shorter Photoreceptor OS in Myo1c-KO Mice

To evaluate the structure of rod photoreceptors, ultrastructural analysis, using TEM,
was performed (n = 6 retinal sections per eye from n = 8 mice per genotype and age).
While the rod photoreceptor OS in the WT mice showed normal elongated morphology,
they appeared slightly shorter in Myo1c-KO mice at two months of age (* p < 0.05; Figure 6A;
rod OS lengths quantified in Figure 6E). Specifically, comparing Myo1c-KO with WT mouse
rod OS lengths at six months of age demonstrated that OS segment lengths in Myo1c
retinas were significantly (36–45%) shorter than those of WT mice (** p < 0.005; Figure 6B;
rod OS lengths quantified in Figure 6E). Ultrastructurally, the cone OS in the Myo1c-KO
mouse retina were shorter and had lost their typical cone shape (Figure 6C vs. Figure 6D;
cone OS lengths quantified in Figure 6F), confirming the mis-shaped cone OS phenotype
identified by immunohistochemistry (Figure 3B–D). These results suggest that the lack of
MYO1C resulted in progressively severe opsin mislocalization (Figure 3A–D) and shorter
photoreceptor OS (Figures 5 and 6), thus supporting the observed decrease in visual
function by ERG (Figure 2).
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Figure 6. Ultrastructural analysis of rods and cone photoreceptors using transmission electron microscopy (TEM): Represen-
tative TEM images of rod photoreceptors from two month (A) and six month (B) old WT and Myo1c-KO mice are presented.
Representative images of cone photoreceptors from 2-month-old WT (C) and Myo1c-KO (D) mice. (A) Scale bar = 2 µm
(B) Scale bar = 600 nm (C,D) Scale bar = 400 nm. Data are representative of n = 6 retinal sections per eye from n = 8 mice per
genotype and timepoint. (E) Rod OS (ROS) lengths in WT animals were measured and compared to those of Myo1c-KO
animals. (F) Cone OS (COS) lengths in WT animals were measured and compared to those of Myo1c-KO animals. * p < 0.05;
** p < 0.005. RPE, retinal pigmented epithelium.

3.7. MYO1C Directly Interacted with Rhodopsin

Since the loss of MYO1C resulted in retinal function defects with significant alterations
in the localization of opsins, we next evaluated whether MYO1C exerted this effect through
a physical interaction with rhodopsin. Immunoprecipitation analysis, using WT and Myo1c-
KO mice retinas (n = 6 retinas pooled from n = 3 animals per genotype, respectively), demon-
strated that MYO1C was pulled down, using a rhodopsin antibody (Figure 7A; Co-IP).
Using a baculovirus-produced purified recombinant mouse MYO1C protein in an overlay
assay, we demonstrated that MYO1C directly interacted with rhodopsin, where opsin was
overexpressed in HEK293 cells (transfected with pCDNA3 rod opsin). The cell lysate with
overexpressed rhodopsin and control (cells transfected with empty pCDNA3 vector) was
subjected to SDS PAGE and immobilized on nitrocellulose membrane, and probed with
or without purified recombinant full-length MYO1C protein (Figure S6A schematic and
Figure 7B) [13]. Post-incubation, the interaction of immobilized rhodopsin with MYO1C
was probed using a MYO1C antibody. The immunoblot analysis of the over-layered
MYO1C showed significant binding of MYO1C protein at the rhodopsin band, indicating a
direct interaction between the two proteins (Figure 7B). Additionally, the direct interaction
was also confirmed by ELISA, where mammalian-expressed and purified Flag rhodopsin
was immobilized on individual wells of ELISA plate. The immobilized rhodopsin was
then incubated with purified MYO1C protein, and the bound MYO1C was probed using
MYO1C antibody (Figure S6A schematic and Figure S6B). These observations suggest that
opsin is a cargo for MYO1C (arrows in Figure 7A,B).
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Figure 7. Rhodopsin is a direct cargo for MYO1C: (A) Mice retinal protein lysates were isolated from Myo1c-KO and wild-
type (WT) mice (6 retinas pooled from n = 3 mice per genotype) and subjected to co-immunoprecipitation analysis. MYO1C
was co-immunoprecipitated with a rhodopsin antibody. (B) Lysate from HEK293 cells transfected with pCDNA and pCDNA
rhodopsin plasmid was separated using SDS-PAGE and transferred to nitrocellulose membranes. The rhodopsin bound to
nitrocellulose membrane was then incubated with 5 ug of purified recombinant active full-length MYO1C generated from
a baculovirus expression system. To analyse whether MYO1C binds to immobilized rhodopsin, blots were washed and
Western blotted with MYO1C antibody. A positive signal with MYO1C showed direct binding of MYO1C to rhodopsin.

3.8. Genetic Deletion of Myo1c Did Not Affect Systemic Organs in Mice

Finally, to determine if the global deletion of Myo1c affected other organs, we harvested
major systemic organs, including the liver, heart, and kidney of 2-month-old Myo1c-KO
and WT mice (n = 4 per genotype), and performed histological analyses. Notably, Myo1c-
KO mice developed and reproduced normally with no observable histological differences
between the control and Myo1c-KO genotypes (Figure S7A–C). To further confirm that there
were no functional defects in these systemic organs, we performed an echocardiogram
(heart function), quantified protein/albumin levels in urine (kidney function), and mea-
sured alanine aminotransferase (ALT) enzyme levels (liver function) in Myo1c-KO mice
(n = 4 mice per individual functional analysis) and compared these values to their WT
littermates (n = 4 mice per individual functional analysis). All of these analyses showed
no pathological defects in systemic organs of Myo1c-KO animals when compared to the
age-matched WT littermates (Figures S7A’–C’ and S8). Overall, these results indicate that
except for the retinal phenotypes, Myo1c-KO animals retained normal physiology of the
systemic organs examined.

4. Discussion

The proper localization of the G-protein coupled receptor (GPCR) type II opsins to the
photoreceptor OS represents a critical event in the initiation of phototransduction for visual
function in vertebrates [1–9]. Our work identified for the first time an unconventional
motor protein, MYO1C, as a novel regulator of both rod and cone opsin localization to the
photoreceptor OS in mice. In this study, based on MYO1C localization within the IS and
OS of photoreceptors, and using a whole-body Myo1c-KO mouse model, we functionally
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identified MYO1C as a novel component of retinal physiology, which was specifically
found to be involved in photoreceptor cell function. Retinal analysis of Myo1c-KO mice
identified opsins as novel cargo for MYO1C. In the absence of MYO1C, both young and
adult Myo1c-KO mice showed impaired opsin localization, where rhodopsin was retained
in the photoreceptor IS and the cell bodies. In contrast, cone opsins showed no retention
in the cell body or mislocalization to other retinal cell layers, although staining patterns
revealed deformed cone OS shapes. These two phenotypes manifested as a progressive
decline in visual responses in the rod ERGs and shorter photoreceptor OS lengths as Myo1c-
KO animals aged, indicating a progressive retinal phenotype. Interestingly, localization of
other OS proteins (CNGA1, arrestin, and transducin) was largely unaffected in the absence
of MYO1C. The genetic deletion of Myo1c only affected retina, and the other systemic
organs examined, including the heart, liver, and kidney, remained unaffected. Overall,
our data point to a novel mechanism by which MYO1C regulates opsin localization to the
photoreceptor OS, a critical event for photoreceptor function and long-term photoreceptor
cell homeostasis. Our study identifies an unconventional motor protein, MYO1C, as an
essential component of mammalian photoreceptors, where it plays a canonical role in
promoting opsin localization and maintaining normal visual function.

4.1. MYO1C and Opsin Localization to Photoreceptor OS

Myo1c-KO mice exhibited rhodopsin mislocalization defects similar to those of Rpgr−/−,
Myo7aSh1, Rp1−/−, Kinesin II−/−, and Tulp1−/− mutant mice [1–9]. Since MYO1C, primar-
ily localized to photoreceptor IS and OS, is proposed to be involved in protein trafficking
(among other functions in different cell types), and uses actin as a track [32,40], we hy-
pothesized that MYO1C likely participates in proper localization of opsins to the OS of
photoreceptors. This hypothesis was supported by the observation that the rod opsins
were mislocalized to IS and cell bodies. Defective assembly of cone OS in Myo1c-KO
mice suggests that this phenotype is caused by an aberrant protein localization with OS
degeneration as a secondary event. The normal ultrastructure of photoreceptors in our
Myo1c-KO mice suggests that the retinal abnormalities in these animals were not due to
structural defects in photoreceptors per se, but instead were induced by aberrant motor
function leading to opsin mislocalization.

4.2. MYO1C Contributed to Phototransduction and Retinal Homeostasis

The opsin molecules and other phototransduction proteins are synthesized in the
cell body of the photoreceptor [53,54]. They are then transported to the distal IS [55,56]
and subsequently to the OS. Little is known about these transport processes and the
molecular components involved in this process [1–9]. The localization of MYO1C in the rod
photoreceptors’ IS and OS, and in cone OS, suggested that opsins may utilize this molecular
motor for transport to the OS. The immunohistochemical analysis of Myo1c-KO animals
indicated that while rod and cone opsins trafficked to the OS, significant mislocalization
was noted for rhodopsin in the IS and cell bodies in the ONL (Figure 2). Since they represent
plasma membrane structural proteins, cone opsins presumably contribute to the cone OS
stability and rhodopsin to the rod OS formation and stability [7]. Hence, photoreceptor
OS shortening/degeneration in Myo1c-KO mice may be attributed, in a large part, to the
mislocalization of opsins to the IS, or a progressive reduction of opsins in the OS membrane.
Notably, the pattern of opsin mislocalization observed in Myo1c-KO mice closely resembled
the retinal phenotype observed in our previously reported Tulp1-KO mice [4,56], Cnga3−/−

mice [5], Lrat−/− and Rpe65−/− mice [9,57,58], and GC1-KO mice [1,9]. Importantly, in all
of these studies, photoreceptor OS were unstable, and significant degeneration was noted.
However, because 85–90% of OS protein is rhodopsin [59–61], the mislocalization of other
less abundant proteins cannot be ruled out in the photoreceptors of Myo1c-KO mice.
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4.3. Contributions from Other Motor Proteins in Proper Opsin Localization

Although this study demonstrates mislocalization of opsins due to a loss of MYO1C,
the majority of opsin was still correctly localized, suggesting that contribution or com-
pensation from other myosins cannot be ruled out. Nevertheless, the contributions from
MYO1C were highly significant as its genetic deletion showed specific physiological de-
fects in mouse retinas. It is likely that some redundancy exists among molecular motors,
and several known candidates might compensate for the lack of MYO1C in photoreceptor
function. However, the qPCR analysis of the retinas from WT and Myo1c-KO mice did
not suggest compensation from other family myosin 1 members (Figure S9). Interestingly,
the upregulation of Myo1f in our study was unable to rescue the Myo1c retinal phenotype,
suggesting that Myo1f is unable to compensate for the functional loss of Myo1c in the retina
(Figure S9). However, compensation by other motor proteins, including the members of
kinesin superfamily [62,63], myosin VIIa, and conventional myosin (myosin II) [64,65],
which have also been detected in the RPE and retina, cannot be ruled out and need further
investigation. Additionally, Myo1C has been shown to be involved in several processes
involving actin, such as actin–membrane interaction (by its PIP2 binding domain), in endo-
cytosis, and in autophagosome–lysosome fusion. Therefore, the phenotypes observed upon
the loss of Myo1c could also be caused by interfering with any of these processes, either in
photoreceptors or in RPE or Mueller glia cells. To further understand the involvement of
MYO1C in these retinal cell types, we are currently generating conditional knockout mice,
using Best1-Cre+ (RPE), Rho-Cre+ (rod photoreceptors), and HGRP-Cre+ (cone photore-
ceptors) mice. Our findings have potential clinical implications for degenerative rod and
cone diseases, as mutations in MYO1C, or its interacting partners, are predicted to affect
retinal health and visual function by altering opsin localization to the photoreceptor OS,
a fundamental step for maintaining visual function in humans. Overall, these results sup-
port a role for MYO1C in opsin localization in the photoreceptor OS and provide evidence
that defective protein transport pathways are a pathologic mechanism, responsible for OS
degeneration and decreased visual function in these mice.
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Abstract: The relationship between retinal disease, diet, and the gut microbiome has shown increasing
importance over recent years. In particular, high-fat diets (HFDs) are associated with development
and progression of several retinal diseases, including age-related macular degeneration (AMD) and
diabetic retinopathy. However, the complex, overlapping interactions between diet, gut microbiome,
and retinal homeostasis are poorly understood. Using high-throughput RNA-sequencing (RNA-seq)
of whole retinas, we compare the retinal transcriptome from germ-free (GF) mice on a regular
diet (ND) and HFD to investigate transcriptomic changes without influence of gut microbiome.
After correction of raw data, 53 differentially expressed genes (DEGs) were identified, of which
19 were upregulated and 34 were downregulated in GF-HFD mice. Key genes involved in retinal
inflammation, angiogenesis, and RPE function were identified. Enrichment analysis revealed that the
top 3 biological processes affected were regulation of blood vessel diameter, inflammatory response,
and negative regulation of endopeptidase. Molecular functions altered include endopeptidase
inhibitor activity, protease binding, and cysteine-type endopeptidase inhibitor activity. Human and
mouse pathway analysis revealed that the complement and coagulation cascades are significantly
affected by HFD. This study demonstrates novel data that diet can directly modulate the retinal
transcriptome independently of the gut microbiome.

Keywords: age-related macular degeneration; high-fat diet; gut microbiome; gut-retina axis; RNA
sequencing; germ-free mice; complement cascade; angiogenesis; retinal inflammation

1. Introduction

Over the last several decades, there is increasing evidence that diet and nutrient
intake contribute to the pathophysiology of retinal diseases, including age-related macular
degeneration (AMD), diabetic retinopathy (DR), and glaucoma [1–4]. The retina is one of
the most metabolically active tissues in the body, and with its rich store of polyunsaturated
fats, is vulnerable to oxidative, metabolic, and fatty acid perturbances [5,6]. In particular,
multiple research groups have linked high-fat diets (HFDs) and fat-specific intake with
increased prevalence of intermediate or advanced AMD, the leading cause of blindness
in the developed world [7–10]. HFDs have been shown to replicate or exacerbate features
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of retinal disease through various proposed mechanisms: lipid signaling, metabolic dys-
function, vascularization, and inflammatory regulation [11]. Compared to mice fed on
conventional or low-fat diets, HFD-fed mice exhibit impaired retinal sensitivity, greater
macrophage/microglial cell activation, altered retinal fatty acid composition, and hallmark
features of AMD such as choroidal neovascularization (CNV) and sub-retinal pigment
epithelium (RPE) deposits [12–15]. HFDs also can lead to systemic changes such as hy-
percholesteremia and hyperinsulinemia, paving the way for retinal disease risk factors
like obesity and diabetes [16]. HFD-induced vascular changes in the eye have also been
reported, including changes in permeability and formation of acellular capillaries, though
these effects are not consistent across studies [16,17]. Use of electroretinograms (ERGs)
support the notion that HFDs can negatively affect function of several retinal cell types, in-
cluding photoreceptors, bipolar cells, and retinal ganglion cells [16]. Altogether, a small but
growing body of literature suggests that HFDs alter the retina and its microenvironment.

Recent studies suggest that the effects of HFDs in retinal diseases may be in part medi-
ated through the gut microbiome [18]. The human gut microbiome is comprised of trillions
of microbiota that live within our gastrointestinal tracts. These microbes can maintain
and alter health homeostasis, playing diverse roles in immune regulation, metabolism,
drug processing, and intercellular signaling [19]. This rapidly growing body of literature
has linked the gut microbiome with anatomically distant sites, including the heart, liver,
brain, and lungs [20–23]. Research regarding the gut microbiome’s role in ocular tissues,
particularly in the retina, has only recently begun [24,25]. These pioneering studies have
revealed functional and compositional differences in the gut microbiome in patients with
retinal diseases such as primary open-angle glaucoma (POAG), neovascular AMD, retinal
artery occlusion (RAO), and retinopathy of prematurity (ROP) [26–29]. Our team has
previously shown that modulating the gut microbiome impacts the retinal transcriptome
across many biological pathways implicated in retinal disease [30]. Other investigators
have found that gut microbiota can alter retinal lipid composition, as well as systemic
factors such as endotoxemia and immune response that may set the stage for retinal
pathophysiology [31,32]. Due to their location in the gastrointestinal system and intimate
communication with human cell types, gut microbiota may be responsible for mediating
many of the observed effects of HFD on the retina. For example, Andriessen et al. recently
showed that a HFD modifies gut microbiota composition, which consequently exacerbates
laser-induced CNV [18]. Other studies have also shown that HFD-fed mice exhibit altered
gut microbiomes, such as reduced diversity and a decreased Bacteroidetes-to-Firmicutes
ratio [33–35].

Taken together, there seems to be a connection between HFD, the gut microbiome,
and retinal homeostasis. Nevertheless, whether and how HFD affects the retina in the
absence of gut microbiome remain unknown. In this study, we sought to distinguish these
overlapping components, and investigate whether HFD directly alters the retinal tran-
scriptome in the absence of gut microbiome by using germ-free mice and high-throughput
RNA-sequencing. Given the complexity of genetic and environmental factors that con-
tribute to retinal disease progression, understanding how diet impacts retinal biology at
the transcriptional level could help identify underlying mechanisms of how diet can affect
retinal diseases, which ultimately could lead to discovery of novel targets for preventative
or therapeutic interventions to treat ocular diseases.

2. Materials and Methods
2.1. Animals and Diets

Mouse experiments were approved by the University of Chicago Institutional Animal
Care and Use Committee and conducted according to ophthalmic and vision research
guidelines set by the Association for Research in Vision and Ophthalmology (ARVO). This
study used germ-free (GF) C57B1/6 adult male mice, which were housed in the Gnotobiotic
Research Animal Facility at the University of Chicago. At 7 weeks of age, GF mice were
fed ad libitum either a normal diet (ND) or high-fat diet (HFD) for 8 consecutive weeks.
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The HFD consisted of 23% saturated fat. Environmental conditions, including humidity
and temperature, adhered to The Guide for the Care and Use of Laboratory Animals,
8th edition, and mice were subjected to a standard 12-h light cycle. At 15 weeks of age, the
mice were euthanized by carbon dioxide and subsequent cervical dislocation. Samples
were immediately placed on ice and processed for RNA-sequencing.

2.2. Sterility Monitoring

In order to provide a sterile environment, GF mice were housed in positive-pressure
incubators at the University of Chicago’s Gnotobiotic Research Animal Facility and fed
diets which had been irradiated and autoclaved at 250 ◦F for 30 min. Germ-free status
was assessed as described previously [36]. Briefly, fecal samples were collected weekly,
and cultured aerobically at 37 ◦C and 42 ◦C and anaerobically at 37 ◦C. Cultures were
checked after 1, 2, 3, and 5 days had passed—no positive cultures were identified during the
study. Additionally, fecal samples were screened for contamination by DNA extraction and
quantitative real-time polymerase chain reaction (PCR) using universal bacterial primers
for the 16 S RNA-encoding gene (IDT, 8 F was 5′-AGA GTT TGA TCC TGG CTC AG-3′,
and 338 R was 5′-TGC TGC CTC CCG TAG GAG T-3′).

2.3. RNA Extraction

Whole mouse retinas were isolated on ice from freshly enucleated eyes, with all equip-
ment, surfaces, and tubes treated with RNase decontamination solution (Thermo Fisher
Scientific, Waltham, MA, USA) prior to use. Dissected retinas were stored in RNAlater solu-
tion (Thermo Fisher Scientific, Waltham, MA, USA) at −80 ◦C until RNA extraction using the
RNeasy kit from Qiagen (Qiagen, Hilden, Germany). Concentrations were quantified using a
Nanodrop (Thermo Fisher Scientific, Waltham, MA, USA) before sequencing.

2.4. RNA Sequencing

RNA from eight samples was used for analysis (four per diet group). The quality
was evaluated using a Bioanalyzer at the University of Chicago Genomics Core and was
confirmed to meet appropriate RNA integrity numbers (RIN). Next, cDNA libraries were
constructed using TruSeq RNA Sample Prep kits (Illumina, San Diego, CA, USA) to generate
100-bp paired-end reads, which were indexed for multiplexing and then sequenced using
PE100bp on the NovaSeq 6000 System (Illumina, San Diego, CA, USA). Data was provided
in FASTQ format and analyzed in R.

2.5. Statistical Analysis

The secondary analysis of sequence data was performed on Globus Genomics, an
enhanced, cloud-based analytical platform that provides access to different versions of
Next-Generation Sequence analysis tools and workflow capabilities. Tools such as STAR,
featureCounts, and Limma were run from within the Globus Genomics platform. We used
STAR (version 2.4.2 a, Stanford University, Stanford, CA, USA) aligner default parame-
ters to align the RNA-seq reads to the reference mouse genome (GRCm38) for all eight
samples. The raw gene expression count matrix was then generated by featureCounts
(version subread-1.4.6-p1). The gene annotation was obtained from the Gencode vM23.
STAR default parameter for the maximum mismatches is 10 which is optimized based on
mammalian genomes and recent RNA-seq data.

Significant DEGs with a p-value < 0.01 and LogFC > 1 were extracted for further
downstream analysis. Filtering for DEGs with low expression (count-per-million < 10)
was performed using edgeR [37,38]. The enrichment analysis in EnrichR suite took both
the upregulated and downregulated DEGs in GF and extracted the over-represented gene
ontology functional classification (molecular functions, biological processes, and cellular
component). The significance of the association between the datasets and bio functions
were measured using a ratio of the number of genes from the dataset that map to the
pathway divided by the total number of genes in that pathway. This enrichment analysis
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was based on mouse-to-human orthologs. A list of all DEGs and their p-values is available
in Tables 1 and 2.

Table 1. Differentially expressed genes upregulated by high-fat diet (HFD).

Gene LogFC p-Value Protein

Fat2 4.084 3.13 × 10−5 FAT atypical cadherin 2
Npy4r 3.518 1.10 × 10−4 Neuropeptide Y receptor Y4-2

C1qtnf2 3.248 9.57 × 10−4 C1q And TNF-related 2
Deup1 3.133 1.81 × 10−4 Deuterostome assembly protein 1
Ifi204 2.881 5.62 × 10−3 Interferon gamma inducible protein

Siglec1 2.845 3.57 × 10−4 Sialic acid-binding Ig-like lectin 1
Mrap 2.724 1.02 × 10−3 Melanocortin 2 receptor accessory protein

Dmgdh 2.672 2.89 × 10−3 Dimethylglycine dehydrogenase
Maats1 2.433 8.70 × 10−3 Cilia and flagella-associated protein 91
Nppb 2.345 4.83 × 10−3 Natriuretic-peptide B
Klf1 1.889 2.77 × 10−4 Kruppel-like factor 1

Hba-a2 1.867 7.19 × 10−3 Hemoglobin subunit alpha 2
Ppp1r3g 1.735 8.87 × 10−3 Protein phosphatase 1 regulatory subunit 3G
Hbb-bs 1.378 4.73 × 10−3 Hemoglobin subunit beta
Hba-a1 1.372 1.82 × 10−3 Hemoglobin subunit alpha 1
Ms4a6b 1.336 4.78 × 10−3 Membrane spanning 4-domains A6A

Gdf2 1.133 9.95 × 10−3 Growth differentiation factor 2
Tspan11 1.124 7.60 × 10−3 Tetraspanin 11
Nlrp10 1.103 2.63 × 10−3 NLR family pyrin domain containing 10

Table 2. Differentially expressed genes downregulated by HFD.

Gene LogFC p-Value Protein

Olfr690 −3.712 8.96 × 10−6 Olfactory receptor family
Gtsf1 −3.503 1.05 × 10−4 Gametocyte specific factor 1

Tcp10a −3.121 1.77 × 10−3 T-Complex 10-like 3, pseudogene
Olfr460 −3.077 7.60 × 10−4 Olfactory receptor family
Cuzd1 −2.902 4.51 × 10−3 CUB and zona pellucida-like domains 1

Serpinc1 −2.721 6.30 × 10−4 Serpin family C member 1
Olfr691 −2.713 1.26 × 10−3 Olfactory receptor family
Opn5 −2.708 8.80 × 10−3 Opsin 5

Hist1h3i −2.561 5.37 × 10−3 H3 clustered histone 11
Rmi2 −2.546 6.18 × 10−3 RecQ mediated genome instability 2

Rnf222 −2.370 6.91 × 10−3 Ring finger protein 222
Serpinf2 −2.309 1.17 × 10−3 Serpin family F member 2

Cstl1 −2.302 6.08 × 10−3 Cystatin-like 1
Npb −2.000 6.35 × 10−3 Neuropeptide B

Anxa9 −1.746 3.87 × 10−4 Annexin A9
Nanos2 −1.670 2.85 × 10−3 Nanos C2HC-type zinc finger 2
Tssk4 −1.603 8.17 × 10−3 Testis specific serine kinase 4
Eqtn −1.510 3.93 × 10−3 Equatorin
Klrg2 −1.436 6.80 × 10−5 Killer-cell lectin-like receptor G2

Mcemp1 −1.419 3.67 × 10−3 Mast cell expressed membrane protein 1
Lat −1.339 2.98 × 10−3 Linker for activation of T-cells

Plekha4 −1.334 7.90 × 10−3 Pleckstrin homology domain containing A4
Misp −1.270 7.52 × 10−3 Mitotic spindle positioning
P4ha3 −1.176 4.91 × 10−3 Prolyl 4-hydroxylase subunit alpha 3
Gpr84 −1.175 9.61 × 10−4 G protein-coupled receptor 84
Pi16 −1.160 5.25 × 10−3 Peptidase inhibitor 16

Slc10a5 −1.134 4.79 × 10−3 Solute carrier family 10 member 5
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Table 2. Cont.

Gene LogFC p-Value Protein

Ankrd7 −1.118 7.66 × 10−3 Ankyrin repeat domain 7
Tmprss5 −1.109 2.09 × 10−3 Transmembrane serine protease 5

Cdhr3 −1.091 5.62 × 10−3 Cadherin-related family member 3
Hmga2 −1.061 1.63 × 10−3 High mobility group AT-hook 2
Sycp2 −1.061 4.34 × 10−3 Synaptonemal complex protein 2
Cd27 −1.039 5.80 × 10−3 T-cell activation antigen CD27
Mypn −1.036 6.94 × 10−3 Myopalladin

3. Results
3.1. HFD Is Associated with Differential Retinal Gene Expression in the Absence of the Microbiome

To compare the effect of a high-fat diet on the retinal transcriptome, we performed
high-throughput RNA-seq analysis of mouse retinas from the GF-ND and GF-HFD. We
sequenced four whole retinas from both experimental groups (n = 4 eyes from 4 different
mice, controlled for age and sex). After the correction of the raw data to remove back-
ground noise, 19,681 genes were selected for differential gene analysis (Supplementary
Table S1). DEGs were selected based on a stringent p-value cutoff < 0.01 and logFC > 1.
Comparison between the two groups identifies 53 DEGs, of which 19 are upregulated and
34 are downregulated in the GF-HFD mice group. The National Center for Biotechnology
Information (NCBI) gene database was used to filter pseudogenes and uncharacterized
cDNA to compile a list of protein-coding genes only. A heatmap was plotted to show the
hierarchical clustering of the DEGs (Figure 1). The sequencing data suggests that HFD
is associated with changes in the retinal transcriptome in the absence of the microbiome.
Detailed list and statistics of the upregulated and downregulated DEGs are available in
Tables 1 and 2.

3.2. Significant Biologic Functions and Processes Are Overrepresented by Functional Enrichment Analysis

The enrichment analysis for gene ontology and pathways was performed using En-
richR [39–41]. Enrichment analysis was done to identify over-represented biological func-
tions and classes from statistically significant differentially expressed genes. Human and
mouse pathway analysis revealed that complement and coagulation cascades were signifi-
cantly affected by HFD (Figures 2 and 3). The analysis also shows that the top 3 biological
processes are regulation of blood vessel diameter, inflammatory response, and negative
regulation of endopeptidase (Figure 4). Molecular functions altered include endopeptidase
inhibitor activity, protease binding, and cysteine-type endopeptidase inhibitor activity
(Figure 5).
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Figure 1. Heatmap with hierarchal clustering demonstrating 53 differentially expressed genes (DEGs)
with a logFC greater than 1 and p-value < 0.01 between germ-free mice on normal diet (GF-ND, n = 4)
and germ-free mice on high-fat diet (GF-HFD, n = 4). Z-score is calculated from LogFC with red and
blue indicating upregulated and downregulated genes, respectively.
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WikiPathways 2019 Mouse p-Value 
Adjusted 

p-Value 

Odds 

Ratio 

Combined 

Score 
Genes 

* Complement and coagulation 

cascades WP449 
1.18 × 10−2 0.141 13 57.74 

SERPINC1; 

SERPINF2 

Blood clotting cascade WP460 5.17 × 10−2 0.31 20.17 59.75 SERPINF2 

Microglia pathogen phagocytosis 

pathway WP3626 
1.03 × 10−1 0.336 9.57 21.74 LAT 

One carbon metabolism and re-

lated pathways WP1770 
1.29 × 10−1 0.336 7.5 15.36 DMGDH 

Non-odorant GPCRs WP1396 1.58 × 10−1 0.336 2.91 5.38 
NPY4R; 

OPN5 

Peptide GPCRs WP234 1.72 × 10−1 0.336 5.46 9.61 NPY4R 

MicroRNAs in cardiomyocyte 

hypertrophy WP1560 
1.96 × 10−1 0.336 4.72 7.69 NPPB 

GPCRs, other WP41 3.38 × 10−1 0.475 2.47 2.68 GPR84 

EGFR1 signaling pathway 

WP572 
3.78 × 10−1 0.475 2.15 2.09 HIST1H3I 

Odorant GPCRs WP1397 3.96 × 10−1 0.475 2.02 1.87 GPR84 

Figure 2. Gene list enrichment analysis of significant DEGs between GF-HFD mice (n = 4) and GF-ND mice (n = 4) using
EnrichR. The bar graph shows a ranked list by p-value of the top 10 over-represented mouse pathways with significant
pathways indicated in blue (p-value < 0.05). The corresponding table demonstrates detailed statistics and involved genes
with significant pathways indicated by an asterisk (p-value < 0.05).
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WikiPathways 2019 Human p-Value 
Adjusted 

p-Value 

Odds 

Ratio 

Combined 

Score 
Genes 

* Complement and coagulation cascades 

WP558 
1.04 × 10−2 0.186 13.93 63.66 

SERPINC1; 

SERPINF2 

Blood clotting cascade WP272 5.92 × 10−2 0.276 17.42 49.22 SERPINF2 

The effect of progerin on the involved 

genes in Hutchinson–Gilford progeria 

syndrome WP4320 

9.36 × 10−2 0.276 10.64 25.19 HIST1H3I 

Microglia pathogen phagocytosis 

pathway WP3937 
1.01 × 10−1 0.276 9.82 22.53 LAT 

Nucleotide-binding oligomerization 

Domain (NOD) pathway WP1433 
1.03 × 10−1 0.276 9.57 21.74 NLRP10 

NO/cGMP/PKG-mediated 

neuroprotection WP4008 
1.17 × 10−1 0.276 8.32 17.82 NPPB 

One carbon metabolism and related 

pathways WP3940 
1.29 × 10−1 0.276 7.5 15.36 DMGDH 

Hematopoietic stem cell differentiation 

WP2849 
1.36 × 10−1 0.276 7.08 14.14 KLF1 

T-Cell antigen receptor (TCR) pathway 

during Staphylococcus aureus 

infection WP3863 

1.52 × 10−1 0.276 6.27 11.81 LAT 

Histone modifications WP2369 1.63 × 10−1 0.276 5.79 10.5 HIST1H3I 

Figure 3. Gene list enrichment analysis of significant DEGs between GF-HFD mice (n = 4) and GF-ND mice (n = 4) using
EnrichR. The bar graph shows a ranked list by p-value of the top 10 over-represented human pathways with significant
pathways indicated in blue (p-value < 0.05). The corresponding table demonstrates detailed statistics and involved genes
with significant pathways indicated by an asterisk (p-value < 0.05).
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GO Biological Process 2018 p-Value 
Adjusted 

p-Value 

Odds 

Ratio 

Combined 

Score 
Genes 

* Regulation of blood vessel diameter 

(GO:0097746) 
4.91 × 10−5 0.019 49.808 494.138 

NPPB; 

NANOS2; 

SERPINF2 

* Inflammatory response 

(GO:0006954) 
5.35 × 10−4 0.101 8.308 62.589 

NANOS2; 

NLRP10; 

CD27; 

SIGLEC1; 

LAT 

* Negative regulation of 

endopeptidase activity (GO:0010951) 
1.39 × 10−3 0.146 14.9 98.019 

SERPINC1; 

SERPINF2; 

CSTL1 

* Positive regulation of multi-

organism process (GO:0043902) 
4.32 × 10−3 0.146 22.31 121.446 

NANOS2; 

NLRP10 

* Positive regulation of interleukin-8 

production (GO:0032757) 
6.07 × 10−3 0.146 18.585 94.867 

NLRP10; 

GDF2 

* Cartilage development 

(GO:0051216) 
6.62 × 10−3 0.146 17.739 89.011 

GDF2; 

HMGA2 

* Regulation of angiogenesis 

(GO:0045765) 
1.15 × 10−2 0.146 6.818 30.419 

NPPB; 

GDF2; 

HMGA2 

* Second messenger-mediated 

signaling (GO:0019932) 
1.18 × 10−2 0.146 12.998 57.739 

NANOS2; 

LAT 

* Negative regulation of peptidase 

activity (GO:0010466) 
1.18 × 10−2 0.146 12.998 57.739 

SERPINC1; 

SERPINF2 

* Negative regulation of blood vessel 

morphogenesis (GO:2000181) 
1.29 × 10−2 0.146 12.377 53.864 

NPPB; 

GDF2 

Figure 4. Gene list enrichment analysis of significant DEGs between GF-HFD mice (n = 4) and GF-ND mice (n = 4) using
EnrichR. The bar graph shows a ranked list by p-value of the top 10 over-represented biological processes with significant
processes indicated in blue (p-value < 0.05). The corresponding table demonstrates detailed statistics and involved genes
with significant processes indicated by an asterisk (p-value < 0.05).
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GO Molecular Function 2018 p-Value 
Adjusted 

p-Value 

Odds 

Ratio 

Combined 

Score 
Genes 

* Endopeptidase inhibitor activity 

(GO:0004866) 
3.19 × 10−3 0.132 11.02 63.37 

SERPINC1; 

SERPINF2; 

CSTL1 

* Protease binding (GO:0002020) 3.78 × 10−3 0.132 10.35 57.71 

SERPINC1; 

SERPINF2; 

CSTL1 

* Cysteine-type endopeptidase 

inhibitor activity (GO:0004869) 
8.09 × 10−3 0.132 15.92 76.72 

CD27; 

CSTL1 

* Serine-type endopeptidase inhibitor 

activity (GO:0004867) 
9.68 × 10−3 0.132 14.45 66.99 

SERPINC1; 

SERPINF2 

* Bile acid:sodium symporter activity 

(GO:0008508) 
1.58 × 10−2 0.132 76.7 318.15 SLC10A5 

* Pancreatic polypeptide receptor 

activity (GO:0001602) 
1.58 × 10−2 0.132 76.7 318.15 NPY4R 

* Arginine binding (GO:0034618) 1.58 × 10−2 0.132 76.7 318.15 NANOS2 

* NADPH-hemoprotein reductase 

activity (GO:0003958) 
1.58 × 10−2 0.132 76.7 318.15 NANOS2 

* Neuropeptide Y receptor activity 

(GO:0004983) 
1.84 × 10−2 0.132 63.91 255.34 NPY4R 

* cAMP response element binding 

(GO:0035497) 
1.84 × 10−2 0.132 63.91 255.34 HMGA2 

Figure 5. Gene list enrichment analysis of significant DEGs between GF-HFD mice (n = 4) and GF-ND mice (n = 4) using
EnrichR. The bar graph shows a ranked list by p-value of the top 10 over-represented molecular functions with significant
functions indicated in blue (p-value < 0.05). The corresponding table demonstrates detailed statistics and involved genes
with significant functions indicated by an asterisk (p-value < 0.05).
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4. Discussion

To our knowledge, this is the first study to use high-throughput RNA sequencing
of whole retinas from GF mice to demonstrate that high-fat diet alone is associated with
changes in the retinal transcriptome in the absence of gut microbiome. Diet is a highly
modifiable risk factor for development of vision threatening diseases, and understanding
the relationship between diet and ocular pathology is a promising avenue for intervention.
However, the biological pathways connecting diet to ocular disease are poorly understood
and there is limited literature investigating the pathways involved.

Multiple clinical studies have demonstrated that diet plays a critical role in retinal
health and contributes to diseases including age-related macular degeneration, diabetic
retinopathy, and primary open angle glaucoma [42–44]. For example, recently published
data from the AREDS study group reported that higher intake of saturated fatty acids,
monounsaturated fatty acids, and oleic acid were associated with significant increased risk
of progression to late AMD [45]. Supporting this, our team has previously published data
showing that high-fat diet increased lesion size, vascular leakage, and sub-RPE deposits
of laser-induced choroidal neovascularization in both wild-type and apolipoprotein E-
deficient mice [15]. Recent evidence has suggested that the effects of high-fat diet on
retinal disease are mediated by the gut microbiome. High-fat diets can cause gut microbial
dysbiosis altering intestinal permeability and leading to low-grade inflammation with
release of pro-angiogenic factors which may exacerbate ocular diseases such as proliferative
diabetic retinopathy and neovascular AMD [18].

To further elucidate the biological connections between the diet–gut–retina axis, we
aimed to investigate how diet affects the retinal transcriptome independently of the gut
microbiome [30]. Germ-free mice, raised without exposure to any microbes, provide an
ideal model to investigate this hypothesis [46]. In this study, we used GF mice fed a high-fat
diet compared to a normal diet to explore retinal transcriptome changes induced by diet
alone. After analysis of 19,681 total DEGs with removal of pseudogenes, 53 significant DEGs
with LogFC > 1 were identified between groups (Figure 1). Enrichment analysis shows
pathways involved in complement and coagulation cascades, inflammatory response,
regulation of angiogenesis and blood vessel morphology, and endopeptidase inhibitor
activity (Figure 2) were significantly affected by high-fat diet in germ-free mice.

4.1. High-Fat Diet May Affect Expression of Genes Involved in Inflammatory Pathways in
Germ-Free Mice

Enrichment analysis of significant DEGs demonstrated that complement and coag-
ulation cascades were significantly affected by high-fat diet (Figure 2). The complement
and coagulation cascades are activated in response to retinal inflammation and vascular
injury and have been highly implicated in retinal disease, especially in development of
age-related macular degeneration, with multiple ongoing clinical trials currently being
investigated [47–49]. Additional biological pathways identified were involved in inflam-
matory response, positive regulation of interleukin-8, protease binding, and regulation of
endopeptidase activity (Figures 4 and 5). Our results demonstrate that DEGs in pathways
involved in retinal inflammation were significantly affected by high-fat diet (Tables 1 and 2).
C1qtnf2 is a member of the C1q and tumor necrosis factor related-protein (CTRP) superfam-
ily reported to be involved in retinal inflammation and associated with late-onset retinal
degeneration [50,51]. High expression of CTRPs has been reported in the drusen of human
donor eyes with AMD [52]. Additionally, the CTRP family has reported to mediate glucose-
induced oxidative stress and apoptosis in RPE cells [53]. Ifi204 (interferon gamma inducible
protein) is a cytosolic DNA sensor involved in initiation of a type 1 interferon response and
activation of the inflammasome pathway in response to bacterial or viral infection [54,55].
Multiple genes involved in activation of local ocular inflammatory response, including
Ifi204, have been identified as mediators of retinal aging [56,57]. The H3 family of histones
(including Hist1h3i) may be important in epigenetic modifications that promote a persistent
pro-inflammatory state in diabetic retinopathy [58,59]. Multiple classes of histone genes are
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involved in regulation of the nucleosome and have been shown to be actively transcribed
in both developing and aging retinal neurons [60]. Serpinc1 and Serpinf2 are members of
the serine protease inhibitor (serpin) family, which were also found to be downregulated in
our study. Proteins in the serpin family include endopeptidases that have been reported to
be important in inhibiting angiogenesis and retinal cell death [61,62]. Proteomics analysis
has identified multiple proteins in the serpin family including both Serpinc1 and Serpinf2 as
potential serum biomarkers of retinal inflammation in diabetic retinopathy [63]. Addition-
ally, VEGF is involved in the negative regulation of cysteine-type endopeptidase activity
required for the apoptotic process [64].

4.2. High-Fat Diet May Influence Genes and Pathways Involved in Angiogenesis in Germ-Free Mice

Enrichment pathway analysis of the significant DEGs showed that pathways involved
in regulation of angiogenesis, blood vessel diameter, and blood vessel morphogenesis
(Figure 4) were affected by high-fat diet in germ-free mice. Bioactive lipids have been
shown to be involved in regulation of pathologic retinal angiogenesis [65]. Our results
identified several DEGs involved in regulation of angiogenesis (Tables 1 and 2). Fat2 (FAT-
like cadherin 2) was the most highly upregulated gene identified and has not previously
been described in the retina [66]. The cadherin superfamily is involved in maintaining the
blood–retinal barrier and cell migration during angiogenesis [67,68]. Neuropsin (Opn5) is
expressed in retinal ganglion cells and has to been reported to mediate light-dependent
retinal vascular development and mediate photoentrainment of circadian rhythm [69,70].
Nppb (Natriuretic peptide B) is involved in retinal response to hypoxia and may be an
important regular of retinal vascular permeability [71,72].

4.3. High-Fat Diet May Affect Expression of Genes Involved in RPE Function and Ciliogenesis in
Germ-Free Mice

Our data also suggest that high-fat diet may regulate expression of several genes
involved RPE function and ciliogenesis in germ-free mice. Multiple DEGs related to
olfactory receptor expression in the mouse retina (Olfr460, Olfr690, and Olfr691) were found
to be affected by high-fat diet. Recent literature using RNA-sequencing of human retina
has demonstrated that olfactory receptors are expressed in human retina in the retinal
pigment epithelium, photoreceptor inner segments, ganglion cell layer, bipolar cells, and
horizontal cells [73]. Retinal olfactory receptors may be important in retinal repair involving
retinal pigment epithelium and retinal neurons [74,75]. Olfactory receptor expression is
hypothesized to induce RPE proliferation and migration [76]. Gtsf1 (gametocyte specific
factor 1) was also identified as highly downregulated by high-fat diet in the retina of
germ-free mice and has not previously been reported to be expressed in the retina. Gtsf1 is
involved in retrotransposon suppression in germ cells to prevent genomic instability [77].
Retrotransposons are also reported to be involved in propagation of Alu retroelements
which may contribute to RPE cell death in age-related macular degeneration [78]. Cstl1
(cystatin-like 1) was also identified to be downregulated by high-fat diet; however, the
specific function of Cstl1 is currently unknown. Other members of the cystatin superfamily,
notably cystatin C, are highly expressed in the RPE and are associated with increased risk
of AMD and Alzheimer’s disease [79–82]. Deup1 (deuterostome assembly protein 1) is an
important component of the deuterosome involved in ciliogenesis [83]. While the exact
role of Deup1 in the retina has not been determined, defects in primary cilium function
in photoreceptors and the RPE leads to retinal degeneration as part of several syndromic
ciliopathies like Bardet-Beidl syndrome and Alstrom syndrome [84]. Maats1 (Cilia and
Flagella associated protein 91) has been identified as an important component of sperm
flagellum structure and has not previously been described in the retina [85]. Mutations in
the cilia and flagella-associated protein family have been linked with retinitis pigmentosa
in familial amyotrophic lateral sclerosis [86].
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4.4. Additional Genes and Pathways of Retinal Transcriptome Affected by High-Fat Diet in
Germ-Free Mice

Several neuroendocrine related pathways including pancreatic polypeptide receptor
activity and neuropeptide Y receptor activity were found to be affected by high-fat diet in
germ-free mice.

Npy4r (neuropeptide Y receptor) is expressed in human retinal RPE and glial cells,
and it is involved in neuronal calcium release, neuroprotection, and proliferation of glial
cells [87]. Clinically, polymorphisms in NPY have been associated with increased risk of
type 2 diabetes and development of diabetic retinopathy [88,89]. Neuropeptide b (Npb) is a
relatively novel neuropeptide associated with regulation of the neuroendocrine system,
pain processing, stress, and feeding behaviors [90]. Npb is widely expressed in the central
nervous system, but expression has not previously been described in the retina [91].

Several identified significant DEGs have not previously been reported to be expressed
in the retina. Rmi2 is involved in genome stability and has been reported to be associated
with development of multiple types of cancer [92–94]. The physiologic role of Rnf222 has
not been described currently; however, other members of the ring finger protein family have
been associated with cerebral vascular diseases like Moyamoya disease and atherosclerotic
stroke [95]. Cuzd1 (CUB and zona pellucida-like domains 1) has been reported to mediate
epithelial proliferation of the mammary gland during pregnancy [96]. Cuzd1 has also
been identified in human embryonic stems cells [97]. Single nucleotide polymorphisms
(SNPs) in Cuzd1 have been associated with risk of age-related macular degeneration [98].
Dmgdh (dimethylglycine dehydrogenase) is involved in choline metabolism important in
neurotransmitter and phospholipid biosynthesis [99]. Dmgdh was identified as part of a
set of differentially expressed genes in the mitochondrial transcriptome human retinas
with diabetic retinopathy [100]. Nanos2 (nanos C2HC-type zinc finger 2) is involved in
germ cell differentiation and was also identified as differentially expressed in the retinal
transcriptome of a mouse model of diabetic retinopathy [101].

5. Conclusions and Limitations

This study demonstrates novel data that suggest diet may modulate the retinal tran-
scriptome in the absence of the gut microbiome. Unbiased analysis of the retinal transcrip-
tome using high-throughput RNA-sequencing identified genes and pathways involved in
retinal inflammation, angiogenesis, and RPE function, whose expression was influenced
by HFD in the absence of gut microbiome. These genes and pathways may be involved in
complex diet-microbiome-retina axis interactions that have only recently been recognized
to play roles in retinal physiology and retinal disease pathogenesis.

Our study is limited to RNA-sequencing alone, and confirmatory studies of protein
expression or activity were outside the scope of this investigation. The goal of our study
was to use germ-free mice and RNA-sequencing technology to provide an unbiased char-
acterization of the effects of HFD on global retinal gene expression in the absence of gut
microbiome, as well as to identify potential novel targets within the retinal transcriptome
that may guide future investigation on the diet-microbiome-retina axis.

Future studies with quantitative RT-PCR, proteomics, or functional assays are needed
to further investigate potential functional pathways affected by HFD. In addition, studies
using animal models of retinal diseases should include protein markers of angiogenesis
and retinal apoptosis using multiplex assays, ELISA, Western blotting, or flow cytom-
etry to better characterize how the genes and pathways revealed by high-throughput
RNA-sequencing may be modulated by HFD. Applying a multiomics approach towards
investigating the diet-microbiome-retina axis will be critical to delineate the effects of HFD
on protein function, retinal cell physiology, and retinal disease pathogenesis [102].

While the germ-free mouse model is considered the gold-standard for microbiome
studies, our conclusions are limited due to changes in baseline physiologic parameters that
were altered by lack of microbiome in these mice. Retinal transcriptome changes identified
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in germ-free mice may be influenced by changes in immune development, metabolism,
and digestion affected by the absence of microbiome.

Dietary modification is an easily modifiable risk factor, and understanding the in-
teraction between diet, gut microbiome, and retinal disease has the potential to advance
our understanding of vision-threatening diseases. Delineating these complex interactions
could lead to the discovery of novel targets for intervention. While much of the focus
has been on alterations to the gut microbiome as a key effector in disease pathogenesis,
we present novel data suggesting that diet may affect retinal gene transcription when the
microbiome is absent.

However, the microbiome-dependent and microbiome-independent effects of HFD on
the retinal transcriptome remain unclear. The gut microbiome is an important mediator of
the effects of diet on the retinal transcriptome, and it is currently unclear if these effects are
overall protective or deleterious. Pathways in the retinal transcriptome affected by high-fat
diet could be both attenuated or exacerbated by the presence of the gut microbiome, and
these interactions are still poorly understood.

Despite the limitations, our study provides novel insight about potential pathways
that could be involved in the diet–microbiome–retina axis and furthers our understanding
of how diet may regulate disease pathogenesis and severity. Future studies are needed
to define the precise role of diet in retinal diseases and to elucidate the complex, over-
lapping relationships in the diet–microbiome–retina axis and its involvement in retinal
disease pathobiology.
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Abstract: The retinas of many species show regional specialisations that are evident in the differences
in the processing of visual input from different parts of the visual field. Regional specialisation is
thought to retflect an adaptation to the natural visual environment, optical constraints, and lifestyle
of the species. Yet, little is known about regional differences in synaptic circuitry. Here, we were
interested in the topographical distribution of connexin-36 (Cx36), the major constituent of electrical
synapses in the retina. We compared the retinas of mice, rats, and cats to include species with different
patterns of regional specialisations in the analysis. First, we used the density of Prox1-immunoreactive
amacrine cells as a marker of any regional specialisation, with higher cell density signifying more central
regions. Double-labelling experiments showed that Prox1 is expressed in AII amacrine cells in all three
species. Interestingly, large Cx36 plaques were attached to about 8–10% of Prox1-positive amacrine
cell somata, suggesting the strong electrical coupling of pairs or small clusters of cell bodies. When
analysing the regional changes in the volumetric density of Cx36-immunoreactive plaques, we found
a tight correlation with the density of Prox1-expressing amacrine cells in the ON, but not in the OFF
sublamina in all three species. The results suggest that the relative contribution of electrical synapses
to the ON- and OFF-pathways of the retina changes with retinal location, which may contribute to
functional ON/OFF asymmetries across the visual field.

Keywords: AII amacrine cell; Prox1; parvalbumin; gap junction; eccentricity; ON/OFF asymmetry

1. Introduction

The retinas of most species show some type of regional specialisation that is evident
in the distribution of photoreceptors and other cell types. Regional specialisations are
thought to reflect an adaptation to the natural visual environment, optical constraints,
and lifestyle of the species [1,2]. The best-known example is the peaking density of
photoreceptors around the optical centre, such as in the fovea of primates [3] or area
centralis of carnivores [4,5]. In the central regions, the neural circuitry is specialised for
high-acuity vision, which in primates is also reflected by the number of cones converging
on bipolar cells and eventually, on ganglion cells [6,7]. A number of perceptual functions
also vary with visual field eccentricity, including not only visual acuity, but also contrast
sensitivity, colour sensitivity, critical fusion frequency, motion perception, reaction time
and crowding, many of which can be traced back to regional differences across the retina
(see [8,9] for a review).

Electrical synapses contribute to diverse microcircuits in the retina that underlie a
variety of functions, including the transmission of rod signals to ganglion cells [10–14], sur-
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round suppression [15,16], the synchronization of ganglion cell firing [17–20] and dynamic
adaptation of these functions to changes in light level or circadian rhythms [21]. Connexin-
36 (Cx36), the major constituent of mammalian retinal gap junctions, is positioned in key
signal pathways [22]. For example, in the outer retina, gap junctions formed by Cx36
connect cone photoreceptors [13,23–26] with each other. Cx36 gap junctions connecting
rods to cones form the secondary rod pathway [10,11], which is thought to be responsible
for light detection at mid-scotopic intensity levels [14,27].

In the inner retina, gap junctions are found on all major cell types but interestingly,
their involvement in ON and OFF pathways appears to be asymmetric. First, among the ON
and OFF-sublaminae of the inner plexiform layer (IPL), the ON-sublamina contains more
gap junctions [28]. There are two gap junction pathways that are formed exclusively in the
ON sublamina, both involving AII amacrine cells. One of them is between AII cells and ON
BCs and serves the signalling through the primary rod pathway. The second one connects
AII cells into a dense homologous network [21,22,29–33]. There are four subpopulations of
gap junctions maintained in the OFF sublamina, including two formed by retinal ganglion
cells (RGCs) either with neighbouring RGCs or amacrine cells [34–37], a third population
that connects amacrine cells to one another and a fourth population that exists between
bipolar cells [38–40]. Three types out of these gap junctional subpopulations are abundant
in the ON sublamina as well, including bipolar-bipolar [41], amacrine–amacrine [42–46]
and RGC–amacrine [18,21,22,36] contacts. Direct RGC-RGC gap junctions, however, seem
to be considerably less frequent here than in the OFF sublamina [36]. These microcircuits
have been studied extensively at the local level, but their relationship to the topography of
the retina is essentially unknown. Therefore, we were interested in obtaining a large-scale
view of how the contribution of gap junctional connections to ON- and OFF-pathways
changes across the retina.

Previously, we have observed a centre-periphery gradient in the density of Cx36
immunolabelled puncta in the ON-sublamina of the inner plexiform layer of cats [47].
In the present study, we extend these observations to any eccentricity-driven variation
of inner retinal gap junction distribution in cats, rats and mice that represent species
with different patterns of retinal specialisations. In addition, we compared the density of
electrical contacts between the ON and OFF sublayers of the inner plexiform layer of all
three animal models. In order to do this, plaque distributions were correlated with the AII
amacrine cell coverage, as AII cells contribute considerably to gap junctional contacts in
the ON, but not in the OFF sublaminae.

2. Materials and Methods
2.1. Animals and Sample Preparation

Retinas of 4 adult cats (Felis catus, 1 male aged 0.85 year, 3 females, aged 2.75, 8 and
8 years, respectively), retinas of 4 adult rats (Rattus norvegicus, Wistar, male, body weight
300–400 g) and retinas of 5 mice (Mus musculus), were used (males, 1–12 months old).
Wild-type mice were from strain C57BL/6J (n = 3). The genetically modified animals
referred to as PV-tdT (parvalbumin-tdTomato, n = 2) were cross-bred from PV-Cre (JAX
#017320) and tdTomato (JAX #007909) at the animal house of the Szentágothai Research
Centre, University of Pécs, Hungary. The sources of animals are listed in Table 1. The
animals were kept, and the experiments were performed in accordance with Hungarian
and European legislation. All procedures were approved by the Directorate for Food Chain
Safety and Animal Health of the Baranya County Government Office, Hungary.
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Table 1. List of key resources.

Reagent or Resource Source Identifier

Antibodies

rabbit polyclonal anti-calretinin Merck Hungary, Budapest, Hungary AB 5054
mouse monoclonal anti-connexin-36 Merck Hungary, Budapest, Hungary MAB 3045

rabbit polyclonal anti-Prox1 Merck Hungary, Budapest, Hungary ABN 278
mouse monoclonal anti-parvalbumin Swant, Burgdorf, Switzerland PV 235

mouse monoclonal anti-calbindin Synaptic Systems, Göttingen, German 214011

biotinylated anti-mouse IgG (H + L)
Vector Laboratories, Burlingame, CA,

USA
BA 2001

streptavidin-Alexa Fluor 488 conjugate Invitrogen, Waltham, MA, USA S 32354
donkey anti-mouse IgG (H + L) Alexa

Fluor 488 conjugate
Jackson ImmunoResearch, West Grove,

PA, USA
715-545-151

donkey anti-rabbit IgG (H + L) Alexa
Fluor 594 conjugate

Jackson ImmunoResearch, West Grove,
PA, USA

711-585-152

goat anti-rabbit IgG (H + L) Texas Red
conjugate

Jackson ImmunoResearch, West Grove,
PA, USA

111-075-003

Animals

domestic cat (Felis catus)
Animal house of the Institute of

Physiology, Medical School, University of
Pécs, Hungary

N/A

rat (Rattus norvegicus), Wistar strain
Animal house of the Institute of

Physiology, Medical School, University of
Pécs, Hungary

N/A

mouse (Mus musculus), C57BL/6J strain The Jackson Laboratory, Bar Harbor, USA 000664
mouse (Mus musculus), PV-Cre line The Jackson Laboratory, Bar Harbor, USA B6.129P2-Pvalbtm1(cre)Arbr/J, JAX #017320

mouse (Mus musculus), tdTomato line The Jackson Laboratory, Bar Harbor, USA
B6.Cg-

Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J,
JAX #007909

Equipment
Zeiss LSM 710 confocal laser scanning

microscope
Carl Zeiss, Jena, Germany

Software

Fiji
https://imagej.net/software/fiji/,

accessed on 27 July 2018
N/A

Imaris 8.12 Oxford Instruments, Zurich, Switzerland N/A
SPSS 24.0 IBM Corporation, Armonk, NY, USA N/A

Excel for Office 365 Microsoft, Redmond, WA, USA N/A

Cats were overdosed with 5% isoflurane followed by lethal injection of T61 (embu-
tramide 250 mg/kg, tetracaine HCl 6.25 mg/kg, mebezonium iodide 63 mg/kg, Intervet,
Boxmeer, The Netherlands) following unrelated physiological experiments. One animal
was perfused intracardially with 4% paraformaldehyde in PBS (0.1 M phosphate-buffered
saline, pH 7.5), the others were enucleated immediately after anaesthetic overdose. The
eyes were cut along the ora serrata and the vitreous body was removed. The posterior
eyecups were postfixed overnight at +4 ◦C and transferred into cold PBS. The retinas were
prepared and cut into upper, lower, nasal, and temporal quadrants using the optic disk as
the centre.

Rats were overdosed with 5% isoflurane and perfused intracardially with 4% paraform
aldehyde in PBS. The eyes were cut along the ora serrata and the lens and vitreous body were
removed. The posterior eyecups were postfixed overnight at +4 ◦C in 4% paraformaldehyde
in PBS and the retinas were prepared in cold PBS.

Mice were sacrificed after isoflurane anaesthesia (0.2 mL/l) by cervical dislocation.
The eyes were removed immediately after termination. Eyeballs were cut at the ora serrata,
then the lens and vitreous body were removed. Retinas were fixed in 4% paraformaldehyde
in PBS at room temperature for 15 min.
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2.2. Immunohistochemistry and Confocal Microscopy

Free-floating retinal quadrants or whole retinas were first incubated with a blocking
solution composed of 10% normal goat serum in antibody diluting solution (0.25% bovine
serum albumin, 0.001% sodium azide, and 0.2% Triton X-100 in 0.1 M PBS) for 2 days. The
same solution was used for all further antibodies unless stated otherwise. Tissue samples were
then incubated with the primary antibodies at +4 ◦C for 4 days using the following dilutions:
polyclonal anti-calretinin (CaR) produced in rabbit, 1:2000; monoclonal anti-Cx36 produced in
mouse, 1:1000; polyclonal anti-Prox1 produced in rabbit, 1:250; monoclonal anti-parvalbumin
produced in mouse, 1:600; monoclonal anti-calbindin produced in mouse, 1:100.

The following steps were done at +4 ◦C overnight. Cx36 immunoreactivity was visu-
alized using biotinylated anti-mouse IgG (H + L) (1:100 dilution) followed by streptavidin-
Alexa Fluor 488 conjugate (1:200 dilution in 0.1 M PBS). CaR immunoreactivity was vi-
sualised with goat anti-rabbit antibody Texas Red conjugate (1:100 dilution). Prox1 im-
munoreactivity was visualised with donkey anti-rabbit Alexa Fluor 594 (1:500 dilution),
parvalbumin (PV) and calbindin (CaB) immunoreactivity were visualized with donkey
anti-mouse Alexa Fluor 488 (1:500 dilution). The sources of antibodies are listed in Table 1.

We washed the retinal pieces between the incubations five times for 10 min in PBS.
Retinal pieces were mounted in Aqua-PolyMount (rats, cats; Polysciences, Warrington, PA,
USA) or VectaShield (mice; Vector Labs., Burlingame, California, USA) media with the
ganglion cell layer facing the coverslip.

We inspected the flat-mounted retinas using a Zeiss LSM 710 confocal laser scanning
microscope (Carl Zeiss, Jena, Germany) through a Plan-Apochromat 63× objective lens
(NA 1.4), following a tile-scan at 10× for localisation. We took confocal stacks at selected
regions of interest (ROIs, see below); the horizontal size of the ROIs was 135 × 135 µm and
the z-stacks spanned depth from the outer nuclear layer to the optic fibres (for Cx36 density
measurements) or a narrower range as needed for inspection of histological structures.
Voxel size was 0.132 µm × 0.132 µm × 0.381 µm or 0.132 µm × 0.132 µm × 0.5 µm.

2.3. Measurement of Retinal Eccentricity and Feature Density

Regions of interest (ROIs) were selected randomly to cover eccentricities as equally as
possible. To calculate eccentricity in cat retinas, first the location of each ROI was measured
in polar coordinates with the optic disk as the centre (range of distances from the optic
disk 0.16–14.2 mm; mean ± SD 8.14 ± 3.74 mm). These coordinates were then converted
into Cartesian coordinates of the entire flattened retina, taking advantage of the fact that
neighbouring quadrants had common edges. The eccentricity of each ROI was calculated
from the position 3 mm lateral from the optic disk; this position is in good agreement
with the location of the area centralis in the cat retina [48,49]. The eccentricities of ROIs
were statistically not different in the four quadrants (Kruskal–Wallis test, p > 0.05). For
mouse retinas, we only determined eccentricity categories of the ROIs (centre, mid-centre,
periphery, Supplementary Figure S1).

To determine cell densities, we used the Fiji distribution of the ImageJ software
package [50]. Cell bodies of the cell type of interest were identified based on their immuno-
histochemical labelling and laminar position and each member of the cell type found in a
z-stack was marked using the Cell Counter plugin. Their number was divided by the area
of the ROI to obtain an areal density in mm–2.

Cx36 plaques were identified using the 3D View-Surfaces module of the Imaris image
processing software (Oxford Instruments, Zurich, Switzerland). This module fitted irregu-
lar solid shapes to aggregates of voxels showing increased Cx36 immunolabel. We used
the following settings: Thresholding method, Background Subtraction; Diameter of the
largest sphere that fits into the object: 0.1 µm. Based on their 3D coordinates, we assigned
each Cx36 plaque to one of the 5 strata of the IPL. The Z coordinate ranges of the strata
were determined by dividing the Z-distance between the limits of the IPL into five equal
parts. Strata 1–2 were assigned to the OFF- sublamina and strata 3–5 were assigned to
the ON-sublamina. This also allowed us to calculate the volume of each sublamina for
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each ROI. We then calculated the volumetric density of the Cx36 plaques by dividing their
number found in a ROI by the volume of the IPL sublamina in that ROI. Only Cx36 plaques
with a volume between 0.02 µm3 and 2.5 µm3 were counted to reduce the effect of pixel
noise and to exclude objects too large for a Cx36 plaque.

2.4. 3D Colocalization Analysis

To show parvalbumin-tdTomato (PV-tdT) and Prox1 colocalization, a selected area
was scanned by the confocal microscope with a 63x-oil objective at high resolution (voxel
size of 0.15 µm × 0.15 µm × 0.4 µm). A side-view rotation was then rendered from this
Z-stack using Fiji’s ‘3D viewer’ module. Four smaller ROIs (20 µm × 20 µm) containing
selected amacrine cells were cut (three with evident colocalization and one with no PV-tdT
label only) for subsequential rotations to show dendritic morphology. Intensity profiles
comparing Prox1, Cx36 and tdT label along line segments were also produced in Fiji.

2.5. Data Analysis

ANOVA, correlation analysis, linear regression and statistical tests were done in IBM
SPSS (IBM Corporation, Armonk, NY, USA). Significance level was set to p < 0.05.

3. Results
3.1. Prox1 Immunoreactive Cell Types in Cat, Rat and Mouse Retinas

The homeodomain protein Prox1 is expressed in horizontal cells, bipolar cells and AII
amacrine cells of the adult mouse retina [51,52]. Here, we begin with testing the hypothesis
that Prox1 is present in the same cell populations of rats as well as cats.

Figure 1 shows retinal whole mounts immunostained for Prox1 with the focal plane
on the outer aspect of the inner nuclear layer (INL). Two types of cell nuclei expressing
Prox1 could be readily distinguished. One population was relatively sparse (cell densities
in cat: 485 ± 80 mm−2, n = 9 z-stacks; rat: 838 ± 314 mm−2, n = 15; mouse: 510 ± 102
mm−2, n = 20), had larger nuclei (horizontal diameters for cat: 9.65 ± 0.29 µm, n = 9; rat:
8.27 ± 0.14 µm, n = 15; mouse: 9.33 ± 0.19 µm, n = 21) and was more intensely stained.
In cat retinas, these cells also contained parvalbumin (PV, Figure 1A), a marker of A- and
B-type horizontal cells [53,54]. PV immunoreactivity also revealed the dendritic trees so
that type-A (larger somata, stouter proximal dendrites) and type-B (smaller somata, thinner
proximal dendrites) cells could be distinguished confirming that both horizontal cell types
are Prox1 positive in the cat retina. In rat and mouse retinas, there is a single type of
horizontal cell [55], which can be identified through calbindin (CaB) immunoreactivity [56]
and by their laminar position. We found that all CaB-immunoreactive horizontal cells also
contain Prox1 in both rodent species (Figure 1B,C).

Prox1 immunostaining also revealed numerous smaller (cat: 6.09 ± 0.09 µm, n = 238,
p < 0.001, rat: 5.33 ± 0.14 µm, n = 344, p < 0.001, mouse: 6.30 ± 0.11 µm, n = 379, p < 0.001
in t-test against horizontal cell profiles) and somewhat less strongly labelled cell nuclei,
which did not contain PV or CaB (Figure 1). Their laminar location, high density (cat:
9573 ± 1276 mm−2, n = 3 z-stacks; rat: 14,222 ± 1299 mm−2, n = 3; mouse: 9340 ± 335
mm−2, n = 3), and size were similar in all three species, suggesting that many bipolar cells
are Prox1-positive in cats and rats just like in the mouse retina [52].

The proximal INL also contained Prox1 immunopositive cells in each species. These
cells appeared more heterogeneous in size and staining intensity than the horizontal cells or
bipolar cells described above. According to previous reports on mouse retina, the majority
or maybe all of the Prox1 positive cells in this layer are AII amacrine cells [52]. In cat and
rat retinas, we used double labelling with an anti-PV (Figure 2) and anti-calretinin (CaR,
Figure 3) antibodies to further identify Prox1 expressing amacrine cells.
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Figure 1. Prox1 immunoreactive cell nuclei (red channel) in the inner nuclear layer of cat (A), rat (B) and mouse (C) retina.
Images show a horizontal view of whole-mount preparations at the level of horizontal cells. Nuclei of two types of cells
are labelled in each species; larger and sparser horizontal cells (arrowheads) and numerous small bipolar cells (arrows).
A, In the cat, Prox1 colocalizes with parvalbumin (green channel), which labels somata and dendrites of both A- (filled
arrowhead) and B-type (open arrowheads) horizontal cells. In rat (B) and mouse (C) retina, Prox1 colocalizes with calbindin
in the somata of horizontal cells. Scale bar 20 µm.
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Figure 2. Typing of amacrine cells based on double labelling with parvalbumin (green channel)
and Prox1 (red channel) immunoreactivity in cat (A,B) and rat (C,D) retina. Microscopic images
show horizontal views of whole-mount preparations at the level of amacrine cells. Side-view recon-
structions of representative sub-volumes spanning the INL (top) IPL and ganglion cell layer (GCL)
are shown below (B,D). (A,C) Anti-parvalbumin antibody labelled two populations of amacrine
cells in both species. The weakly parvalbumin-positive neurons (open arrowheads) include (in cats,
A) or are exclusively (in rats C) AII amacrine cells. B, D. The combination of parvalbumin and
Prox1 immunolabels reveals three amacrine cell types in both species. Amacrine cells with a strong
PV expression are Prox1-negative. Weakly PV-positive amacrine cells are Prox-1 positive. A small
population of Prox1-positive amacrine cells is PV-negative (arrows). Scale, 20 µm.
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Figure 3. Typing of amacrine cells based on double labelling with calretinin (CaR, green channel)
and Prox1 (red channel) immunoreactivity in cat (A,B) and rat (C,D) retina. Microscopic images
show horizontal views of whole-mount preparations at the level of amacrine cells. Side-view
reconstructions of representative sub-volumes spanning the INL (top) IPL and ganglion cell layer
(GCL) are shown below B and D. In cat retina (A,B), the strongest CaR-immunoreactivity (A) is
seen in sparsely distributed amacrine cells (solid arrowheads), which are Prox1-negative (B). AII
amacrine cells correspond to the weakly CaR-immunoreactive cells (open arrowheads), which are
more numerous and always Prox1 immunoreactive (B). Some amacrine cell bodies expressed only
Prox1 and no CaR in the cat (arrows). The cell-free regions filled with PV-labelled varicosities belong
to the IPL. In rat retina (C,D), the anti-CaR antibody did not differentiate amacrine cell types clearly
(C). A combination with Prox1 immunolabel (D) revealed that the two markers label largely non-
overlapping amacrine cell populations, with the majority showing either CaR (solid arrowheads) or
Prox1 immunoreactivity (arrows) and only a few are double-labelled (open arrowheads).

In both species, PV labelling revealed two types of amacrine cells, which corresponded
to earlier descriptions [54,57,58]. Strongly PV-immunoreactive amacrines were sparser
(8.9% out of 325 labelled amacrine cells belonged to this group in cat retinas, and the same
ratio was 6.2% out of 2544 cells in rat retinas). Their cell bodies emitted one or two main
dendrites whose branches could be followed for at least 50 µm (Figure 2A); thus, they fall
in the category of small-field or larger amacrine cells [59]. Typical members of this group
did not express Prox1 (Figure 2B,D).

The second PV-immunopositive amacrine cell group was less intensely labelled and
more numerous (Figure 2A,C; frequency 24.3% and 90.5% of all labelled cells in cat and rat
retinas, respectively). In rats, these cells have been identified as AII amacrine cells [57]; in
cat retina, the majority of them are also AII cells [54,58]. These amacrine cells also contained
Prox1 immunoreactivity (Figure 2B,D).

Calretinin is known to be a marker of largely different amacrine cell types in cats and
rats. In cats, most of the CaR-containing amacrines are of type AII along with a sparser,
more strongly labelled population [28,47,56,58,60]. Our current experiments showed that
CaR-positive AII amacrine cells are always Prox1-immunoreactive (Figure 3A,B). In rat
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retina, CaR is a marker of non-AII (mainly starburst) amacrine cells [61,62]. In our CaR and
Prox1 double-labelled rat retinas, the two markers revealed in essence, complementary
populations with only a few double labelled cells present (Figure 3C,D), which is compatible
with our assumption that Prox1 labels AII amacrines in the rat.

In both PV- and CaR-labelled retinas, some of the amacrine cell bodies were revealed
by the anti-Prox1 antibody alone (Figure 2B,D and Figure 3B,D). Without further neuro-
chemical markers and any labelling in their dendrites, these cells could not be assigned
to known subtypes. This population was more abundant in cat retinas (e.g., 66.8% of
all labelled cells in the PV + Prox1 labelled material vs. 3.3% in rodent retinas), and in-
cluded many that were more lightly labelled and seemed difficult to differentiate from
Prox1-immunoreactive bipolar cells (Figure 3B and Figure 6A). Consequently, the density
estimates of Prox1-positive amacrine cells were more uncertain and therefore were not
used as a proxy for retinal location in our analysis of cat retinas (see below).

Whereas the majority of Prox1-expressing neurons were in the INL, some strongly
Prox1-positive cell bodies were also found in the ganglion cell layer in cats as well as
rodents (Figure 4). Their size was similar to the Prox1+ regular amacrine cells (cat:
7.37 ± 0.16 µm, n = 8, p = 0.13, rat: 8.86 ± 0.33 µm, n = 6, p = 0.08, mouse: 7.97 ± 0.22 µm,
n = 6, p = 0.81 in t-test against Prox1-positive regular amacrine cells), suggesting they are dis-
placed amacrine cells. Only in the cat did some ganglion cells show Prox1-immunoreactivity,
which was rather weak and unusually appeared also in the cytoplasm (Figure 4A).
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Figure 4. Prox1 immunoreactive cell nuclei (red channel) in the ganglion cell layer of flat mounted cat (A), rat (B) and mouse
(C) retina. Smaller nuclei (arrows) are putative displaced amacrine cells (see details in the text). In the cat retina (A), some
ganglion cell somata are also Prox1-immunoreactive. Connexin-36 puncta appear in irregular patches where the neuropil of
the inner plexiform layer intrudes between cell bodies, but no somatic plaques can be observed on the Prox1-positive cells.
Non-specific labelling by the anti-Cx36 antibody is seen in a bundle of optic fibers in the mouse retina (C). Scale bar 20 µm.

3.2. Identification of Individual AII Amacrine Cells in the PV-tdT Mouse Line

To further validate the Prox1 immunoreactive cell’s background in the INL, we used
the PV-tdT mouse line to show the morphology of these cells. Although PV expression is
known to be limited to the GCs (and an unidentified group of amacrine cells) in mice [63,64],
in this mouse line, tdT red-fluorescent reporter is expressed sporadically in some isolated
amacrine cells, probably due to embryonal expression of Cre-recombinase. Expression of
the fluorescent tdT protein allowed us to observe the morphology of these amacrine cells
in fine detail.

Following immunolabelling of PV-tdT mouse retina with anti-Prox1 antibody
(Figure 5a,b), we found that double-labelled neurons were exclusively amacrine cells,
but only a small fraction of Prox1 immunoreactive amacrine cells (3.17% measured from
six 224 × 224 µm regions on one retina)expressed tdT. They showed consistent mor-
phology with axially ovoid somata, short, lobular dendrites in the OFF-sublamina and
longer, thinner transversal dendrites projecting to the ON sublamina of the IPL, character-
istics of AII cells (Figure 5b,c; [65–67]). Many of the tdT-labelled amacrine cells, however,

400



Cells 2021, 10, 2396

were negative for Prox1 (29.67 cells per region on average). An example is shown in
Figure 5c(4); this neuron had long, monostratified dendrites, suggesting that it was a
wide-field amacrine cell. Taken together, these results corroborate earlier findings that
Prox1 is a specific marker of AII cells [52].
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Figure 5. Colocalization of tdT and Prox1 in whole-mount preparation of the PV-tdT mouse retina. Overview images (a)
show no colocalization of Prox1 with tdT in the ganglion cell layer (GCL), but in the INL, patches of amacrine cell bodies
were double-labelled. The box outlined in yellow broken lines is shown at higher magnification in c. Three-dimensionally
rendered and rotated views (b,c) of double labelled cells revealed their typical AII-like dendritic morphology (c(1–3)).
Prox1-negative amacrine cells showed sparser, monostratified dendritic arbours reminiscent of wide-field amacrine cells
(c(4)). Numbers in the left panel of c identify cells shown on side-views numbered 1 through 4, Scale = 25 µm.
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3.3. Somatic Cx36 Plaques on Amacrine Cells of the Cat, Rat and Mouse Retina

In the following section, we turn our attention to the relationship of Prox1 immunore-
active cells to Cx36 immunoreactive punctate structures, the light-microscopic correlates of
gap junctions. We begin our analysis with the inner nuclear layer. The INL is of interest
because in previous studies, we saw large Cx36 plaques on cell bodies of some AII amacrine
cells of cat [47] or mouse [68] retina. In our current material, we surveyed Prox1-positive
amacrine cells systematically for the presence of Cx36 plaques (Figure 6). For this, we used
optical sections focussed on the inner aspect of the INL and excluded regions where the
neuropil of the IPL intruded between cell bodies.
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Figure 6. Somatic Cx36 plaques on Prox1 immunoreactive amacrine cells in whole-mount preparations of cat (A,D,E), rat
(B,F,G) and mouse (C,H,I) retinas. Red channel, Prox1; green channel, Cx36. Side-view reconstructions of representative
sub-volumes spanning the proximal INL (top) and IPL are shown below (A–C). Somatic Cx36 plaques were found in close
apposition to a subset of Prox1-immunoreactive cell bodies. Examples are marked by arrowheads or shown at higher
magnification in (D–I). In the cat retina (A), somatic plaques occurred in apposition to both strongly Prox1 positive (solid
arrowheads) and lightly Prox1-positive (open arrowhead) cells.

Although Prox1 immunoreactivity is limited to the nuclei, and cell boundaries are not
observable, plaques in the INL were almost exclusively in close apposition to Prox1-positive
profiles, a few of the plaques sometimes surrounded the labelled nucleus
(Figure 6D–I). The proportion of somatic Cx36 plaques and Prox1 immunoreactive amacrine
cells was 8% in cat (n = 163 cells), 10% in rat (n = 103 cells) and 11% in mouse retina
(n = 131 cells). In the cat retina (Figure 6A), somatic plaques were three times more frequent
on strongly Prox1-immunoreactive amacrine cells (18% out of 470 cells) than they were on
their weakly labelled counterparts (6% of cells). No somatic plaques could be observed on
Prox1-positive neurons of the ganglion cell layer in either species (Figure 4).

The presence of such Cx36 plaques suggests a route for electrical coupling through
the cell bodies of AII (and likely other Prox1 expressing) amacrine cells. The synaptic
partners can be other amacrine cells of the same kind, since the somatic plaques were
sometimes seen at the confluence of Prox1 positive cell bodies (Figure 6E–H). However, the
neighbouring cell next to the plaque was quite often unstained (Figure 6A–C,I), raising the
possibility of somatic coupling to other cell types.

We have addressed the question of heterocellular coupling in transgenic PV-tdT mouse
retinas. Here, we identified Cx36 plaques between Prox1 positive (AII) and Prox1 negative
(non-AII) amacrine cells that were revealed by tdT fluorescence (Figure 7). The detailed
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dendritic morphology revealed by tdT expression allowed us to confirm the existence of
gap junctions between the cell bodies of different amacrine cell types.
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Figure 7. Colocalization of tdT, Prox1 and Cx36 immunofluorescence in amacrine cell somata of PV-tdT mouse retina shown
in a tangential view at the level of the amacrine cell bodies (top of panel (a)) and as an orthogonal section along the line
indicated by the yellow arrowhead (bottom of panel (a)). The region enclosed by the yellow box contains an AII amacrine
cell (yellow arrowhead, magenta color due to double labelling with Prox1 and tdT) along with a tdT-positive neighbouring
non-AII amacrine cell (red). The corresponding dendritic morphology of these cells is readily seen on the side-view in (b)
(yellow square, AII amacrine cell; yellow circle, non-AII amacrine cell). Panel (c) shows the boxed region from a with the
three channels separated (PV-tdT, Prox1 and Cx36 from top to bottom). Note the dot on the green channel, which indicates a
Cx36 plaque where the two cell bodies touch each other. A close-up of this region (d) and an intensity profile, measured
across the Cx36 plaque (e) confirm the close apposition of the plaque to both cell bodies. Some Cx36-puncta are also present
on the proximal dendrite of the AII cell (b, yellow arrowheads). Markers as in (b). Scale, 25 µm.

3.4. Regional Variation of Connexin-36 Density in the OFF- and ON-Sublaminae of the Inner
Plexiform Layer

In this part of the study, we sought to detect large scale variations in gap junction
density with retinal location and compare this variation between the ON and OFF sublaminae
of the IPL in cats, rats and mice. Regional specialisation is evident in the distribution of
photoreceptors and several neuron types, but the topography of the cell distributions is
different in cats and rodents (cat [4,69]; mouse [70]), it may have complicated shapes and also
vary by individual [71–73]. Therefore, we decided to use cell density as a general measure of
regional variation in rodents, instead of distance from some retinal landmark. In the following,
high cell density has thus the same meaning as central location of a concentrically organised
retina, and conversely, low cell density is equivalent to a peripheral location.
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The densities of many cell types might be used as a surrogate for retinal location.
Regarding Prox1-immunoreactive amacrine cells and horizontal cells, we found that their
densities change with location, and they are positively correlated (rat, r = 0.87, p < 0.001;
mice, r = 0.54, p = 0.015; Figure 8). It is important to note that mean densities for Prox1-
positive amacrine cells (5085 ± 1139 for rats, 3687 ± 904 and 3520 ± 836 for wild type and
PV-tdT mice, Table 2) were very much in line with the reported densities of AII amacrine
cells in these species [52,57]. This supports the notion that the population of Prox1-positive
amacrine cells largely overlaps with AII cells.
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Figure 8. Correlation of density of Prox1 immunoreactive amacrine and horizontal cells in rat (n = 15) and mouse retina
(n = 20). A strong positive correlation was found in both cases (r = 0.87, p < 0.001 and r = 0.54, p = 0.015).

Table 2. Relationship of connexin-36 plaque density and retinal position in mammalian retinas.

Ample
(Number of Retinal Locations)

Cat
(n = 20)

Rat 1
(n = 5)

Rat 2
(n = 15)

Mouse 1 and 2,
Wild Type

(n = 8)

Mouse 3 and 4,
PV-tdT
(n = 12)

Marker used for measurement of cell density none CaR Prox1 Prox1 Prox1

Measure of retinal position Eccentricity
(mm) Amacrine cell density (mm−2)

Mean ± SD 7.34 ± 4.01 5766 ± 598 5085 ± 1139 3687 ± 904 3520 ± 836

IPL sublamina
OFF

Cx36-density
(1/mm–3)

22.8 × 106

±10.5 × 106
32.3 × 106

±17.4 × 106
38.7 × 106

±24.5 × 106
4.84 × 106

±2.29 × 106
7.55 × 106

±5.53 × 106

Correlation with
retinal position

r = −0.21
p = 0.364

r = 0.20
p = 0.754

r = −0.29
p = 0.299

r = 0.34
p = 0.404

r = 0.05
p = 0.989

ON
Cx36-density (mm–3) 47.7 × 106

±11.8 × 106
46.2 × 106

±5.55 × 106
74.3 × 106

±19.4 × 106
32.3 × 106

±13.2 × 106
35.0 × 106

±15.5 × 106

Correlation with
retinal position

r = −0.66
p = 0.001

r = 0.95
p = 0.013

r = 0.52
p = 0.046

r = 0.88
p = 0.004

r = 0.76
p = 0.004

Difference of Cx36-density between IPL OFF and IPL
ON

t = −10.05
p < 0.001

t = −2.44
p = 0.024

t = −5.62
p < 0.001

t = −47.95
p < 0.001

t = −24.33
p < 0.001

Correlation of Cx36-density between IPL OFF and
IPL ON

r = 0.11
p = 0.325

r = 0.33
p = 0.587

r = 0.42
p = 0.121

r = 0.54
p = 0.463

r = 0.77
p = 0.075

In the following analysis, we used either Prox1-positive amacrine cell density, or in
one rat retina, CaR-positive amacrine cell density as a measure of retinal location. As
described above, CaR is the marker of a large population of non-AII amacrine cells in the
rat retina that includes the cholinergic starburst cells [61,62]. The densities of starburst
and AII amacrine cells do, however, follow similar regional distribution patterns to each
other [57,74].

Our previous analysis showed that Cx36 plaque density correlates with the density of
AII amacrine cells so that central regions show a higher density of both features compared
with peripheral regions [47], but this analysis was limited to the ON IPL of the cat retina.
The OFF sublamina contains generally fewer gap junctions in the mammalian retinas
studied so far [28]. This was confirmed in our material where the OFF sublamina contained
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significantly fewer Cx36 plaques per mm3 than the ON sublamina (p < 0.05, Table 2).
Here, we calculated plaque density per unit volume to eliminate the effect of the different
thicknesses of the layers, which exist between the ON and OFF sublaminae, between
species or retinal locations.

Figure 9 compares the densities of Cx36 plaques in the ON and OFF sublaminae
of the IPL at various retinal locations of cat, rat and mouse retinas. In the ON sublam-
ina of cat retina, we found a strong, significant negative correlation with eccentricity
(r = −0.66, p = 0.001), confirming our earlier observation [47]. However, plaque density
in the OFF sublamina was uncorrelated to eccentricity (p = 0.364, Table 2). Interestingly,
data from rodent retinas suggested the same relationship. In their ON sublaminae, Cx36
plaque density and the density of immunolabeled amacrine cells were positively correlated
(p < 0.05, Table 2), implying that density decreased from central to peripheral regions.
In contrast, no significant correlation was found in the OFF sublamina in either sample
(p = 0.299, Table 2).
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Figure 9. Relationship of volumetric connexin-36 plaque density to retinal position in the ON- and
OFF-sublaminae of the inner plexiform layer of mammalian retinas. Each scatterplot shows data
from several locations within one or more retinas treated the same way. Retinal location is indicated
by the distance from the area centralis for cat retina (top row). For rodent retinas, retinal location
is indicated by the areal densities of amacrine cells labelled by CaR or Prox1. Higher cell density
indicates a higher sampling density of the retinal image; these regions must therefore be functionally
more “central”.

When data of the wild-type and PV-tdT mouse strains were pooled (Supplementary
Figure S2), the same trends were evident (r = 0.77, p < 0.001 and r = 0.04, p = 0.856 for the
ON and OFF sublaminae, respectively). This suggests that the Cx36 expression pattern was
not affected by the Cre-mediated introduction of the tdT transgene. Another representation
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of the same data is when connexin density data are pooled by eccentricity category (centre,
mid-centre, periphery, Supplementary Figure S1).

Finally, the independence of gap junctional connections in the OFF and ON sublaminae
is further supported by the lack of significant correlation between the Cx36 plaque densities
(p > 0.05, Table 2) of these sublaminae. In conclusion, our data suggest a fundamental
difference in the organization of gap junctional connections between the ON and OFF
sublaminae of the IPL.

4. Discussion

The main goal of the present study was to compare the regional variation in the density
of punctate connexin-36 immunoreactive structures between the ON and OFF sublaminae
of the inner plexiform layer in the retinae of multiple species. The central result is that
regional variation in gap junction density follows different rules in the two sublaminae;
whereas gap junctions become less frequent towards the periphery in the ON sublamina,
there is no such correlation in the OFF sublamina. Since we calculated densities per unit
volume of tissue, our results cannot be ascribed to systematic variation of the thickness of
the laminae.

Two auxiliary results will also be discussed here. One is the regular occurrence of large
Cx36 plaques on certain cell bodies of the amacrine cell layer. An additional result concerns
the identity of Prox1 immunoreactive neurons in the retina, which we will discuss first.

4.1. Conservative Expression of Prox1 in Major Cell Types of the Inner Nuclear Layer

The Prox1 homeodomain transcription factor is expressed during development in var-
ious tissues including the brain and retina [75,76]. In adult animals, the retinal localization
of Prox1 is best known for mice. Dyer et al. [51] found that Prox1 is expressed in horizontal
cells and certain amacrine cells, that Pérez De Sevilla Müller et al. [52] later demonstrated
to be AII amacrines. The same authors have shown using G0α immunohistochemistry that
most of the large population of Prox1-positive bipolar cells are of the ON type. Similar
immunohistochemical data from adult specimens of other species are not known to us
except for those of Dyer et al. [51], also stating that Prox1 is localized to bipolar cells
and parvalbumin-containing AII amacrine cells in rat retina. Although the density range
of Prox1 immunoreactive amacrine cells matches the densities of AII cells identified by
other methods in rats and in cats [57,77], further investigation is required to identify the
population of Prox1 immunoreactive amacrines that do not express typical neurochemical
markers of AII amacrine cells.

Our data provide evidence that the expression pattern of Prox1 is similar in carni-
vores and rodents as far as three major neuron types of the INL contain this protein. This
corroborates the idea that the Prox1-dependent mechanism of retinal cell differentiation
is conserved across mammalian species [51,78]. Moreover, the presence of Prox1 in both
A- and B-type horizontal cells of cats [79] taken together with their neurochemical simi-
larity [54,56,58,80,81] implies that despite their morphological differences, horizontal cell
types differentiate late in development [82].

4.2. Somatic Gap Junctions of Retinal Amacrine Cells

Somato–somatic gap junctions are rather the exception than the rule in nervous
tissue [83,84]. One notable example is the mesencephalic nucleus of the trigeminal nerve,
where perikarya of primary afferent neurons form functional pairs or small clusters by way
of electrical synapses [85–87].

In the neuropils of retina, gap junctions are most often localized on the dendritic
or axonal processes of neurons [84,88] and they have also been discovered in the optic
nerve head where they interconnect certain axons [89]. Somato–somatic gap junctions
on AII amacrine cell bodies have been known for a while, although they have received
little attention. They were first described in an electron microscopic study of the AII
amacrine network of the cat retina [90], where large gap junctions were seen between AII
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cell bodies, sometimes connected by long appendages only a few hundred nanometres
thin. It is reasonable to assume that the prominent, solitary Cx36 plaques seen on AII cell
bodies in our material (Figures 6 and 7) are likely the light-microscopic correlates of these
gap junctions. The fact that we see them in multiple species taken together with earlier
observations in rat [28,68], human [28,39] and feline [47] retinas suggest that they are an
ubiquitous feature among mammals.

Somatic Cx36 plaques were almost exclusively associated with Prox1 immunoreactive
amacrine cells, although in some cases, the neighbouring soma (and putative synaptic
partner) was not labelled. One simple explanation is that the putative synaptic partner is
from a different cell type, an example of which is shown in Figure 7. Another possibility
is, without excluding the previous one, that the synaptic partner is located further away,
attached through a process emanating from the cell bodies; such processes may be up to
10–15 µm long [90,91], which amounts to the width of multiple amacrine cell bodies and
is in the order of the mean nearest neighbour distance of AII cells [77,92]. It is, however,
unclear at present whether the processes seen in the electron microscope to connect AII
somata through gap junctions [90] are identical to those thin, short dendrites that are seen
at the light-microscopic level to attach directly to the cell bodies [91].

The frequency of occurrence of somatic gap junctions is another difference between
the electron microscopic reconstructions of Vardi and Smith [90] and what is observed
by immunofluorescence microscopy. We counted that the average ratio of somatic Cx36
plaques and Prox1 positive amacrine cells is around 8–10% with little variation between
species. Vardi and Smith [90], on the other hand, reported that “wherever AII somas
abutted, they formed large gap junctions” and even those further apart were sometimes
linked (although see [93]). Both techniques revealed that the somatic gap junctions of
AII cells are particularly large and therefore, the reason for the difference in occurrence
is unlikely to be the lower resolution of the light microscope. There seem to be two
possibilities worth pursuing. First, that a significant proportion of the somatic AII gap
junctions failed to react with the anti-Cx36 antibody used. We are, however, not aware
that any other connexin isoform has been observed to form plaques at this site so far.
Alternatively, the number of somatic gap junctions or their detectability as plaques may
vary with the functional state of the retina. Light adaptation [94] or injury [95,96] are
known to affect functional coupling, which may be accompanied by detectable structural
changes given that the half-life of connexin protein is in the order of a few hours [97,98].

AII amacrine cells are coupled extensively through Cx36-containing gap
junctions [99,100] located on their arboreal dendrites in the ON sublamina of the IPL [101,102].
Somatic coupling could simply add another route to this connectivity without conferring an
additional function. However, morphologically accurate modelling suggests that AII cells are
electrotonically not compact and thus, somatic and dendritic inputs may be processed differ-
ently [103]. It is therefore worthwhile considering high-conductivity somatic gap junctions
when modelling the biophysical properties of AII cells.

4.3. Different Scaling Principles of Connexin-36 Gap Junction Density in ON and OFF Circuits
with Retinal Position

The present work builds on previous research on the distribution of electrical synapses
in the cat retina [47]. Although cats and rodents have adapted to quite different lifestyles
and, accordingly, their retinas and visual systems are differently specialised, the similarities
revealed here suggest that we have encountered regularities generalizable for mammalian
retinas.

The role of gap junctional connections in the retina is generally characterized by the
formation of functional syncytia in which electrotonic membrane potential changes and
potentially other signal carriers can propagate in the lateral direction. In this light, the
density of gap junctions can be interpreted as indicating the strength of interconnections in
these syncytia. As gap junctions are involved in several parallel processing pathways [22],
multiple electrically coupled networks can coexist and be superimposed. The anatomical
separation of the ON and OFF sublaminae of the INL allowed us to observe the large-scale
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differences between gap junctions contributing to the ON- and OFF-pathways. Our results
confirmed that in mammalian species, the ON sublamina contains significantly more Cx36
gap junctions than the OFF sublamina [28]. It is widely believed that this difference is mainly
due to the gap junctions formed by AII amacrine cells with ON-cone bipolar cells and among
themselves [13,99,100,104]. Although the estimated number of gap junctions formed by each
AII cell varies between a few dozen (estimates from electron microscopy [93,105,106]) and
over a hundred (estimates using Cx36 immunofluorescence [47,104,107]), the fact that
AII cells are the most frequent type of amacrine cell [108] makes it likely that they are
the main contributors to the high density of Cx36 plaques detected in the ON sublamina.
Furthermore, calculations based on comparison of AII amacrine cell and Cx36 plaque
densities in the cat retina [47] have suggested that at least half of the Cx36 plaques in the
ON-sublamina belong to other cell types [18,21,22,36,41–46].

The positive correlation of Cx36 plaque density with AII amacrine cell density may
not come as a surprise because of the large contribution of this cell type to gap junctional
connections. It is, however, worth considering that for most retinal cell types, lower cell
density is compensated by a larger dendritic (or axonal) field diameter, so that the potential
for synaptic connections is maintained. Why would then the density of synaptic contacts
diminish with cell density? A plausible explanation may be gained from the observation
that larger dendritic fields are typically sparser [109], a regularity that also applies for AII
cells [91]. As a result, the meshwork of dendrites of a given type of neuron tends to be
more loosely knit in the periphery. Importantly, it is also known for several retinal cell
types that the number of synapses formed by a cell scales linearly with the available cell
membrane area (and not with the area covered by the dendritic field) [110–113]. As a result,
synapses of smaller (more central) cells are expected to be present at higher volumetric
density in the neuropil than the synapses of larger (more peripheral) cells.

If the above line of reasoning is accepted, it is more difficult to explain why gap
junction density does not decrease towards the periphery in the OFF-sublamina. An
important contributing factor may be the diversity of the Cx36 expressing cell population.
Indeed, gap junctions of the OFF-sublamina fall into four categories including those
formed by ganglion cells with either RGC neighbours or nearby amacrine cells [34–37]—
the population that connects amacrine cells to one another and a fourth population that
exists between bipolar cells [38–40]. We can safely assume that at large, the density and
arborization of the contributing cell types underlies the same scaling principles as outlined
for the ON-sublamina. However, the dendritic fields of different cell types may well scale
by different factors with eccentricity and the structure of the dendritic trees may also
change differently with size [109,112]. Ultimately, the superposition of a variety of such
systems would obscure eccentricity-dependent regularities that may be present in the
connectivity of a single cell type.

An alternative hypothesis for the different scaling of Cx36 density in the OFF sublam-
ina may be based on a recent study [114]. Here, the authors tested the presence of functional
electrical synapses on ON- and OFF-bipolar cells by using in vitro electrophysiology and
the gap junction blocker meclofenic acid in rat retinas. Surprisingly, the measurements
suggest that the gap junctions of OFF-bipolar cells may not be functional electrical synapses.
Instead, they could, for instance, serve metabolic functions or pass signal molecules be-
tween coupled cells. In any case, the distribution of non-synaptic gap junctions on the
neurites may underlie different scaling rules compared to those that apply for synaptic
contacts. If a sufficiently large proportion of Cx36 gap junctions in the OFF sublamina are
of this kind, our measurements of the gross gap junction density may also be affected.

Finally, one might contemplate the idea that the regularities seen in the ON sublamina
are generalized across species. This may suggest some general mechanism that scales gap
junction density to cell density. To test this idea, we pooled the Cx36 and Prox1-positive
amacrine cell density data of mice and rats. Supplementary Figure S2 shows that indeed,
the correlation for IPL-ON observed within species is retained (r = 0.77, p < 0.0005), and
there is no significant correlation in the OFF sublamina. It is, however, worth noting that
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cross-species differences still exist because in the region where AC densities of the two
species overlapped, the Cx36 densities were lower on average in mouse than in rat samples.

4.4. Concluding Remarks

Although the ON and OFF responses of visual neurons are conceptually symmetrical,
the pathways that implement them in the retina are fundamentally different (see e.g., [115]
for review). There is abundant evidence that the visual response properties of ON and OFF
neurones are also different in many ways [116–118]. Typically, these so-called ON/OFF
asymmetries are investigated at a given, limited retinal location, and results obtained from
central and peripheral parts of the retina could sometimes not be reconciled [116,119,120]. This
points to the existence of region-specific ON/OFF asymmetries in the retina [121], which must
eventually be rooted in regional differences of synaptic circuitry. Our study demonstrates
large-scale differences between gap junctions involved in the ON and OFF networks of the
retina potentially contributing to region-specific functional ON/OFF asymmetries.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/cells10092396/s1, Figure S1: Data of Prox1 and Cx36 immunolabelled mouse retinas
from Figure 9 plotted with eccentricity categories (centre, mid-centre, periphery) on the abscissa,
Figure S2: Data of Prox1 and Cx36 immunolabelled rat and mouse retinas from Figure 9 plotted
together for comparison.
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Abstract: The endocannabinoid (eCB) system has been found in all visual parts of the central ner-vous
system and plays a role in the processing of visual information in many species, including monkeys
and humans. Using anatomical methods, cannabinoid receptors are present in the monkey retina,
particularly in the vertical glutamatergic pathway, and also in the horizontal GABAergic pathway.
Modulating the eCB system regulates normal retinal function as demonstrated by electrophysiological
recordings. The characterization of the expression patterns of all types of cannabinoid receptors in
the retina is progressing, and further research is needed to elucidate their exact role in processing
visual information. Typical cannabinoid receptors include G-protein coupled receptor CB1R and
CB2R, and atypical cannabinoid receptors include the G-protein coupled receptor 55 (GPR55) and the
ion channel transient receptor potential vanilloid 1 (TRPV1). This review focuses on the expression
and localization studies carried out in monkeys, but some data on other animal species and humans
will also be reported. Furthermore, the role of the endogenous cannabinoid receptors in retinal
function will also be presented using intraocular injections of known modulators (agonists and
antagonists) on electroretinographic patterns in monkeys. The effects of the natural bioactive lipid
lysophosphatidylglucoside and synthetic FAAH inhibitor URB597 on retinal function, will also be
described. Finally, the potential of typical and atypical cannabinoid receptor acti-vity regulation
in retinal diseases, such as age-related macular degeneration, diabetic retinopathy, glaucoma, and
retinitis pigmentosa will be briefly explored.

Keywords: retina; typical cannabinoid receptors; atypical cannabinoid receptors; immunohistochemistry;
electroretinography; monkeys; visual system

1. Introduction

The organization of the normal retinal mosaic is presented in the introductory chapter
(Ptito et al., 2021, this volume) and we will concentrate here on the general components of
the endocannabinoid (eCB) system. The eCB system is comprised of various components.
There are 2 main types of receptors, cannabinoid receptors type 1 (CB1R) and type 2 (CB2R);
endogenous ligands acting upon cannabinoid receptors, termed endocannabinoids (eCBs),
mainly anandamide (AEA) and 2-arachidonylglycerol (2-AG); and enzymes metabolizing
eCBs, particularly N-acyl phosphatidylethanolamine phospholipase D (NAPE-PLD) and
diacylglycerol lipase (DAGL) for the synthesis of eCBs and fatty acid amide hydrolase
(FAAH) and monoacylglycerol lipase (MAGL) for the degradation of eCBs [1] (Figure 1).
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Figure 1. Schematic illustration showing the main components of the classical endocannabinoid system. 2-AG,
2-arachidonylglycerol; AA, arachidonic acid; AEA, anandamide or N-arachidonoylethanolamine; CB1R, cannabinoid
receptor type 1; CB2R, cannabinoid receptor type 2; DAGL, Diacylglycerol lipase; ETNH2, ethanolamine; FAAH, fatty
acid amide hydrolase; GPR55, G protein-coupled receptor 55; MAGL, monoacylglycerol lipase; NAPE-PLD, N-acyl phos-
phatidylethanolamine phospholipase D; TRPV1, transient receptor potential vanilloid type 1. Created with BioRender.com
and based on [1].

ECBs are derived from long-chain polyunsaturated fatty acids (amides, esters and
ethers), mainly arachidonic acid, found in the central and peripheral nervous systems [2,3].
While FAAH converts AEA to ethanolamine and arachidonic acid, MAGL converts 2-AG
to glycerol and arachidonic acid. AEA and 2-AG are the most studied eCBs, but others are
still being unveiled [4]. Since THC, the main psychoactive compound of cannabis, binds
to the same CB1R and CB2R as eCBs, the latter mimic most of the central and peripheral
effects of cannabis [5,6].

CB1R and CB2R are the two classical cannabinoid receptors with seven transmembrane
passages and coupled to the G proteins. They are most often coupled to the Gi/Go proteins,
inhibit adenylate cyclase, and regulate the calcium and potassium-type ion channels [7]
(Figure 2). In 1990, CB1R was identified and cloned [8]. In 1993, CB2R was discovered [9]
and, two years later, cloned [10]. Given their differential expression within the body, they
have usually been studied independently. CB1R is abundantly expressed in the CNS of all
vertebrates [11] and have been ascribed multiple roles, particularly, in the development of
the brain (e.g., axon growth) [12–15] and visual functions [16–18].
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Figure 2. Cellular targets and signaling pathways of AEA and 2-AG. This figure illustrates the main cellular effects for
CB1R/CB2R, GPR55, and TRPV1. Redrawn from [19] and created with BioRender.com.

Recently, several studies showed that there may be other cannabinoid receptors, such
as the G protein-coupled receptor 55 (GPR55), the ionotropic transient receptor potential
vanilloid 1 (TRPV1) and the nuclear peroxisome proliferator-activated receptor (PPAR)
(see chapter 3 of [19]). Accordingly, cannabinoid receptors have been divided into typical
ad atypical receptors. The typical cannabinoid receptors are CB1R and CB2R, and non-
CB1R/CB2R cannabinoid effects define the atypical cannabinoid receptors, mainly GPR55
and TRPV1. Figure 2 shows the main signaling channels for CB1R, CB2R, GPR55, TRPV1,
but also PPAR, a receptor that has not been extensively studied in the retina. Cannabinoids,
including phytocannabinoids, endocannabinoids, and exogenous synthetic cannabinoid
modulators, bind to the traditional two types of cannabinoid receptors CB1 and CB2, but
also, to other GPCR and ion channels. In the past decade, it has been reported that both,
typical and atypical cannabinoid receptors, are expressed in the visual system of rodents,
monkeys, and humans [18,20,21].

2. The Retinal Endocannabinoid System

Expression studies have shown that CB1R, CB2R, GPR55, and TRPV1 are present in
the retina of multiple species [13,14,17,18,21–26], but their differential expression has been
found solely in the monkey retina [16,27–30]. More precisely, our studies demonstrate
that these receptors are distributed in the vertical and horizontal pathways of the vervet
monkey retina. It is important to stress out that good, specific, validated antibodies are
important for proper characterization of cannabinoid expression patterns, e.g., targeting
CB2R using immunohistochemistry is controversial in the literature [31,32]. Similarly,
commercially available TRPV1 antibodies generate non-specific labeling in the retina of
some species [33]. Using the non-human primate model and antibodies directed against
human epitopes for cannabinoid receptors, in our experience, was found adequate [30,34].
In line with this, we compared the alignment of the human sequence for these 4 receptors
(Figure 3).
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Figure 3. Comparison of typical and atypical cannabinoid receptors. Confocal immunofluorescence
images of vervet monkey retinal sections (A–D) and human protein sequence alignment (E) of CB1R,
CB2R, GPR55, and TRPV1. CB1R is localized in neural components, with very weak (albeit absence)
in rods [16] (A). CB2R is strictly expressed in the glial components, the Müller cells [29] (B). GPR55 is
found exclusively in rods, with the most prominent staining in the inner segments [28] (C). TRPV1 is
expressed in the lateral pathway, particularly horizontal cells and amacrine cells [27] (D). Protein
alignment show conserved regions that may be important for the structural and functional effects of
cannabinoids. Scale bar = 75 µm.
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2.1. Typical Cannabinoid Receptors CB1R and CB2R

2.1.1. Anatomical Localization and Function

Traditionally, CB1R has been associated with the CNS and CB2R with the immune
system. This idea was then developed into CB1R in neurons to modulate neurotransmit-
ter release, and CB2R in glial cells to modulate cytokine release. While this differential
expression is not present in the rodent retina, it appears to be present in the vervet mon-
key retina. In healthy monkeys, the presence of CB1R in the neuroretina has been well
characterized [16]. CB1R is highly expressed in the foveal region, owing to its abundant
expression in cone photoreceptors. It is also present throughout the vertical pathway
consisting of rod and cone photoreceptors, bipolar cells, and ganglion cells, and at a lesser
degree in the horizontal pathway consisting of horizontal cells and amacrine cells. CB2R
is exclusively expressed in the major glial element of the retina (Müller cells), extending
from the outer limiting membrane to the inner limiting membrane [29]. Furthermore,
localization of their associated metabolic enzymes suggests that eCBs are synthesized and
released in the synapse surrounding the neurons from which they are released [13,18].
This dual CB1R/CB2R expression pattern already suggests differential retinal functions
(Figure 4).

 

Figure 4. Mapping of the receptors CB1R, CB2R, GPR55, and TRPV1 in the monkey retina.
These receptors are differently expressed in the retina of monkeys. These results are compiled
from several published articles [16,27–29]. CB1R is represented in green, CB2R in magenta, GPR55 in
blue, and TRPV1 in red. A, amacrine cells; C, cone photoreceptors; CB, cone bipolar cells; G, ganglion
cells; GCL, ganglion cell layer; H, horizontal cells; INL, inner nuclear layer; IPL, inner plexiform
layer; IS, photoreceptors inner segments; M, Müller cells; NFL, nerve fiber layer; ONL, outer nuclear
layer; ONL, outer plexiform layer; OS, photoreceptors outer segments; R, rod photoreceptors; RB,
rod bipolar cells. Redrawn from [27].
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The hypothetical function of cannabinoid receptors in the monkey retina could be
extended to the human retina given the strong similarities in its anatomical organization.
Intraocular injections of specific blockers for CB1R and CB2R in the monkey retina lead to
an increase of photopic and scotopic responses (Figure 5; [20]).

Photopic

DMSO AM251 AM630

Scotopic

LPG CID

Figure 5. Raw photopic and scotopic ERGs in the different drug injection groups. The effect of modulating CB1R, CB2R,
or GPR55 in the monkey retina. The intravitreal injection of AM251 (blue), an inverse agonist of CB1R, or AM630 (red),
an inverse agonist of CB2R, causes an increase of the ERG photopic (under a 30 cd/m2 white background-adapting
field) and scotopic (recorded under dark-adapted conditions in a light-tight room) responses, compared to the vehicle,
dimethyl sulfoxide (DMSO, in black) [20]. The intravitreal injection of lysophosphatidylglucoside (LPG), an agonist of
GPR55 (yellow), causes an increase of the scotopic response, but not of the photopic response. Conversely, the intravitreal
injection of CID16020046 (CID), an antagonist of GPR55, causes a decrease of the scotopic response, but not of the photopic
response (green).

2.1.2. Interspecies CB1R/CB2R Comparison

Several pieces of evidence lead us to believe that these receptors are not expressed in
the retina in a similar way across species, e.g. the protein sequence of mouse CB2R is differ-
ent from that of the primate. There are some major differences in protein sequences as one
goes up the animal ladder. CB1R and CB2R are unique to Chordata (phylum of animals that
has a notochord, a cartilaginous lamella of mesodermal origin located on the dorsal side of
the animal). Furthermore, synthetic and degradative enzymes are present in several species
of the animal kingdom [35]. It is possible that receptor-acting proteins appeared much later
than eCBs. Although the expression patterns of some eCBs components like CB1R and
FAAH are similar in different species, this is not the case for CB2R and NAPE-PLD [34].
As the expression of CB2R in the mouse retina [22] is different from the monkey [29],
we studied several components of the eCB system known to date in the mouse retina,
monkeys and treeshrews (an intermediate species in the phylogenetic tree). In addition,
the expression of this system has been compared in the retina of two types of monkeys,
namely vervets and macaques. In the retina of mice, treeshrews, macaques, and vervets,
CB1R, and its associated eCB degrading enzyme FAAH, have an overlapping expression
pattern [34]. This suggests that degradation of eCBs may occur in the same CB1R positive
retinal cell. For CB2R, some important expression differences are present. In the mouse
rod-dominated retina, CB2R is expressed in the neuro-retina, in photoreceptors, horizontal
cells, bipolar cells, amacrine cells, and ganglion cells, but not in Müller cells [22]. In the
cone-dominated retina of treeshrews, CB2R is expressed in neuroretina and also in Müller
cells. In the duplex retina of vervet and macaque monkeys, CB2R is found exclusively
in Müller cells. One possible explanation for this transition of CB2R distribution (diffuse
neuronal expression vs. specific expression in the retinal glia) is that this receptor has
assumed a strategic place to exert the role of potassium modulator during the evolution of
the retina. Interestingly, the synthetic enzyme NAPE-PLD also has an expression pattern
specific to each of these species. In mice, NAPE-PLD is expressed in the neuroretina [34].
In the Tree shrew, NAPE-PLD is expressed strongly in the external retina and weakly in
the internal retina [34]. In monkeys, NAPE-PLD is expressed only at the level of photore-
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ceptors, cones and rods [34]. The bioactive lipid molecules, N-acyl ethanolamines (NAE),
are synthesized by NAPE-PLD from cell membrane phospholipids. This interspecies reti-
nal expression difference is noted despite the conserved protein sequence of NAPE-PLD,
unlike CB2R. This variation may be of importance to NAPE-PLD constructs other than
eCBs. This enzyme synthesizes several molecules such as anandamide (an eCB), but also
N-palmitoylethanolamine (an anti-inflammatory agent; [36]) and Noleoylethanolamine
(an anorexic agent; [37]). NAPE-PLD can even have proapoptotic effects [38]. In addi-
tion, the products of this enzyme, NAE, are present in axons and regulate postsynaptic
neuronal activity by acting as anterograde synaptic signaling molecules ([39]. Finally, the
expression of NAPE-PLD in monkey photoreceptors suggests a direct role of NAEs in
primate phototransduction. But this remains to be verified experimentally. The expression
patterns of DAGL and MAGL in the retina of mice, treeshrews and monkeys are similar,
but have different signal intensities [34,40]. As eCBs are synthesized and degraded around
their receptors, expression of DAGL and MAGL must be found in the vicinity of CB2R.
In the mouse retina, these two enzymes in addition to CB1R and CB2R are expressed in
an overlapping manner and therefore may exert a self-regulatory role in each of the cells
of the retina. In the retina of tree shrews and monkeys, the expression of enzymes of the
eCB system is found in a complementary manner. The eCB system may have specialized in
parallel with the increasing complexity of the visual system to adopt a strategic position
for the modulation of visual activity

The molecular basis of CB1R/CB2R action in retinal function can be explained by
a model recently published [30]. In photopic conditions, when cones are stimulated by
light, the ionic channels are inhibited, a process known as the “inhibition of the retinal dark
currents.” The resulting phototransduction reduces the glutamate release in the synapse
and propagates an evoked potential to bipolar cells. Given the localization of the metabolic
enzymes in monkeys, the same bipolar cells may be the main source of eCB production
that will act in a retrograde manner and activate CB1R located in cone pedicles, thus
regulating glutamate release. This eCB production will also synthesize 2-AG that will
activate CB2R in Müller cells, thus modulating potassium spatial buffering throughout the
retina. The activation of CB2R coupled to Gi/o will reduce the levels of cyclic AMP and
PKA activity. Given that PKA activates KIR4.1 channels in Müller cells, CB2R will play a
role by negatively modulating potassium. In scotopic conditions, the synaptic terminals
of rods release a large quantity of glutamate. This glutamate binds to mGluR6 receptors
located on the dendrites of ON rod bipolar cells. See Figure 6 for details.

2.2. Atypical Putative Cannabinoid Receptors GPR55 and TRPV1

To date, there are two atypical cannabinoid receptors that have been described in the
monkey retina: (1) GPR55 has been found mainly in rods of the vertical pathway, and
(2) TRPV1 in horizontal and amacrine cells of the horizontal pathway.
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Figure 6. The hypothetical molecular mechanisms for typical and atypical cannabinoid receptors action in the retina is
illustrated at the photoreceptor-bipolar cell synapse. This may also exist in several other synapses in the visual where this
differential expression pattern exists. LPG, as suggested in previous models [30,41], could be produced by Müller cells.
Adapted from [30].

2.2.1. Anatomical Localization and Function of GPR55

GPR55 is a GPCR that is naturally activated by LPI or LPG [42–44]. While the en-
dogenous cannabinoid AEA and phytocannabinoid THC can also activate this receptor,
the non-psychoactive compound CBD is an antagonist of this receptor [45]. GPR55 is an
important modulator of retinal development in mice and hamsters [23]. GPR55 expression
is widely expressed in the adult rodent retina [23], and it is exclusively expressed in rod
photoreceptors, most prominently in inner segments of the vervet monkey retina [28]
(Figure 4). Modulation of GPR55 by either blocking GPR55 (impaired retinal function, e.g.,
nyctalopia) or by activating it (increased retinal function, e.g., hyper-scotopia) impacts
solely scotopic retinal function [41] (Figure 5).

2.2.2. Anatomical Localization and Function of TRPV1

Transient receptor potential vanilloid type 1 (TRPV1) is a cannabinoid-like non-
selective cation channel receptor that is the main target of the pungent compound found in
hot chili peppers capsaicin [46]. In neurons, endovannilloids and endocannabinoids, like
anandamide, 2-arachidonoylglycerol and N-arachidonoyl dopamine bind to TRPV1 [47].
Evidence for TRPV1 expression and function in the retina of multiple species has also been
put forward [48]. In the goldfish and zebrafish retinas, TRPV1 was found in amacrine cells,
as well as the synaptic ribbons of photoreceptors [49,50]. In the rat retina, TRPV1 was found
in microglial cells, blood vessels, and astrocytes and in neuronal structures such as synaptic
boutons of both plexiform layers as well as in cell bodies of the INL and GCL [51]. TRPV1
mRNA was detected in ganglion and Müller cells in the rat retina [26,52]. In the rabbit and
human retina, TRPV1 is intensely expressed in the RPE [53]. TRPV1 is also present in the
outer nuclear layer (ONL) and INL and at the end of the nerve fiber layer as well as in
Müller cells of the rabbit retina [53]. In the vervet monkey retina, TRPV1 was found in the
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OPL and IPL, and in RGCL with a higher density in the periphery [27]. Co-immunolabeling
of TRPV1 with parvalbumin, a primate horizontal cell marker, revealed a clear overlap
of expression throughout the entire cell structure with most prominent staining in the
cell body membrane and synaptic terminals. Furthermore, double labeling of TRPV1 and
syntaxin was found throughout amacrine cells in the inner plexiform layer. Finally, double
staining of TRPV1 and Brn3a allowed us to confirm its previously reported expression
in the cell bodies and dendrites of RGCs [26]. The presence of TRPV1 in the horizontal
pathway suggests a function of this receptor in lateral inhibition between photoreceptors
through the horizontal cells, and between bipolar cells through amacrine cells (Figure 4).
A role for TRPV1 channels in physiopathological retinal processes has been first ascribed
in the rat retina [54]. Activation of TRPV1 has been then proposed to modify retinal protein
expression patterns contributing to calcium-dependent signaling that maintains excitatory
signaling in RGCs using TRPV1 knockout mice [26]. Inhibition of TRPV1 prevented retinal
angiogenesis in a mouse model of oxygen-induced retinopathy [55,56]. We have not stud-
ied the role of TRPV1 in the retina of vervet monkeys. A good way to test this would be to
perform intraocular injections of AM404 acting as a neuronal TRPV1 agonist, and SB-705498
acting as an antagonist in vervet monkeys, since the retina has no nociceptors [57].

2.2.3. Interspecies GPR55/TRPV1 Comparison

Anatomical data on GPR55 retinal expression stems largely from two studies on mice
and vervet monkeys [23,28]. To our knowledge, there has not been in other immunohisto-
chemical study reported since the available and specific GPR55 markers are scarce. TRPV1
expression pattern is different in the retina of mice, macaque monkeys, and humans [26].

3. Cannabinoid Receptors in Retinal Diseases

Eye-related vision loss can occur because of damage of the optical system (e.g., corneal
and lens anomalies due to multiple factors such as age, genetics, and intrusion of a foreign
compound) or pathology of the neuro-retina (e.g., photoreceptors, bipolar cells, ganglion
cells physiological dysfunction). While surgical interventions can treat pathologies of
the optical system (cataracts, corneal opacifications . . . ), there are little approved clini-
cal treatments for retinal diseases like age-related macular degeneration (AMD), diabetic
retinopathy (DR), glaucoma, and retinitis pigmentosa (RP). However, intense research is
being carried out targeting these pathologies using a wide variety of approaches [58–63].
Current strategies focus on slowing down or stop the initial triggers (e.g., AREDS sup-
plementation, exercise, eating well, and smoking cessation in dry AMD, and anti-VEGF
intraocular injections in wet AMD) [64,65], or focus on relieving the symptoms (e.g.,
lowering intraocular pressure (IOP) with prostaglandin analogues or beta blockers in
glaucoma) [66]. Given the wide expression profile of the eCB system in the neuro-retina,
the use of this system as a pharmacological target, particularly the typical and atypical
cannabinoid receptors, in the management of these retinal diseases is of great interest.
Concomitantly, data obtained from preclinical studies shows that cannabis and cannabi-
noid molecules used as neuroprotective agents may have potential benefits to prevent
glaucoma and other retinal neurodegenerative diseases [67]. The purpose of this review
was not to exhaustively list the evidence supporting the idea that cannabinoids are useful
in the treatment of retinal diseases, rather, to present how typical and atypical cannabinoid
receptors can be used as novel pharmacological targets. Indeed, the potential of cannabi-
noids as anti-inflammatory, neuroprotective, or IOP lowering agents in the management
of some retinal diseases has been reviewed elsewhere [68]. Given that cannabinoids can
activate typical CB1R and CB2R, as well as atypical GPR55 and TRPV1, these studies can
definitely serve as the basis of using for further drug development. A current clinical
trial is studying if cannabinoids may be beneficial in certain degenerative diseases of the
retina by determining whether cannabis derivatives affect the visual functions in healthy
adults, and examining the effect of cannabis derivatives on the retina of retinitis pigmentosa
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patients using the ERG as the primary outcome measure, as well as other optometric tests
(https://clinicaltrials.gov/ct2/show/NCT03078309, accessed on 11 November 2021).

3.1. Age-Related Macular Degeneration (AMD)

Macular degeneration is an eye disease typically due to normal aging. It is estimated
that 9% of the worldwide population has AMD with a projected number of people with the
disease around 196 million in 2020, and increasing to 288 million in 2040 [69]. More than
1 million Canadians are affected and is the leading cause of visual deficiency in the elderly.
The macula is located in the center of the retina and allows for central vision and detection of
fine details. AMD is thus the degeneration of the macula. Blurred central vision makes daily
activities such as reading and driving difficult. Peripheral vision is often preserved as AMD
affects primarily central vision. There are two forms of this disease, the dry and wet AMD.
Dry AMD, the most frequent form, is caracterized by thinning or pigmentation/coloration
of the macula. Wet AMD has a rapid and severe onset and is caused by abnormal forming
blood vessels under the macula. The resulting flow of liquid/blood destroys the macular
neuro-retina. THC acting on typical and atypical receptors has been shown to inhibit VEGF
pathways, slowing down retinal angiogenesis in mice [70]. Cannabidiol by activating A2A
adenosine receptors in retinal microglial cells can as an anti-inflammatory agent in rats [71].
Finally, cannabidiol acting upon GPR55 could act as an inhibitor of cytokine production
and inflammation, thus decreasing the thinning and degeneration of the macular region in
monkeys [72].

3.2. Diabetic Retinopathy (DR)

Diabetes is a hormonal disease primarily affecting the control of sugar in the blood.
High glucose blood levels reach the retinal circulatory system and can make tiny blood
vessels swell and cause retinal detachment. This is called non-proliferative DR. New blood
vessels can also start forming and compromise normal vision. This is known as proliferative
DR. The resulting inflammation and oxidation, as well as degeneration of the nearby neuro-
retina can worsen the prognostic of this disease. Anti-VEGF intraocular injections can
slow down and stop newly forming blood vessels. Yet, there is no treatment targeting the
resulting inflammation and neurodegeneration process occurring in DR. Modulating the
eCB system (e.g., cannabidiol activating typical and atypical cannabinoid receptors) is a
promising strategy for the treatment of DR by increasing anti-inflammatory processes and
neuroprotection [73].

3.3. Glaucoma

Glaucoma is an eye disease that results in the destruction of the optic nerve neurons.
Controlling the main risk factor that is IOP is an important strategy to slow down or prevent
the disease. Cannabinoids consumed orally can lower IOP by activating cannabinoid
receptors and probably the trabecular meshwork that controls the production and secretion
of aqueous humor, but result in unwanted systemic side effects [74]. Specific typical and
atypical cannabinoid receptor modulation in many delivery methods could be used as
therapeutics to decrease inflammation and the resulting cell death [75].

3.4. Retinitis Pigmentosa

RP is an eye disease characterized by a slow degeneration of the pigmented epithelium
in both eyes mainly caused by genetic factors. It is first manifested by night vision blindness
and narrowing of the visual field. Central vision may also be affected tardively in some
patients. Of importance is the role exerted by atypical GPR55 on improving scotopic
vision. Given that RP affects night vision by altering rod photoreceptor function, exploiting
agonists of GPR55 could have a tremendous impact on bettering good vision at an early
stage of the disease, and possibly, slowing down the disease [28,41].
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4. Prospects and Limitations

The progress in cannabinoid research might have an impact in the treatment of various
retinal diseases. Indeed, recent studies have shown that the expression and localization of
cannabinoid receptors in specific retinal components led to relate cannabinoid receptors
to specific visual functions (photopic and scotopic vision). This prospect is highlighted
by a study that clearly showed that an agonist of GPR55 (LPG) increased significantly
the ERG response in scotopic conditions [41]. Given that night vison is impacted by
various eye diseases, this compound offers a nice potetial therapeutic venue to restore
normal night vision. Moreover, we are seeing now an increase in the discovery of new
atypical cannabinoid receptors and ligands that will increase the number of potential
therapeutic targets [76]. However, extending this research to humans proves to be difficult
for methodological and ethical reasons. Nonetheless, given the strong similarity between
the organisation of the retina and the visual system of primates and humans, data obtained
from monkeys could be easily applied to humans.

5. Conclusions

We have clearly demonstrated that there is an anatomical segregation of the four
different endocannabinoid receptors, CB1R, CB2R, GPR55, and TRPV1 in the retina of
the vervet monkey. The development of new therapeutic agents that interact with typical
and atypical cannabinoid receptors is crucial for potential treatment of retinal disorders
(Figure 7). The four cannabinoid receptors CB1R, CB2R, GPR55, and TRPV1 are ideally
positioned in the primate retina to play important functions. Modulation of CB1R in the
neuro-retina can serve as neuroprotection. By activating CB1R in cones, bipolar cells,
horizontal cells, amacrine cells, and ganglion cells, these retinal cells could be protected
from AMPA excitotoxicity [77]. Modulation of CB2R in glial Müller cells can control many
cytokine production, and serve as an anti-inflammatory component. By activating CB2R in
Müller cells, the production of cytokines, nitric oxide, and/or reactive oxygen species might
be controled [78,79]. GPR55 modulation can enhance the activity of rods, and increase night
vision. By specifically activating GPR55 in rod photoreceptors, agonists of this receptor
could act as photosensitizers to induce night vision enhancement, similarly to what was
observed with porphyrins [80]. The activation could enhance TRPV1 modulation as a way
to preserve contrast perception. By increasing lateral inhibition in horizontal cells, visual
perception could improve by boosting the image contrasts [81].

 

 

 

 

 

Figure 7. The main proposed mechanisms for the therapeutic effects of typical and atypical cannabi-
noid receptors in retinal diseases. Cannabinoid receptors can possibly contribute to treatment
of retinal disorders by different mechanisms involving cannabinoid receptor type 1, cannabinoid
receptor type 2, GPR55, and TRPV1 receptors.
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Abstract: Charles Bonnet syndrome (CBS) is a rare clinical condition characterized by complex visual
hallucinations in people with loss of vision. So far, the neurobiological mechanisms underlying
the hallucinations remain elusive. This case-report study aims at investigating electrical activity
changes in a CBS patient during visual hallucinations, as compared to a resting-state period (without
hallucinations). Prior to the EEG, the patient underwent neuropsychological, ophthalmologic,
and neurological examinations. Spectral and connectivity, graph analyses and signal diversity
were applied to high-density EEG data. Visual hallucinations (as compared to resting-state) were
characterized by a significant reduction of power in the frontal areas, paralleled by an increase in
the midline posterior regions in delta and theta bands and by an increase of alpha power in the
occipital and midline posterior regions. We next observed a reduction of theta connectivity in the
frontal and right posterior areas, which at a network level was complemented by a disruption of
small-worldness (lower local and global efficiency) and by an increase of network modularity. Finally,
we found a higher signal complexity especially when considering the frontal areas in the alpha band.
The emergence of hallucinations may stem from these changes in the visual cortex and in core cortical
regions encompassing both the default mode and the fronto-parietal attentional networks.

Keywords: Charles Bonnet syndrome; EEG; visual hallucination; resting state

1. Introduction

Charles Bonnet syndrome (CBS) is a rare syndrome characterized by the appearance
of recurrent and complex visual hallucinations in elderly people without mental disorders,
who generally recognize their hallucinations as unreal [1]. The syndrome is typically
reported by people who have a severe decrease or complete loss of vision, often caused by
retinitis pigmentosa, cataracts, macular degeneration, or optic neuritis [2].

Though CBS was first described in the 18th century by the biologist who gave his
name to the syndrome [3], the neurobiological mechanisms underlying the hallucinations
remain elusive, with no satisfactory response as to why some blind patients hallucinate and
many do not. Nonetheless, some attempts have been made to find plausible explanations.
Currently, research has shown that CBS may be associated with lesions in the visual
system, ranging from the retina to the occipital cortex [4–9], likely causing the visual
hallucinations. So far, the most widely accepted mechanism of the emergence of such
visual hallucinations refers to the “release phenomenon” suggesting that deafferentation of
the visual cortex might lead to cortical hyperexcitability in this area [10,11]. While a few
studies, including electroencephalography (EEG) ones, suggest that hyperexcitability in
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the visual cortex of partially blind CBS patients is associated with external visual stimuli
(e.g., [12,13]), other studies demonstrate that CBS visual hallucinations can rather arise in
the absence of external visual stimuli and, thus, suggest the possibility that spontaneous
brain activity could generate conscious percepts (e.g., [14]). Since CBS is relatively rare [15],
its investigation is only in the preliminary stages. Only a few studies have investigated
the electrophysiological correlates in CBS and none of these investigations has ever used
high-density EEG.

We here describe the case of an 85-year-old man with late-onset visual impairment and
CBS. First, the patient underwent neuropsychological, ophthalmologic, and neurological
examinations. Next, high-density EEG was performed as long as necessary to record
data during rest and while vivid visual hallucinations were present. Investigating and
comparing both conditions may provide novel insights into the neural pathways that
underlie the emergence of visual hallucinations in CBS.

2. Materials and Methods
2.1. Case Report

An 85-year-old man with visual impairment and no psychiatric history presented
to the Centre du Cerveau2 (University Hospital of Liège, Belgium). The patient suffered
from retinitis pigmentosa, a degenerative eye disease characterized by progressive de-
generation of the rod photoreceptors in the retina, which typically leads to severe vision
impairments [16]. He was three when he began experiencing a progressive loss of vision.
Some years later, during the teenage years, he experienced a progressive development of
“tunnel vision”, i.e., his peripheral field of vision progressively narrowed. Concurrently,
the patient developed hemeralopia, a night vision deterioration caused by the abolition of
rod cells. At the age of 70 years, he lost his central vision, causing complete blindness at
the age of 80 years. He also reported a positive family history of CBS.

The patient described a five-year history of increasing frequency of visual halluci-
nations. His visual hallucinatory experiences started at the age of 80, together with the
occurrence of his complete blindness. Overall, he was able to report a coherent and very
detailed description of his hallucinations, as well as its occurrence context. The patient
reported that his visual hallucinations gradually became more frequent and could occur
many times during the day. He described his hallucinations as, in general, well formed,
ranging from simple flashes or colored backgrounds to more complex with the appearance
of faces, objects, people, or landscapes. They were usually binocular, covering the entire
visual field and could vary in size and color. He nevertheless specified that animations
(i.e., scenes in motion) were only present in his right visual field. The visual hallucinations
generally occurred when he has his eyes open, and they did not disappear when he closed
his eyes. They were never accompanied by abnormal perception in any other sensory
modality. He reported his hallucinations as pleasant. The patient is apparently not able to
consciously control the occurrence and content of the visual hallucinations. He was fully
aware of their unreal nature.

2.2. Procedure

The patient went through a consultation with a neurologist, as well as with a neu-
ropsychologist. The latter examination included the administration of the Mattis Dementia
Rating Scale [17] and of the Montreal Cognitive Assessment (MoCA, [18]) using the ver-
sion adapted for blind individuals (MoCA-BLIND, [19]). Given his visual impairments,
these cognitive tests were administered verbally, thereby omitting all vision-specific items.
The patient was then submitted to an ophthalmologic examination, notably including
measurements of visual acuity and visually evoked potentials.

The patient finally underwent a high-density EEG recording session. The EEG was
recorded using a Net Amps 300 system (GES300) with a 256-electrode Hydrocel Geodesic
Sensor Net (Electrical Geodesic Inc., Eugene, OR, USA). EEG channels were referenced
to the vertex, electrode impedances were kept below 50 kΩ throughout the recording,
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and signals were acquired at a sampling rate of 250 Hz, using Electrical Geodesic Net
Station software version 4.5.4 (Electrical Geodesic Inc., Eugene, OR, USA). During the
EEG acquisition, which lasted about an hour, the patient was comfortably seated in a
quiet room at the hospital. During the first 17 min, the patient was in an eyes-closed
resting state condition, thus providing a baseline measure of brain electrical activity. After
the resting state period, he started having vivid visual hallucinations, which lasted for
about 20 min. During the hallucinatory period, he described the visual hallucinations
he was experiencing, giving additional details about the hallucinations at the end of the
EEG acquisition.

An MRI exam was also performed; the results are reported in [20].

2.3. EEG Pre-Processing

EEG recordings were analyzed using tailored codes written in MATLAB (MathWorks,
Natick, MA, USA) and taking advantage of EEGLAB toolbox functions [21].

We analyzed about 37 min of the one hour recording due to the presence of massive
movement and muscular artifacts especially during the second part of the recording (visual
hallucination (VH) period): 17 min in the resting state (RS) condition, and 20 min in the VH
condition were retained for further analyses, thus discarding the last 23 min. Signals were
filtered between 0.5 and 30 Hz. Channels on the forehead, neck, and cheeks, which mostly
contribute to movement-related noise were discarded [22], thus, retaining 183 channels out
of 256. For each condition (RS and VH conditions), epochs with signals exceeding 100 µV
were automatically discarded. Retained signals were visually inspected for the removal of
large non-stationary artifacts and noisy channels. The retained epochs of each phase were
then concatenated and submitted to independent component analysis (ICA) to remove
ocular and/or muscular artifacts [23]. Noisy signals were then substituted with signals
obtained via spline-interpolation [24], and signals were average-referenced. At the end of
the artifact’s rejection procedure, 7.5 min of the RS condition and 8 min of the VH condition,
were kept for further analyses. Even after the artifact removal procedure, the EEG visual
inspection highlighted the presence of residual high levels of electromyographic noise
caused by involuntary muscle movements both during RS and VS periods. On this basis,
we restricted our analyses to delta (1–4 Hz), theta (4–8 Hz), and alpha (8–13 Hz) bands,
where the influence of EMG noise is negligible [25]. As a final pre-processing step, both RS
and VS conditions were divided into 15 s non-overlapping epochs (thus obtaining 30 and
32 epochs, respectively).

2.4. Spectral and Connectivity Analyses

A spectral analysis was conducted for each condition. The EEG power spectral density
(PSD) was obtained for the bands of interest: delta (1–4 Hz), theta (4–8 Hz), and alpha
(8–13 Hz). Power density distributions were estimated by applying a Hamming-windowed
FFT on 15 s consecutive epochs. For each epoch and electrode, the mean band PSD was
estimated as the average over its frequency bins. For each condition, the PSD of each band
and electrode was finally obtained by averaging among epochs and then log-transformed.

Both for RS and VH, we estimated the connectivity between each couple of electrodes
using the debiased weighted phase lag index (dwPLI, [26]). The dwPLI at frequency bins
of 0.5 Hz was estimated for each 15 s epoch (for the purpose, each epoch was segmented
into 2 s periods with a 50% overlap between contiguous ones). For each epoch and couple
of electrodes, the dwPLI in each band of interest was estimated by averaging over its
frequency bins. The dwPLI of each condition, band, epoch, and couple of electrodes was
finally calculated by averaging over the time samples belonging to the epoch itself. For
each condition and epoch, the dwPLI values across all channel pairs were used to construct
183 × 183 connectivity matrices for delta, theta, and alpha bands. Scalp power maps were
visualized using EEGLAB functions [21], while connectivity maps were displayed taking
advantage of the Brain Net toolbox [27].
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2.5. Graph Analysis

Connectivity matrices were thresholded by varying the connection density to retain
between 90% and 10% of the higher connectivity values in steps of 2.5% [28]. At each
density, the matrix was represented as a weighted graph, with channels as nodes and
non-zero connectivities as links between the nodes. Each graph was characterized by using
graph-theoretical parameters implemented in the Brain Connectivity Toolbox [29]. We
adopted the following of metrics:

• Strength: The strength of a node is defined as the sum of its edges. The mean graph
strength is, thus, estimated as the average over nodal strengths.

• Local efficiency provides a measure of the degree of information integration between
the immediate neighbors of a given network node. The mean local efficiency thus
reflects the degree of local connectivity within a graph [30].

• Global efficiency provides a measure of network integration and is defined as the
average inverse shortest path length [30].

• Modular structure and modularity: The modular structure of a graph is estimated
by subdividing the network into groups of nodes (maximizing the number of within-
group links and minimizing the number of between-group links). Modularity indicates
the degree of reliability of a given modular structure [31].

• Participation coefficient provides an estimate of the degree to which an included node
of a given module is linked with other modules. Nodes with a high participation
coefficient promote inter-modular integration and, as such, a network with a high
participation coefficient is likely to also be globally interconnected.

Finally, for each condition and epoch, each metric was averaged over the considered
connection densities.

2.6. Lempel–Ziv Complexity

For each condition, epoch and electrode, Lempel–Ziv Complexity (LZC) was estimated
for each band of interest. As a first step, the EEG of both the RS and of the VH conditions
were band-pass filtered (Chebyshev II filters) to obtain signals in delta, theta, and alpha
bands. For each band, condition, epoch, and channel, the EEG signal was converted into
a binary sequence. The threshold used to binarize the signal for each band, epoch, and
electrode was computed in line with the following [32]:

• The average signal value (over the single epoch) was estimated and subtracted from
the signal’s original time series (sje); the resulting signal was then linearly detrended
(sje*). Note that j identifies the jth channel and e the eth epoch.

• The analytic signal of sje* was estimated using the Hilbert transform.
• The binarization threshold (thje) for each channel and epoch was obtained as the

average over the epoch of the analytic signal absolute value.
• For each band, the EEG signal at each electrode and epoch (sje) was binarized based

on the estimated threshold (thje). If sjek ≥ thje, sbjek = 1, otherwise sbjek = 0. Note that k
identifies the kth time sample, and sb is the resulting binarized signal.

After binarizing the EEG signals related to each band, epoch, and channel, each
resulting binary time series was submitted to the LZC algorithm [33]. At the end of the
procedure, we obtained for each band, condition, and electrode a series of LZC values (one
for each 15 s epoch).

2.7. Statistical Procedures

2.7.1. Spectral Power, Lempel–Ziv Complexity and Classical Connectivity Analyses

For each band and electrode (or couples of electrodes when considering connectiv-
ity), comparisons between VH (32 samples, each corresponding to a 15 s epoch) and RS
conditions (30 samples) were performed using a single threshold permutation test for the
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maximum t-statistics (two-samples test, 5000 permutations; [34]; for details see Supplemen-
tary Material, SM).

2.7.2. Graph Metrics

For each band and graph parameter (graph strength, local efficiency, global efficiency,
modularity, and participation coefficient), between-condition differences (VH-32 samples
and RS-30 samples) were assessed using a permutation test on the t-statistic (two-samples
test, [35]) based on 5000 randomizations. For each band, p-values (one for each parameter)
were then adjusted for multiple testing using the false discovery rate (FDR) procedure [36].
Significance level was set at p = 0.05.

3. Results
3.1. Neuropsychological Examination

The Mattis Dementia Rating Scale and the MoCA-BLIND scores were 79/79 and 22/22,
respectively. The patient’s cognitive and global functioning can be considered as normal.

3.2. Ophthalmological Examination

An ophthalmologic disease was diagnosed. The examination revealed retinal atrophy
in both eyes, as well as a decompensated corneal grafting in his left eye. Flash visual
evoked potentials were flat. During the examination, he could perceive light in both eyes.
He underwent a cataract operation of both eyes.

3.3. Neurological Examination

A diagnosis of CBS was made by the neurologist, based on his clinical history and the
results of the diagnostic and clinical assessments the patient underwent. The neurologist
confirmed that the patient fulfilled the four diagnostic criteria for CBS: presence of (i) com-
plex, repetitive, and persistent hallucinations and (ii) awareness that the hallucinations are
not real; and absence of (iii) additional delusions and (iv) additional hallucinations in the
other senses [1].

3.4. EEG

3.4.1. Content of the Visual Hallucinations Experienced during the VH Condition

Vivid visual hallucinations were reported by the patient during the VH condition
(during 20 min). First, he described the vision of a huge stone cathedral, with a ~100-m-high
ceiling. The stones were terracotta. He described the hallucinations as really beautiful,
joyful, and truly magic. The colors that he saw inspired joy and were reported as having
a granulated texture. There was no animation in the scene. Then, the orange shade was
changing and became darker to finally have a mysterious appearance. The patient reported
what he saw at this moment as very powerful and strong. He also reported some lines of
light. He stated that it was the first time he saw a cathedral in his hallucinations.

The visual hallucinations he had were binocular, covering the entire visual field. He
reported not knowing why the visual hallucinations started to arise, he was not able to
control their appearance or their visual content. They were not accompanied by abnormal
perception in any other sensory modality, and he was fully aware of their unreal nature.

3.4.2. EEG Analyses

Since the high-density EEG recording was extremely noisy, 7.5 min of RS and 8 min of
VH were retained for the analyses. Furthermore, we analyzed only delta, theta, and alpha
bands due to movement and muscular artifacts at higher frequencies, which were present
also after the cleaning procedure both during RS and VH periods (see [25]).
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Power Spectral Density

For each band and condition, we first estimated the average scalp map (see Figure 1,
columns 1–2) and then for each band, we evaluated putative between-condition differences
(Figure 1, column 3).

 

Figure 1. Average scalp maps for each band and condition are presented in the first two columns.
Band-wise comparisons are presented in the third column. Black dots indicate electrodes showing
a significantly higher PSD during the VH condition as compared to RS, white dots the opposite
relationship. Critical t-values (in absolute value) for significance at p = 0.05 are, respectively, |t| = 3.22
for delta, |t| = 3.13 for theta and |t| = 3.12 for alpha band (single-threshold tests for the maximum
t-statistics).

When considering the delta band, we observed a significant PSD decrease in the
midline frontal areas during the VH condition as compared to the RS one. An analogous
decrease, but one involving virtually the whole frontal area, was found when considering
the theta band. Both for the delta and the theta band, the frontal decrease was paralleled by
an increase of PSD in the midline posterior areas. The alpha band was instead characterized
by an increase of PSD in occipital areas covering the whole visual cortex and extending
toward midline posterior areas (for statistical details, see SM, Figure S1).
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Based on whole scalp comparisons, we selected four representative electrodes (one
for each area showing significant between-condition differences, and one “control” elec-
trode): Fz, Pz, Oz, and Cz. As apparent from Figure 2, both VH and RS conditions were
characterized by a peak of theta activity in the frontal areas (midline frontal theta, see Fz
subplot). In line with whole scalp comparisons, both delta and theta PSD were higher
during the RS condition as compared to those in VH. The same theta peak was observed
when considering the Cz electrode, although in this case, no significant PSD difference
was found between VH and RS, in line with findings about whole scalp comparisons (see
Figure 1).

 

Figure 2. The PSD of VH and RS conditions are presented as a function of frequency for four
representative electrodes. In each subplot, the solid line represents, for each condition, the mean PSD
value, whereas the colored areas highlight the values enclosed between the mean-standard error and
mean + standard error interval.

When considering the Pz derivation, we observed a local increase of PSD encompass-
ing the theta and alpha bands, coherently for the two conditions. Of note, PSD during VH
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was significantly higher than that observed during RS coherently for the three bands of
interest (in line with whole scalp analyses).

Finally, regarding occipital areas (Oz subplot), we found a local increase of PSD
(theta, but mostly alpha band) analogous to that observed for Pz when considering the
VH condition.

Classical Connectivity Analysis (dwPLI)

We next verified whether the VH condition induced significant changes in connectivity
as compared to RS. When considering either the delta or the alpha band, we did not observe
any between-condition difference (see SM, Figure S2). At variance with the latter bands,
we found a widespread decrease of connectivity within the theta band during the VH
condition (Figure 3 and SM, Figure S2). Significant decreases involved the whole frontal
area and posterior-central areas of the right hemisphere.

 

Figure 3. Significant decreases in theta band connectivity are presented for the VH versus RS
comparisons (blue lines). The critical t-value (in absolute value) for significance at p = 0.05 is
|t| = 3.12 (single threshold tests for the maximum t-statistics).

Graph Theoretic Metrics

For each subject, condition, and epoch, connectivity values across all channel pairs
were used to construct symmetric 183 × 183 connectivity matrices for each considered band.
Connectivity matrices were then thresholded by varying the connection density to retain
between 90% and 10% of the highest dwPLI values (steps of 2.5%). At each connection
density, we characterized the weighted network’s topological features using the following
metrics: (a) network strength, (b) local efficiency, (c) global efficiency, (d) modularity, and
(e) participation coefficient. Each metric was averaged across connection densities (see
Figure 4 and SM, Table S1). The estimated metrics as a function of connection density are
presented in SM (Figures S3–S5).
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Figure 4. For each graph metric in the theta band, descriptive statistics for the two conditions
are presented (mean + standard error). In each subplot, the orange bar represents the considered
metric estimated during the VH condition, while the blue bar represents the metric related to the
RS. Significant between-condition differences (p < 0.05 after FDR correction) are highlighted by a
black line connecting the two bars. Graph strength is presented in (A), local efficiency in (B), global
efficiency in (C), modularity in (D) and participation coefficient in (E).

No significant difference was found for any graph metric when considering either
the delta or alpha networks (see SM, Tables S1 and S3). On the other side, we observed
a disruption of small-world attributes typical of complex networks [37] during VH as
compared to RS. Indeed, theta networks showed a lower network strength, paralleled by a
decrease of both local and global efficiency. On the other side, the whole scalp networks
showed a higher modularity complemented by a lower participation coefficient although
the latter comparison was not significant (see Figure 4). Of note, findings about theta
networks were consistent across connection densities (SM, Table S2).

Lempel–Ziv Complexity

We next estimated band-wise LZC. No significant between-condition difference was
found either when considering delta or theta bands (see SM, Figure S6). A significant
enhancement of alpha band complexity over large scalp areas was observed during the VH
period as compared to that in the RS condition (Figure 5). Significant increases were found
in the midline frontal areas, posterior areas of the left hemisphere, and centro-posterior
areas of the right hemisphere.
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Figure 5. Average Lempel-Ziv complexity (LZC) scalp maps for each band and condition are
presented in the first two columns. Band-wise comparisons are presented in the third column. Black
dots indicate electrodes showing a significantly higher LZC during the VH condition as compared to
the RS one, white dots (if present) indicate the opposite relationship. The critical t-value (in absolute
value) for significance at p = 0.05 is |t| = 2.41 (single threshold tests for the maximum t-statistics).

4. Discussion

In the present study, the electrical brain activity of an 85-year-old patient with a
late-onset visual impairment and CBS was investigated by comparing two conditions:
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(1) resting state (RS, without any hallucinatory experience, 7.5 min of cleaned data) and
(2) visual hallucinations (VH, 8 min of cleaned data).

When looking at PSD, during the RS condition, we observed the emergence of
theta activity in the frontal areas, and of theta–alpha in the posterior and occipital ones
(Figures 1 and 2). These findings seem at odds with those observed in healthy subjects,
as during relaxed wakefulness the human brain activity is characterized by a marked
rhythmic electrical activity in the alpha band (8–13 Hz; [38]), which in an eyes-closed
condition shows an occipital prevalence. However, the results herein described come as
no surprise, as previous studies highlighted how blind people show a reduction of alpha
activity over parieto-occipital areas [39], paralleled by a reduced gray matter volume in
these very same areas as previously observed in this patient [20]. Moreover, the onset and
duration of blindness are predictors of the decline of alpha activity in blind people [40]. At
variance with resting state phase, during the VH period, we observed the reinstatement of
a “pure” low-alpha activity in occipital areas, see Figure 1. Of note, the presence of alpha
activity has recently been proposed as an active mechanism for visual processing [41].

In both conditions, the patient showed a topologically widespread enhancement
of slow activity (delta–theta bands) paralleled by a reduced alpha activity. A cofactor
contributing to the emergence of this EEG pattern could be related to aging: indeed, as
observed by Ishii and colleagues [42], physiological aging is characterized by (i) a reduction
in the amplitude of alpha activity (8–13 Hz), (ii) a slowing of the background activity, and
(iii) a global increase of delta (1–4 Hz) and theta (4–8 Hz) power.

As compared to RS, the VH condition was characterized by PSD decreases in the
midline frontal areas for delta and theta bands. Both decreases were paralleled by PSD
increases in the midline posterior areas corresponding at a cortical level to posteromedial
cortical regions, thus including the precuneus. This latter structure has been associated
with self and visual awareness [43], and its activity seems to correlate with self-reflection
processes [44,45], including mental imagery [46]. Based on these considerations, we specu-
late that the activity of the posteromedial cortex could play a crucial role in the patient’s
awareness of perceiving visual hallucinations instead of real scenarios. During the VH
condition, coherently with what always happens when the patient is hallucinating outside
(as reported during the anamnesis with the neurologist), the subject was aware of the
unreality of his hallucinations, suggesting a successful and preserved reality monitoring.
Interestingly, the precuneus has been identified as one of the regions of interest supporting
successful reality monitoring in humans [47]. In general, CBS patients do recognize the un-
reality of their visual hallucination [1]: this ability may be related to the fact that they were
sighted people becoming blind very late in their life. The unreality of the hallucinations is
experienced as pleasant by our CBS patient, but this is not the case of all CBS patients who
may, in some cases, suffer from anxiety [48].

When considering the alpha band, we observed a PSD increase during the VH condi-
tion (as compared to RS), encompassing both the visual cortex and midline posterior areas.
Interestingly, the patient showed increased functional connectivity (estimated by fMRI)
in the same posterior midline regions, which are included both in the secondary visual
and salience networks, as compared to a sample of late-blind subjects [20]. The observed
functional reorganization involving regions known to be crucial for self-awareness and
for the processing of visual, salient stimuli could be related to the emergence of visual
hallucinations in CBS. On the other side, frontal midline theta has been associated with
cognitive control [49]: indeed, the significant decrease of this activity during the VH phase
could be at the basis of an individual’s inability to control either the emergence of the
hallucinations or their visual content. Finally, the significant increase of alpha activity
in occipital areas is plausibly related to the appearance and development of the visual
hallucinations, which have been linked to the endogenous activation of large sections of the
visual cortex [6]. In CBS patients, neural populations within the visual system are deprived
of external inputs due to visual loss, a condition that may lead to a hyper-sensitization
to spontaneous activity fluctuations, which may in turn result in the emergence of visual
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hallucinations [50]. We make the hypothesis that the increase of occipital alpha activity
could be the neural correlate of such a hyper-sensitization.

We have also revealed a widespread decrease of connectivity within theta band
including the whole frontal area and posterior-central areas of the right hemisphere during
the emergence of visual hallucinations. This widespread decrease was accompanied at
a network level, by a concurrent decrease of small-worldness (lower local and global
efficiency) and an increase of the network’s modularity. Interestingly, similar disruptions of
small-worldness (i.e., decreased local efficiency and longer path length/decreased global
efficiency) are consistently reported in studies on schizophrenia, whose core symptoms
are hallucinatory experiences (mainly auditory, 75% of patients) and delusions [51,52],
although about 35% of patients also experience visual hallucinations [53].

While a comparison between hallucinations in two such different pathological condi-
tions seems at least hazardous, this parallelism is motivated by the hypothesis of common
neurobiological mechanisms subtending all hallucinatory experiences be they auditory
or visual [53,54]. The proposed model posits that the emergence of hallucinations stems
from widespread impairments in attention and/or perception and stands on evidence
from resting-state studies showing impaired connectivity within the Default Mode Net-
work (DMN) and between brain attentional networks (i.e., ventral and dorsal attention
networks; [54]). This hypothesis and the “release phenomenon” hypothesis [10,11] are not
mutually exclusive. Our findings may support both, considering, respectively, the decrease
of connectivity in the frontal areas and the heightened alpha activity in occipital regions
during visual hallucinations.

Finally, we observed a significant enhancement of alpha band diversity (LZC) over
large scalp areas including midline frontal areas, centro-posterior areas of the left hemi-
sphere, and posterior areas of the right hemisphere during the VH period as compared to
RS. Interestingly, an increase of alpha diversity was observed following the administration
of N, N-dimethyltryptamine (DMT), a psychedelic drug known to induce visual halluci-
nations [55], as compared to the administration of a placebo, and during stroboscopically
induced visual hallucinations [56]. In line with Timmermann and colleagues’ work [55],
the increase in signal diversity here described, can be interpreted within the “entropic brain
hypothesis” framework, which posits that the quality of any conscious state depends on the
system entropy [57], and as such, signal diversity measures such as LZC are reliable indices
of the richness of contents of any conscious experience be it “real” or “hallucinatory”.

We have described significant electrical brain changes in the visual cortex and in
core cortical regions encompassing both the default mode and fronto-parietal attentional
networks, which could contribute to the occurrence of visual hallucinations in CBS. We
believe that this study provides a substantial contribution to the investigation of the
electrophysiological signatures of CB syndrome at large and on the emergence of visual
hallucinations linked to CBS. That said, we must acknowledge that this work is not free of
limitations, and thus, our results should be interpreted cautiously as this is a case report
study, which limits the generalizability of the presented results. Further studies should
focus on electrical brain activity changes in a higher number of patients with CBS, in
comparison with control groups such as for example matched late-blind people who do
not suffer from hallucinations. Nevertheless, the CBS syndrome is quite rare. Furthermore,
the spatial resolution of EEG is relatively low, and therefore, we do not have compelling
evidence for the involvement of specific brain regions in the hallucinations. Finally, due to
the presence of muscular artifacts, we limited our analyses to slow frequency bands (i.e.,
delta, theta, and alpha), preventing a thorough characterization of CBS electrophysiological
correlates both during the resting state and during visual hallucinations.

5. Conclusions

As a concluding remark we would like to stress that, as this syndrome is relatively rare,
both CBS trait and state (i.e., visual hallucinations) findings herein described, provide a
first and up-to-now unique electrophysiological window on CBS and visual hallucinations
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at large. Indeed, we believe that the CBS can provide a useful clinical model for advancing
our understanding of the electrophysiological mechanisms underlying the emergence of
visual hallucinations. Future high-density EEG studies including larger samples of CBS
patients are needed to confirm and extend the findings of this study.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/cells10081991/s1, Figure S1: Statistics of the PSD analysis, Figure S2: Statistics of the
connectivity analysis, Figure S3: Graph theoretical metrics: Delta, Figure S4: Graph theoretical
metrics: Theta, Figure S5: Graph theoretical metrics: Alpha, Figure S6: Statistics of the Lempel–Ziv
complexity, Table S1: Delta networks, Table S2: Theta networks, Table S3: Alpha networks.
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Abstract: Introduction: Retinal imaging is a non-invasive tool to study both retinal vasculature and
neurodegeneration. In this exploratory retinal curcumin-fluorescence imaging (RFI) study, we sought
to determine whether retinal vascular features combined with retinal amyloid burden correlate with
the neurocognitive status. Methods: We used quantitative RFI in a cohort of patients with cognitive
impairment to automatically compute retinal amyloid burden. Retinal blood vessels were segmented,
and the vessel tortuosity index (VTI), inflection index, and branching angle were quantified. We
assessed the correlations between retinal vascular and amyloid parameters, and cognitive domain
Z-scores using linear regression models. Results: Thirty-four subjects were enrolled and twenty-nine
(55% female, mean age 64 ± 6 years) were included in the combined retinal amyloid and vascular
analysis. Eleven subjects had normal cognition and 18 had impaired cognition. Retinal VTI was
discriminated among cognitive scores. The combined proximal mid-periphery amyloid count and
venous VTI index exhibited significant differences between cognitively impaired and cognitively
normal subjects (0.49 ± 1.1 vs. 0.91 ± 1.4, p = 0.006), and correlated with both the Wechsler Memory
Scale-IV and SF-36 mental component score Z-scores (p < 0.05). Conclusion: This pilot study showed
that retinal venular VTI combined with the proximal mid-periphery amyloid count could predict
verbal memory loss. Future research is needed to finesse the clinical application of this retinal
imaging-based technology.

Keywords: retinopathy; retinal vessels; retinal fluorescence imaging; amyloid; cognitive decline;
Alzheimer’s disease
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1. Introduction

By 2025, the number of people aged 65 years and older with Alzheimer’s dementia
(AD) is projected to reach 7.1 million, which is almost a 22% increase from 2020 [1,2].
The contribution of vascular disease to cognitive performance is increasingly recognized,
as the mechanisms linking vascular dysfunction and neurodegeneration are better char-
acterized [3–7]. Recent reports implicate cerebral vascular pathology as an early and
core contributor to the development of not only vascular dementia but also AD [7–11],
a neurodegenerative condition and looming public health threat [2,12]. Considering the
emerging vascular hypothesis [8,13–15], there is a critical need to incorporate both vascular
and AD biomarkers [16–20] into predictive models to allow for early and sensitive detec-
tion of AD and mixed dementias. Yet, imaging of the skull-shielded brain poses various
limitations for widespread screening in the clinical setting. The retina is a central nervous
system organ that exhibits Aβ deposition and vascular changes [21–33] and is far more
accessible for repeated and high-resolution imaging [34–42]. Dysfunctional pericytes in the
blood-brain barrier (BBB) are significant contributors to the pathogenesis of vascular cogni-
tive impairment, including cerebral small vessel and cerebral large vessel disease, as well
as AD [28,43]. BBB pericyte injury is a predictor of apolipoprotein E (APOE) ε4-associated
cognitive decline [4]. In contrast, BBB dysfunction mediates cerebral Aβ deposition, the
retinal–blood barrier mirrors the BBB, and its disruption in the form of retinopathy was
shown to predict cognitive decline [28,44–49]. Post-mortem retinal vessels derived from
patients with mild cognitive impairment (MCI) and AD exhibited early and progressive
pericyte loss as well as Aβ accumulation inside retinal pericytes, correlating with similar
AD pathology in the brain [28]. Several studies demonstrated the linkage between retinal
vascular fractal dimensions, caliber, and both tortuosity and cognitive deterioration [45–51].
The retinal arteriolar central reflex to vessel width ratio in digital retinal photographs
was significantly higher in APOE ε4 allele carriers [48], hence the retina may allow for
non-invasive monitoring of the effects of APOE ε4 on the cerebrovascular disease. Similarly,
as targeting vascular risk factors is being considered in dementia prevention trials [52],
retinal vascular assessments could offer a window for assessing the response to various
interventions.

Recent work has highlighted the promising utility of retinal fluorescence imaging, an
emerging technique capable of non-invasively imaging and quantifying the retinal amyloid,
which is the pathological marker of AD [22,23,26,34,53–55]. Using this technique, our group
previously identified a significant association between retinal amyloid count, especially
in the proximal mid-periphery area, and the severity of cognitive impairment as well as
hippocampal volumes [34,35]. As the same retinal imaging modality also allows for retinal
vasculature analysis, we aimed to quantitatively examine both retinal vascular and retinal
amyloid biomarkers in a cohort of subjects with cognitive decline. In this proof-of-concept
exploratory study, we sought to examine the relationship between retinal microvascular
features and retinal amyloid burden, with global and domain-specific cognitive scores.

2. Materials and Methods
2.1. Participants

This pilot study was approved by the Cedars-Sinai Institutional Review Board. All
subjects older than 40 years of age presenting to our Neurology clinic with subjective
cognitive decline and interest in undergoing retinal fluorescence imaging were included
in this cohort. All subjects underwent a neurological examination, a standard battery
of neuropsychological tests, and standard-of-care 3 Tesla non-contrast structural brain
magnetic resonance imaging (MRI). No exclusion criteria were prespecified, except for a
history of glaucoma, allergy to mydriatic eye drops, curcumin, or vitamin E. All subjects
provided written informed consent prior to the commencement of the study.
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2.2. Retinal Imaging

After ocular dilation, the retinal imaging was performed with a confocal scanning
ophthalmoscope (RetiaTM, CenterVue SpA) that utilizes blue light for the excitation of
curcumin emission to obtain fluorescent images of the retina, following a study design
described in prior reports (Figure 1A) [34,35]. Curcumin has high affinity and specificity for
the β-pleated sheets of Aβ, specifically for Aβ42, oligomers, and fibrils, which are linked
to AD [56–61]. The researchers conducting the retinal image processing and quantifications
were blinded to the patients’ clinical characteristics.
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Figure 1. Study timeline of brain and retinal imaging followed by sectoral amyloid and vascular analysis. Study design
scheme illustrating that subjects underwent baseline brain imaging and neuropsychological evaluation, followed by retinal
fluorescence imaging after 4 days of daily oral curcumin intake (A). Illustration of the region of interest in the right eye
supero-temporal retinal quadrant and its three subregions, which were used for quantifying retinal amyloid counts (B).
Illustration of the region of interest used for the retinal vascular analysis. The red circle indicates the center of the optic
nerve-head and the smallest yellow circle shows the optic nerve-head area. The two larger circles indicate the region of
interest for the vascular analysis, which were 1.5 and 4 times the diameter of the optic disc. The branching angle and
tortuosity of vessels within the region of interest were calculated. Arteries and veins are outlined by red and blue lines,
respectively (C). Graphs illustrating differences in total amyloid (D) and proximal amyloid counts (E) when stratified by
cognitive status. Graphs illustrating the differences between arterial branching angle (F) and the venous tortuosity index (G)
when stratified by CDR. * p < 0.05; ** p < 0.01, by two-tailed unpaired student t-test or one-way ANOVA and Bonferroni’s
post-hoc test. Abbreviations: MRI, magnetic resonance imaging; PP, posterior pole; PMP, proximal mid-periphery; DMP,
distal mid-periphery; ODD, optic disc diameter; CDR, Clinical Dementia Rating; and VTI, vessel tortuosity index.

2.3. Retinal Amyloid Quantification

The set of retinal images were processed using an automated retinal fluorescence
measurement software system (NeuroVision Imaging, Inc., Sacramento, CA, USA). A
combination of algorithms, including background correction, followed by characteriza-
tion of the corrected retina using a mixture model, were used to identify pixels that were
abnormally bright. Specifically, the primary factor of the variation in pixel intensity is
illumination variability across the entire field of view (e.g., edges of the image become
dark). This variability is addressed by estimating the background level and correcting
it. The secondary factor in pixel variability is the structure to which it depends on. Ves-
sels appear dark or hypofluorescent, while the amyloid appears identically as bright or
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hyperfluorescent. The background correction produces all vessels at a more consistent
pixel value. In a similar manner, this occurs for the retina and amyloid spots. Choos-
ing the appropriate threshold is possible using the mixture model, which characterizes
hypofluorescent, isofluorescent, and hyperfluorescent pixels appropriately. A common
region of interest (ROI) in the supero-temporal quadrant was applied with a field of view
of 50 degrees, positioned on the image center using fovea and optic nerve-head centers
as reference points to correct for eye rotation, with a zone around the fovea and optic
nerve-head masked, as previously reported [35]. The ROI was further divided into three
subregions: posterior pole, proximal mid-periphery, and distal mid-periphery (Figure 1B).
Retinal amyloid count was quantified in the target ROI and three specified subregions.

2.4. Retinal Vascular Quantification

From the same retinal fundus images, an ROI was defined within a circumpapillary
region centered on the optic nerve-head (ONH) and extending between 1.5 and 4 ONH
radii (Figure 1C) [62]. Before the analysis, retinal images were visually inspected to ensure
vessels were visible and that there was no reflectivity that could influence the result. The
major vessels were detected after intensity normalization to minimize the effect of other
influencing factors. Retinal vessels within the ROI were segmented using the Frangi
vesselness filter to generate a binary image [63]. The vessels were classified into arteries
and veins by a human observer based on the facts that retinal arteries are brighter in
color and thinner in width compared to veins [64]. For each vessel segment on the binary
image, vessel endpoints were selected, and distance transformation was used to extract
the vessel centerline. The extracted centerlines were smoothed using a cubic spline with
a regularization parameter of 3 × 10−5. For each centerline, several geometric features,
including the vessel tortuosity index (VTI), vessel inflection index, and branching angle,
were non-automatically quantified. The VTI was calculated for each centerline based on a
combination of local and global centerline geometric variables, as explained previously,
that can detect alterations in the retinal vessels’ curvature with pixel-level accuracy [65].
Equation (1) shows the formula for the VTI.

VTI = 0.1 ×
(

SDθ.N.M.
LA

LC

)

(1)

where SDθ the is standard deviation of the angle difference between lines tangent to each
centerline pixel and a reference axis (i.e., x-axis), and M is the average ratio of the centerline
length to its chord length between pairs of inflection points, including centerline endpoints.
N is number of critical points where the first derivative of the centerline vanishes, while
LA and Lc are the length of the vessel and its chord length, respectively. The VTI is shown
to provide good correspondence with human perception of tortuosity and is invariant to
rigid transformations. Similar to other measures of tortuosity, VTI is unitless. Its minimum
value is zero, while it has no theoretical maximum as it can increase with the twistedness of
a vessel. The vessel inflexion index was determined based on a number of inflection points
along the vessels. Mathematically, these were pixels where the second derivative of the
centerline vanishes. The vessel inflexion index represents local changes in the tortuosity
of vessels and was found to be robust for ranking the tortuosity of vessels with similar
lengths [66]. The branching angle of the vessels was calculated interactively using the
open-source tool GIMP 2.8.

2.5. Cognitive Evaluation

All participants underwent a standard battery of neuropsychometric testing per-
formed by a licensed neuropsychologist (DS). Standard neuropsychological testing in-
cluded the Montreal Cognitive Assessment (MOCA), global Clinical Dementia Rating
(CDR), as well as general cognitive (ACS-test of Premorbid Functioning) and specific cog-
nitive domain assessments: attention and concentration (Wechsler Adult Intelligence Scale
(WAIS)-IV); verbal memory (California Verbal Learning Test (CVLT) II, Wechsler Memory
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Scale (WMS)-IV, and Logical Memory II); non-verbal memory (Rey Complex Figure Test
and Recall (RCFT) 30 min, and Brief Visuo-Spatial Memory Test Revised (BVMT-R) Delayed
Recall); language (Fluency-Letter (FAS) and Fluency-category (animals)); visuo-spatial
ability (Rey Complex Figure Test and Recognition Trial (RCFT) Copy); speed of information
processing (Trails A and B); and symptom validity and functional status (SF-36 Physical
Component Score (PCS) and Mental Component Score (MCS)). We also evaluated the
subject’s emotional status using the Beck Depression Inventory II, Geriatric Depression
Scale, and Profile of Mood State/Total Mood Disturbance.

2.6. Statistical Analysis

Descriptive statistics were calculated for patient demographics and clinical character-
istics. Unless otherwise stated, data are expressed as mean ± standard deviation. Subjects
were partitioned into three groups according to the Clinical Dementia Rating (CDR) (0.5,
questionable impairment; 1, mild cognitive impairment; and 2, moderate cognitive im-
pairment) [67] and dichotomized using MOCA, which demonstrates excellent sensitivity
and specificity for both mild cognitive impairment (MCI) and AD. Using the cutoff score
of <26, the MOCA has excellent sensitivity for MCI (90%) and AD (100%), as well as for
the specificity for normal controls (87%). Positive (PPA) and negative predictive accuracy
(NPA) were also reported to be excellent with a PPA of 89% and NPA of 91% for MCI,
and a PPA of 89% and NPA of 100% for AD [68]. The subjects were also partitioned into
groups according to the neuropsychometric diagnosis (normal cognition versus impaired
cognition).

To produce combined indices of retinal vascular and amyloid measures, each variable
was first inspected for normality; any non-normal variables were then log-transformed
to produce a normal distribution. Each normalized variable was then standardized to
a mean of 0 and a standard deviation set equal to 1. While higher amyloid count was
associated with worse cognitive function, higher venous vascular tortuosity index (VTI)
values were associated with better cognitive function. To account for this inverted scale,
the standardized values of venous VTI were multiplied by −1. Standardized variables
were then summed to produce exploratory, combined index measures of retinal amyloid
and retinal vascular features.

Differences in continuous variables between levels of CDR were assessed through
one-way analysis of variance (ANOVA), with Bonferroni’s post-hoc test for the correction
of multiple comparisons. Differences in the continuous variables between diagnostic
scores were assessed using Student’s t-test. Linear regression was performed to assess the
relationship between retinal vascular and retinal amyloid measures, as well as to assess
the relationship between combined retinal vascular and amyloid counts, and cognitive
parameters. All statistical analyses were performed using STATA v15.1 (StataCorp, College
Station, TX, USA) with an a priori significance level of 0.05.

3. Results

Our study included a total of 34 subjects that presented to our Neurology clinic with
cognitive concerns. Out of those 34, 29 had retinal images of sufficient quality to undergo
both retinal amyloid and vascular analysis; their demographics and preexisting conditions
are shown in Table 1. Mean MOCA was 26 (range of 4–32) and median MOCA was 27.
Eleven subjects had a CDR of 0.5, 15 had a CDR of 1, and 3 had a CDR of 2. Regarding the
formal neuropsychometric cognitive evaluation, 11 (37.93%) patients had normal cognition
and 18 (62.06%) had impaired cognition (six with amnestic MCI, nine with multidomain
MCI, two probable AD cases, and one with possible fronto-temporal lobar degeneration).

Linear regression analyses revealed that the venous branching angle correlated with
the distal mid-periphery amyloid count (p = 0.03) and the arterial inflexion index correlated
with the posterior pole amyloid count (p = 0.02). There were no associations between retinal
vascular parameters and amyloid count in the proximal mid-periphery (Table S1).

451



Cells 2021, 10, 2926

Table 1. Demographics and medical history of subjects in the combined retinal vascular and retinal
amyloid analysis.

N (% female) 29 (55)
Age (years) 64 ± 6

Preexisting health conditions, N (%)
Hypertension 11 (38)

Hyperlipidemia 15 (52)
Diabetes 3 (10)

Hyperthyroidism 8 (28)
Stroke/TIA 1 (3)

Heart disease/CAD/CHF 1 (3)
Smoking h/o 2 (7)

The analysis of retinal vascular and amyloid measures according to strata of cogni-
tive function showed that the retinal PMP amyloid count and total amyloid count were
significantly higher in the cognitively impaired compared to normal cognition participants
(PMP: 144 ± 52 vs. 85 ± 32, p = 0.0012; total: 343 ± 90 vs. 247 ± 82, p = 0.04; Figure 1D,E
and Table 2). There was no significant difference in the venous branching angle (p = 0.98)
or arterial VTI (p = 0.53) across levels of CDR, whereas the arterial branching angle reached
near significance (p = 0.066; Figure 1F). Venous VTI was significantly different across levels
of CDR (mean ± SD of venous VTI values across increasing CDR categories: 0.13 ± 0.02,
0.13 ± 0.02, and 0.09 ± 0.02; p = 0.026; Figure 1G). Given these group differences and be-
cause of the independence of retinal vascular and retinal amyloid measures, the following
combined amyloid-vascular indexes were calculated as exploratory variables: proximal
mid-periphery amyloid count-venous VTI, total amyloid count-venous VTI, proximal
mid-periphery amyloid count-arterial branching angle, and total amyloid count-arterial
branching angle. One-way ANOVA revealed significant group differences in the VTI
indices when compared according to the CDR level (Figure 2A–D). The combined proximal
mid-periphery amyloid-venous VTI index was the only combined index measure exhibit-
ing significant group differences when the cognitively impaired were compared to the
cognitively normal subjects (0.49 ± 1.1 vs. −0.91 ± 1.4, p = 0.006; Figure 2E and Table 2).

Table 2. Vascular and amyloid parameters stratified by the cognitive status.

Variable
Normal Cognition

(n = 11)
Impaired Cognition

(n = 18)
p

Age (years; mean ± SD) 66.92 ± 7.7 67.06 ± 7.41 0.954

Years of education (mean ± SD) 16.05 ± 1.43 15.59 ± 2.76 0.432

Arterial hypertension (%) 6 (54.4) 10 (55.55) 0.633

Dyslipidemia (%) 6 (54.4) 11 (61.11) 0.924

Diabetes Mellitus (%) 0 (0) 3 (16.66) 0.563

Hippocampal volume (cm3; mean ± SD) 7.82 ± 0.78 6.12 (±0.87) 0.051

Arterial branching angle (mean ± SD) 66.45 ± 13.0 63.3 ± 13.9 0.55

Venous branching angle (mean ± SD) 58.5 ± 6.1 59.0 ± 12.3 0.94

Arterial vessel tortuosity Index (mean ± SD) 0.15 ± 0.05 0.14 ± 0.06 0.42

Venous vessel tortuosity index (mean ± SD) 0.13 ± 0.02 0.12 ± 0.02 0.40

Arterial length (mean ± SD) 2687 ± 288 2706 ± 297 0.87

Venous length (mean ± SD) 2614 ± 270 2689 ± 276 0.50

Arterial vessel inflexion index (mean ± SD) 5.6 ± 0.80 5.5 ± 0.81 0.70
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Table 2. Cont.

Variable
Normal Cognition

(n = 11)
Impaired Cognition

(n = 18)
p

Venous vessel inflexion index (mean ± SD) 5.2 ± 0.91 5.3 ± 0.78 0.83

Proximal mid-periphery amyloid count
(mean ± SD)

85 ± 32 144 ± 52 0.0012

Distal mid-periphery amyloid count
(mean ± SD) 91.3 ± 63 93.1 ± 45 0.92

Posterior pole amyloid count (mean ± SD) 98 ± 60 106 ± 46 0.66

Total amyloid count (mean ± SD) 247 ± 82 343 ± 90 0.04

Combined proximal mid-periphery amyloid count–arterial
branching angle index

(mean ± SD)
−0.56 ± 1.3 0.27 ± 1.4 0.11

Combined proximal mid-periphery amyloid count–venous
tortuosity index (mean ± SD)

−0.91 ± 1.4 0.49 ± 1.1 0.0068

Combined total amyloid count–arterial branching angle index
(mean ± SD) −0.27 ± 1.3 0.08 ± 1.4 0.51

Combined total amyloid count–venous tortuosity index
(mean ± SD) −0.62 ± 1.5 0.29 ± 1.3 0.09
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Figure 2. Combined retinal amyloid and vascular parameters in patients stratified by cognitive scores. Graphs illustrating
the differences in the combined proximal mid-periphery amyloid-arterial branching angle index (A), total amyloid-arterial
branching angle index (B), proximal mid-periphery amyloid-venous tortuosity index (C), and total amyloid-venous
tortuosity index (D) when stratified by CDR score. Graphs illustrating the differences between the combined proximal
mid periphery amyloid-venous tortuosity index (E) and total amyloid-venous tortuosity index (F) when stratified by the
cognitive status. Bar graphs show the mean and deviation (* p < 0.05 and ** p < 0.01 by two-tailed paired Student’s t-test).
Abbreviations: VTI, vessel tortuosity index; ABA, arterial branching angle; PMP, proximal mid-periphery; and CDR, Clinical
Dementia Rating.
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We performed regression analyses to evaluate the correlations between retinal vascular
geometric parameters and retinal amyloid counts with cognitive domain Z-scores. We
found that the venous branching angle correlated with the WAIS-IV-digit span Z-score
(Beta −0.045 (SE 0.015), p = 008). The total amyloid count correlated with the SF-36-MCS
Z-score (Beta −0.004 (SE 0.002), p = 0.046), whereas the proximal mid-periphery amyloid
count correlated with two verbal memory measures, namely CVLT-II Long Delay (Beta
−0.009 (SE 0.003), p = 0.027) and WMS-IV LM-II (Beta −0.007 (SE 0.003), p = 0.028). The
distal mid-periphery amyloid count correlated with non-verbal memory, RCFT Delayed
Recall (Beta −0.01 (SE 0.005), p = 0.04), and SF-36-MCS (Beta −0.014 (SE 0.004), p = 0.004;
Table 3).

Table 3. Retinal vascular and amyloid parameter predictors of cognitive domain measures.

Retinal Parameter
Cognitive Measures’

Z-Score
Beta (Std. Err) p

Venous branching angle WAIS-IV −0.045 (0.015) 0.008
PMP amyloid-venous VTI CVLT Long Delay −0.37 (0.17) 0.04
Total amyloid-venous VTI WMS LM-II −0.44 (0.13) 0.03

PMP amyloid-arterial branching angle WMS LM-II −0.35 (0.16) 0.04
PMP amyloid-venous VTI WMS LM-II −0.53 (0.13) 0.001
Total amyloid-venous VTI MCS −0.30 (0.14) 0.04
PMP amyloid-venous VTI MCS −0.33 (0.15) 0.03

PMP amyloid count CVLT Long Delay −0.009 (0.003) 0.02
PMP amyloid count WMS LM-II −0.007 (0.03) 0.02
DMP amyloid count RCFT 30 min Recall −0.010 (0.005) 0.04
DMP amyloid count MCS −0.014 (0.004) 0.004
Total amyloid count MCS −0.004 (0.002) 0.04

Abbreviations: VTI, vessel tortuosity index; PMP, proximal mid-periphery; DMP, distal mid-periphery; WAIS, Wechsler Adult Intelligence
Scale; CVLT, California Verbal Learning Test; WMS LM-II, Wechsler Memory Scale Logical Memory II; RCFT, Rey Complex Figure Test and
Recall; MCS, Mental Component Score; and Std. Err, standard error.

The combined proximal mid-periphery amyloid-venous VTI index correlated with both
verbal memory performance Z-scores (WMS-IV LM-II (Beta −0.537 (SE 0.138), p = 0.001)
and CVLT-II Long Delay (Beta −0.370 (SE 0.176), p = 0.046)), as well as with the mental
component of the cognitive-related quality-of-life score (SF-36-MCS (Beta −0.338 (SE 0.153),
p = 0.039); Figure 3C,D). The combined total amyloid-venous VTI index correlated with
WMS-IV LM-II (Beta −0.440 (SE 0.132), p = 0.003) and SF-36-MCS (Beta −0.302 (SE 0.141),
p = 0.045; Figure 3A,B and Table 3).
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Figure 3. Retinal amyloid count combined with retinal venous VTI correlated with verbal memory and cognitive-related
quality-of-life measures. Graphs illustrating the correlations between the combined total amyloid-venous tortuosity index
and verbal memory (A) and cognitive-related quality-of-life Z-scores (B), and the correlations between the combined
proximal mid-periphery amyloid-venous tortuosity index and verbal memory (C) and cognitive-related quality-of-life
Z-scores (D). Abbreviations: WMS-IV LM II, Wechsler Memory Scale IV Logical Memory II; WMS-IV, Wechsler Memory
Scale IV; SF-36 MCS, SF-36 Mental Component Score; PMP, proximal mid-periphery; and VTI, vessel tortuosity index.

4. Discussion

The main findings from this exploratory investigation of retinal fluorescence imag-
ing are that retinal vascular features do not significantly correlate with retinal amyloid
deposition in the proximal mid-periphery area; proximal mid-periphery retinal amyloid
count correlates with verbal memory; and the combination of the retinal amyloid and
venous tortuosity index into standardized index scores can provide a more comprehensive
indicator of cognitive performance.

Microvascular damage is increasingly recognized as a critical initiator of vascular cog-
nitive impairment and AD pathology [5,9,69]. Vascular dysregulation, leading to cerebral
amyloid accumulation, and the link between cerebrovascular disease and dementia are
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explained by several mechanisms [4,5,70]. Pericyte loss and deficient vascular platelet-
derived growth factor receptor-β signaling were identified in both the retinal and cerebral
vasculature in subjects with MCI and AD [4,28]. Prior reports demonstrated that retinal
vasculature may be used as a biomarker of early or preclinical dementia [71], and retinal
microvascular abnormalities in MCI and dementia have been demonstrated using vari-
ous retinal vasculature imaging modalities (e.g., retinal fundus photography [48,72,73],
optical coherence tomography angiography [74,75], high-frequency flicker-light stimu-
lation [51,76], and the retinal function imager [74]). Conversely, den Haan et al. [77]
showed that retinal vascular measures did not differ between patients with AD and control
participants, and venular tortuosity was smaller in subjects with greater white matter
disease burden. Previous investigations have also shown a strong relationship between
retinal vasculopathy and brain amyloid deposition [30]. Sharafi et al. [30] evaluated the
relationship between retinal vascular statuses (vessel diameter and both tortuosity and
spatial-spectral texture measures) using hyperspectral retinal imaging and CNS amyloid
status (assessed with (18) F-florbetaben positron-emission tomography). They found that
retinal venules of amyloid-positive subjects showed a higher mean tortuosity compared
with the amyloid-negative subjects. This study suggested that the inclusion of metrics
related to retinal vasculature and the surrounding tissue-related texture could improve the
discrimination performance of the cerebral amyloid status [30].

As both retinal amyloid accumulation and retinal vascular pathology [28,34–37] are
reported in patients with MCI, we explored the interplay between retinal vascular geomet-
ric measures and retinal amyloid burden using retinal fluorescence imaging. Prior studies
showed that the retinal proximal mid-periphery area may be the target of amyloid quan-
tification to reflect cerebral AD pathology, as it correlates with cognitive performance and
hippocampal volume [35,37]. In this pilot cohort, we found that retinal vascular features
correlated with amyloid deposition in the posterior pole and retinal distal mid-periphery
area, but not with the proximal mid-periphery area. A possible explanation is that this
investigation measured physical features of the retinal vasculature (e.g., branching angle
and tortuosity index) and did not assess functional endpoints. Additionally, our quantita-
tive vascular analysis could not target the smaller retinal blood vessels. The mechanisms
driving vascular remodeling and amyloid deposition may occur at different rates, leading
to the appearance of these clinical signs at different stages in disease progression. The
investigation of subjects with mainly mild cognitive impairment in our cohort may explain
why venous VTI was lower in subjects with worse cognition and why the other arterial or
venous vascular parameters did not show any significant differences across cognitive strata.
This hypothesis is supported by the lack of association between retinal vascular features
and most of the neuropsychometric cognitive scores in our cohort. Conversely, retinal
vascular measures did not correlate with any cognitive measures except for attention and
concentration. The total and proximal mid-periphery retinal amyloid count correlated with
verbal memory measures, while the distal mid-periphery amyloid count correlated with
non-verbal memory measures. Interestingly, in this cohort with early cognitive disorders,
subjects with higher amyloid counts and worse cognition levels had lower retinal venular
tortuosity. The only combined index that discriminated between individuals with impaired
cognition and normal cognition was the proximal mid-periphery amyloid count-venular
VTI. This combined index was also associated with verbal memory and the ‘mental com-
ponent’ summary of psychological functioning (SF-36 Mental Component Score). This
latter finding reflects the association with cognitive-related psychological and emotional
functioning. This appears to represent an exclusive contribution, as physical functioning
status, as demonstrated by the SF-36 Physical Component Score, was not associated with
amyloid or vascular retinal markers.

Two or more retinal vascular abnormalities were associated in a dose-response manner
with an increased risk of disabling dementia in a prior study [49]. It is possible that
combined amyloid–vascular indexes are better discriminators of cognitive function, with
the potential for use as outcome measures in AD and mixed dementia trials. Our study is

456



Cells 2021, 10, 2926

limited by a small sample size, heterogeneity, and the absence of genetic and CSF or brain
amyloid biomarkers. Similarly, our patients were not evaluated for all ocular conditions
other than a history of glaucoma. Due to the limited sample size, we could not adjust for
the presence of traditional vascular risk factors or the presence of retinopathy, which are
known contributors to retinal vascular geometric changes. Given the heterogeneity in the
sample size across study groups, further confirmation of these preliminary results will be
necessary in the future for specific groups of early AD and vascular and mixed dementias.

Our findings underscore the potential value of the exploratory amyloid-vascular in-
dexes presented herein. Future investigations are warranted to explore the clinical utility of
retinal fluorescence imaging in concert with combined amyloid-vascular index measures.
More comprehensive cohort studies including a larger sample size and a greater range of
disease severity among the participants could help to elucidate the stage at which retinal
amyloid and/or retinal venular versus arterial impairments begin to develop in cognitive
disorders. Given the cost and technical requirements of gold-standard methods for assess-
ing cerebral amyloid deposition and vascular pathology, further validation of these retinal
imaging methods could potentially yield greater accessibility to testing, thus facilitating
more extensive clinical trials as well as improving the detection of early dementia.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/cells10112926/s1, Table S1: Retinal vascular parameter correlation with retinal amyloid
measures.
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Abstract: (1) Background: Ocular exposure to intense light or long-time exposure to low-intensity
short-wavelength lights may cause eye injury. Excessive levels of blue light induce photochemical
damage to the retinal pigment and degeneration of photoreceptors of the outer segments. Currently,
people spend a lot of time watching LED screens that emit high proportions of blue light. This
study aims to assess the effects of light emitted by LED tablet screens on pigmented rat retinas with
and without optical filters. (2) Methods: Commercially available tablets were used for exposure
experiments on three groups of rats. One was exposed to tablet screens, the other was exposed to the
tablet screens with a selective filter and the other was a control group. Structure, gene expression
(including life/death, extracellular matrix degradation, growth factors, and oxidative stress related
genes), and immunohistochemistry in the retina were compared among groups. (3) Results: There
was a reduction of the thickness of the external nuclear layer and changes in the genes involved in cell
survival and death, extracellular matrix turnover, growth factors, inflammation, and oxidative stress,
leading decrease in cell density and retinal damage in the first group. Modulation of gene changes
was observed when the LED light of screens was modified with an optical filter. (4) Conclusions:
The use of short-wavelength selective filters on the screens contribute to reduce LED light-induced
damage in the rat retina.

Keywords: retinal light injury; LED screen; optical filter; retinal protection

1. Introduction

As early as 1966 it was suggested that exposure to low-intensity short-wavelength
light for a long time can induce retinal damage [1], with the action spectrum (400–440 nm)
of blue light the most dangerous [2,3], able to trigger or exacerbate macular and retinal
damage [4,5]. Both human and animal studies suggest that excessive levels of blue light
induces immediate photochemical damage to the retinal pigment epithelial cells (RPE),
photoreceptors, and ganglion cells [2,3,6–10]. Thus, the phototoxicity of blue light may
contribute to the progression and severity of age-related macular degeneration (AMD) and
vision loss.

Nowadays, light-emitting diodes (LEDs) are gradually becoming the majority of the
domestic light sources, replacing conventional ones [2,11,12]. The most commonly used
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method to produce white LED lights is the use of blue diodes covered with a phosphor
compound; thus, one of the biggest risks of LEDs is its emission spectrum, since it contains
a large blue light component [2,12,13]. Additionally, there is time-related degradation
of phosphorus which leads to a progressively increasing release of short wavelengths
(blue light) [9]. Since LEDs do not directly emit ultraviolet (UV) and infrared (IR) wave-
lengths, the blue light risk is the main ones to focus on when considering LEDs and LED
systems [12].

Recent studies assessing LED effects on the retina using ambient LED lighting have
demonstrated LED phototoxicity [2,3,9,11,12,14,15]. To our knowledge, no data are avail-
able regarding backlit LED screens. People spend increasing amounts of time viewing
backlit LED screens, such as personal computers, tablets, smartphones, etc., at short dis-
tances. Thus, this raised a range of public concerns about their potential risks as retinal
hazards [16–18]. In 2017, Lin et al. investigated the effects of periodic exposure to the
blue LED in rats showing marked retinal damage [19] characterized by an accumulation
of macrophages (identified because express ionized calcium binding adapter molecule-1),
drusen-like materials around the outer segments of the photoreceptors, and finally degen-
eration of the photoreceptors [7]. Additionally, LED induce strong damage in rat retinal
pigment epithelium (RPE) characterized by the breakdown of the blood–retinal barrier
and the induction of necrotic cell death [20]. Furthermore, Balb/c mice exposed to LED
light show a reduction of outer nuclear layer (ONL), increase in TUNEL-positive apoptotic
nuclei, changes in several differentially expressed genes, and downregulation of ubiquitin
and autophagy function [21]. At the basis of those changes is the oxidative stress induced
by LED [22] which affects mitochondria and triggers mitochondrial death signaling path-
ways [17,23], as well as accumulation of damaged lysosomes and subsequent lysosomal
cell death [24].

On the other hand, the deleterious effects of LED lights on the retina can be prevented
partially by blue-light-blocking films [25], or more effectively by lenses with a brown or
gray tint [26].

Previous studies from our research group have demonstrated that exposure to blue
light reduces the number of retinal cells, upregulates genes related to cell death, downregu-
lates genes involved in cell survival, increases the activity of genes involved in extracellular
matrix degradation, and alters the expression of growth factor that participates in cell
maintenance and survival. These effects can be prevented or reversed by filtering blue
light [27,28]. Therefore, this study aims to evaluate the effects of light emitted by back-lit
LED tablet screens on the retina of pigmented rats and determine whether or not they can
be modified by partially filtering out the emitted short-wavelengths of the visible spectrum.
Based on the multiple pathways that can participate in LED-induced retinal damage, and
our previous experience and studies, the following genes were analyzed: genes involved
in cell survival and death (Bcl-2; Bcl-XL; Bax; Bak; Bcl-XS, Caspases-3 and 9), genes related
to the extracellular matrix (ECM) turnover (MMPs-2 and 9, ADAMTS-12 and 14, TIMPs-1
and 2), genes related to growth factors (BDNF-Trk-B system, VEGF-VEGFr-2 system), and
inflammation (TNF-α, SODs-1 and 2). Furthermore, immunohistochemistry was used to
study determined the protein product of the genes showing greater variation after exposure
to LED. The results could support the effects of short-wavelengths emitted by back-lit LED
screens on gene regulation and assess the efficacy of the filter in removing excessive blue
light radiation, thus potentially providing a retinal photoprotective effect.

2. Materials and Methods
2.1. Animals and Rearing Conditions

Male Lister-Hooded rats obtained from Harlan Laboratories Models, S.L. (Barcelona,
Spain), were housed at the bioterium of the Medical School of the Universidad Complutense
de Madrid (UCM, Madrid, Spain). The animals were kept in a dark environment for 14 days
to remove the effect of light exposure from their previous breeding location, with access
to food and water ad libitum. The use of rats complied with the Statement for the Use of
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Animals in Ophthalmic and Vision Research (ARVO 2013). Animals were treated humanely
and with regard to the alleviation of suffering. This study has the approval of the Animal
Experimentation Committee of the UCM and the Department of Health of the Comunidad
de Madrid, Spain (Reference PROEX 310/15).

Rats were divided into three groups, with 12 animals per group. Group 1 was exposed
to the light emitted by the LED-backlit tablet screens; group 2 was exposed to the light
emitted by the LED-backlit tablet screens with a selective short-wavelength absorption
filter adhered to the screen; the control group was unexposed to LED-backlit tablet screens.
Animals were housed in clear Makrolon Polycarbonate cages, 58 × 38 × 18 cm in size, with
two animals per cage.

2.2. Light Source and Exposure

Light emitted by blank LED-backlit tablet screens, with size 231 × 147.2 × 8.7 mm
(Cristal IPS multitouch 8.9”, 1920 × 1200 px Full HD), set at full brightness was used. The
selective short-wavelength absorption filter used for group 2 exposure conditions was
Reticare® Intensive (Tecnología Sostenible y Responsable S.L., Madrid, Spain). Before
starting the study, the filter was adhered to each tablet screen, following the manufac-
turer’s instructions.

The photo exposure process was designed aiming at simulating the conditions of use
of touch screens by children. The screens were placed surrounding the cages, at a distance
between 4.72 and 5.90 inches of the animal’s eyes, leaving the upper and lower areas
without screens. As for the devices used for photo exposure, tablets were used instead of
smartphones for two reasons: firstly, because the time of use of tablets, in general, is longer
than smartphones; and secondly, because the tablets emit with less intensity (roughly half)
than mobile phones.

Tablet screens were set at 10 cm from each of the four cage walls. For groups 1 and 2,
each cage contained six screens (without or with filter, respectively), one screen in each
of the two short walls, and two screens in each of the two long walls. No screens were
attached to cage ceilings. Figure 1 shows the characteristic of the light LED screen emission
and the illuminance (lux) measured inside the study cages, as well as the transmittance
curve of selective short-wavelength absorption filter (Reticare® Intensive). LED-backlit
screen tablet light emission (with and without filter) was measured with an Ocean Optics
USB2000 + Spectrometer.

−

β

Figure 1. Characteristic of the light LED screen emission and the illuminance (lux) measured inside
the study cages; (a) without optical filter; (b) with the optical filter.

Animals of groups 1 and 2 were exposed to 8-hr dark/16-hr LED-backlit screen tablet
light cycles for three months. All animals, including a control group, were sacrificed at the
end of the exposure period.
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2.3. Tissue Collection, RNA Extraction, and qPCR

The animals were sacrificed with an overdose of pentobarbital sodium (200 mg/kg, ip)
and eyes were removed. The left eyes of each animal were frozen at −80 ◦C and maintained
until quantitative polymerase chain reaction (qPCR) analysis. Right eyes were fixed in
4% formaldehyde for 24 h, then washed in tap water, and routinely processed for paraffin
inclusion, and used for structural and immunohistochemical studies.

Total RNA was extracted from the whole retina using a commercial kit (Trizol Reagent,
Invitrogen, Carlsbad, CA, USA), following the manufacturer’s instructions. After precipita-
tion and cold ethanol washing, RNA was dried and dissolved in an appropriate volume of
Tris–EDTA buffer (10 mM Tris–HCl pH 8.0 and 1mM EDTA-Na2). Each sample was treated
with 1U of DNase I for 1-h at 37 ◦C to digest genomic DNA. RNA was precipitated, washed,
and dissolved again in the same buffer. RNA solution was quantified at 260 nm (Biomate 3,
Thermo Electron Corporation, Waltham, MA, USA) and its purity was assessed by the
ratio of 260/280 nm readings. We used the High Capacity cDNA Archive kit (Applied
Biosystems, Foster City, CA, USA), random hexamers, and 10 µg of total RNA to make
cDNA following the manufacturer’s instructions. Then, 1 µg of cDNA was used to detect
the expression of the genes analyzed in this qPCR study.

Quantitative PCR was performed using 1 µg of the cDNA, and the primers used to de-
tect the investigated genes, and the β-actin were designed based upon the published mRNA
sequences for Rattus norvegicus (Table 1; GenBank accession numbers are included).

Table 1. Genes sequences analyzed in this study.

Accession Number Forward Reverse

Life/Death

Bcl-2 NM_016993 5′-ATCTTCTCCTTCCAGCCTGA3′ 5′-CTGGACATCTCTGCAAAGTC3′

Bcl-xl BC094213 5′-AAGAAACTGAACCAGAAAGG3′ 5′-TAGATCACTGAATGCTCTCC3′

Bax NM_017059 5′-CTACAGGGTTTCATCCAGGA3′ 5′-ATCCACATCAGCAATCATCC3′

Bak AF259504 5′-CTATTTAAGAGCGGCATCAG3′ 5′-ATTACCACTACACTCAGGAT3′

Bcl-xs AF279286 5′-CGGAGAGCATTCAGTGAT 3′ 5′-CCAGCAGAACTACACCAG 3′

Caspase 3 NM_012922 5′-GTCATGGAGATGAAGGAGTA3′ 5′-AGAGTAAGCATACAGGAAGT3′

Caspase 9 NM_031632 5′-GTCTGTACTCCAGGGAAGAT3′ 5′-TTAGCAGTCAGGTCGTTCTT3′

ECM degradation

MMP2 NM_031054 5′-GCAATACCTGAACACTTTCT3′ 5′-ATCTGATTCTTGTCCCACTT3′

MMP9 NM_031055 5′-GACTACGACACAGACAGAAA3′ 5′-GAGTAGGACAGAAGCCATAC3′

ADAMTS-12 NM_001106420 5′-CTGCCAGAATACCACATAGT3′ 5′-TATCTCCTCTCCACGACATA3′

ADAMTS-14 NM_001107636 5′-GCTACCTCCTATCCTACAAT3′ 5′-CTTGGTCTTGCAGAAGTATG3′

TIMP1 U06179 5′-CCACCTTATACCAGCGTTAT3′ 5′-CTGGGACTTGTGGACATATC3′

TIMP22 NM_021989 5′-AGATGTTCAAAGGACCTGAC3′ 5′-CTTCTTCTGGGTGATGCTAA3′

Growth factors

BDNF NM_001270630 5′-GTGACAACAATGTGACTCCA3′ 5′-CATTCACGCTCTCCAGAGTC3′

TrkB AY265419 5′-CCAGAGAACATCACCGAAAT3′ 5′-ATCAGGTCAGACAAGTCAAG3′

VEG NM_001110333 5′-GTATATCTTCAAGCCGTCCT3′ 5′-CATTCACATCTGCTATGCTG3′

VEGFR2 NM_013062 5′-GGCAAATACAACCCTTCAGA3′ 5′-CCGATAGAAGCACTTGTAGG3′

TNFα NM_012675 5′-GCTCTTCTGTCTACTGAACT3′ 5′-CTTTGAGATCCATGCCATTG3′

Oxidative stress

SOD1 NM_017050 5′-CTTTGAGATCCATGCCATT3′ 5′-ACACGATCTTCAATGGACAC3′

SOD2 NM_017051 5′-GAGAACCCAAAGGAGAGTTG3′ 5′-CTGAAGATAGTAAGCGTGCT3′

β-actin NM_031144 5′-ATCGTGCGTGACATTAAAGA3′ 5′-GATGCCACAGGATTCCATAC3′
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Homemade TaqMan probes were labeled at the 50 with 60 FAM fluorochromes for all
investigated sequences, and VIC fluorochrome for β-actin, while the 3′ ends were labeled
with the Minor Groove Binder (MGB) quencher. The PCR reactions were performed using
the TaqMan Universal PCR Master Mix (Applied Biosystems, Foster City, CA, USA) using
5 pmol of each primer and 9 pmol of both target and β-actin probe. The assays were
performed in triplicate in independent experiments using a 7500 PCR real-time system
(Applied Biosystems), and quantification was calculated using the 2-∆∆Ct algorithm
against β-actin and expressed as the n-fold difference compared to an arbitrary calibrator,
chosen as a higher value than ∆∆Ct.

Average values obtained in control group animals were compared to those exposed to
LED-backlit tablet screen light, without and with filter (group 1 and 2, respectively), and
the results were expressed as fold difference compared to control (relative expression).

2.4. Structural and Immunohistochemical Studies

The structure of the retinal in all animal groups evaluated by staining representative
formol fixed, paraffin embedded sections (10 per eye and animal) with hematoxylin & eosin.
The sections were then scanned by an SCN400F scanner (Leica Biosystems™, Newcastle,
UK), and the scans were computerized using SlidePath Gateway LAN software (Leica,
Leica Biosystems™). Then, the whole thickness of the retina was measured, evaluating in
10 points the distance from the inner to the other surface of the retina.

Deparaffinized and rehydrated sections were processed for detection SYN using the
EnVision antibody complex detection kit (DakoCytomation, Copenhagen, Denmark), fol-
lowing supplier’s instructions. Briefly, the endogenous peroxidase activity and non-specific
binding were blocked, and the sections were then incubated overnight at 4 ◦C with the
primary antibodies included in the Table 2. Subsequently, sections were rinsed incubated
with Dako EnVision System labeled polymer-HR anti-mouse IgG (DakoCytomation) for
30 min at room temperature. Finally, sections were washed, and immunoreaction visu-
alized using 3-3′-diaminobenzidine as chromogen. To ascertain structural details some
sections were counterstained with Mayer’s hematoxylin, dehydrated, and mounted with
Entellan® (Merk, Dramstadt, Germany).

Table 2. Antibodies used in the study.

Antigen (Clone) Origin Dilution Supplier

Life/Death

Bcl-2 Cat # PA5-11379 Rabbit 1:200 ThermoFisher 1

Bcl-xl Cat # PA5-17805 Rabbit 1:100 ThermoFisher 1

Caspase 3 Cat # PA5-77887 Rabbit 1:400 ThermoFisher 1

Caspase 9 ab25758 Rabbit 1:200 Abcam 2

ECM degradation

MMP2 (clone MMP2/2C1)
LS-C2814-100

Mouse 1:100 LifeSpan Biosciences 3

MMP9 ab38898 Rabbit 1:200 Abcam 4

Growth factors/Cytokines

TrkB catalog # sc-12 Rabbit 1:100 Santa Cruz Biotechnol 5

VEGFR2 PA5-16487 Rabbit 1:100 Invitrogen 6

Oxidative stress

SOD1 Ab13498 Rabbit 1:200 Abcam 4

SOD2 ab13533 Rabbit 1:100 Abcam 4

1 Watham, MA, USA; 2 Abcam: Cambridge, UK; 3 Seattle, WA, USA; 4 Santa Cruz, CA, USA; 5 Dallas, TX, USA;
6 Waltman, MA, USA.
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The variations in the intensity of immunostaining developed for each investigated
antibody was evaluated in five sections per animal separated by 100 µm. Each section was
scanned with an SCN400F scanner (Leica Biosystems™) and annotated using SlidePath
Gateway LAN software (Leica Biosystems™). A 1 mm2 grid was then applied randomly
onto 2 × 500 µm enlarged images in 4 non-overlapping fields (4 mm2 per section; 20 mm2

per subject), and the free nerve endings and sensory corpuscles within the grid were
counted by two independent observers. The results are expressed as absolute numbers for
the densities of the sensory corpuscles and free nerve endings per cm2. The intensity of
immunostaining developed with the different retinal layers was evaluated in arbitrary units
of grey levels ranging from 1 (black) to 256 (white) using an image analysis system (MIP
System, Servicio de Análisis de Imágenes, Universidad de Oviedo, Spain). The intensities
were therefore divided into four groups (64 units of grey level each), referred in the text
and tables as strong (1–64, ++++), high (65–128, +++), intermediate (129–192), and low (193
to level of the background in control sections, +). Intensities of grey higher than those of
background of the corresponding control sections were considered unreactive. Although
we attempted to process all samples identically, there may have been variations in the
intensity of the final immunoreaction due to technical aspects, i.e., differences in penetration
of the fixative. On the other hand, for the immunohistochemical study, the retinal segment
and orientation of the sections were not taken into account, and therefore the thickness of
the retina may appear in the images with greater thickness in the experimental animals
than in the controls.

2.5. Statistical Analysis

Significant differences among the three groups were assessed with the Kruskal–Wallis
H test, and p-values < 0.05 were considered statistically significant (marked in the figures
as * p < 0.05, ** p < 0.01).

3. Results

The study was carried out with 36 male Lister-Hooded rats obtained from Harlan
Laboratories Models, S.L. (Barcelona, Spain), housed at the bioterium of the Medical School
of the Universidad Complutense de Madrid (UCM, Madrid, Spain), with food and water
ad libitum, kept in a dark environment for 14 days to remove the effect of light exposure
from their previous breeding location. Rats were divided into 3 groups, with 12 animals
per group. Group 1 was exposed to the light emitted by the LED-backlit tablet screens;
Group 2 was exposed to the light emitted by the LED-backlit tablet screens with a selective
short-wavelength absorption filter adhered to the screen; the control group was unexposed
to LED-backlit tablet screens.

3.1. Structural Study

The retinal structure was studied in the three groups of animals. In those exposed
to LED-backlit tablet screen light, there was a significant decrease in the whole retinal
thickness (reduction of 23.82 ± 6.21%), apparently due to a reduction in the number of
cells in both the outer and inner nuclear layers. The whole thickness of the retina was
measured by evaluating in 10 points the distance from the inner to the other surface of the
retina. These structural changes were almost reversed by the selective short-wavelength
absorption filter (Figure 2).

3.2. Gene Expression Study

3.2.1. Life/Death Cell-Related Genes

Different genes related to cell survival and cell death were analyzed. The eyes of the
animals exposed to LED-backlit tablet screen light without filter (group 1) showed a down-
regulation of the genes encoding anti-apoptotic proteins, especially Bcl-2 (−13.2-fold),
and to a lesser extent Bcl-XL (−3.5-fold), as Figure 3a shows. Selective short-wavelength
absorption almost eliminated these responses. Regarding genes directly or indirectly
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involved in cell death, exposition to the LED-backlit tablet screen light without filter
resulted in a moderate up-regulation of Bax and Bak (5- and 3.3-fold, respectively) and a
marked up-regulation of Bcl-XS (16.3 folds), as Figure 3b shows. Similarly, in this group
(group 1), there was an up-regulation of both caspase-3 (6-fold) and caspase-9 (11.8-fold)
genes. This scenario changes after the use of the selective short-wavelength absorption
filter. In fact, in this experimental situation, Bak and caspase-3 were undetectable, and
the expression of Bax, Bcl-XL, and caspase-9 remained up-regulated for the controls, but
the expression was significantly reduced for the group of animals exposed to LED-backlit
screens, as Figure 3c shows.

−
−

Figure 2. Retinal structure from control rats, rats exposed to LED Screen (LED-S), and rats exposed
to LED screen with a protective filter (LED-S-P).

3.2.2. Extracellular Matrix Degradation: MMP/TIMPs System and ADAMTS Genes

Figure 4 shows that exposure to LED-backlit tablet screen light without filter (group 1)
entails an increase in MMP-2 and MMP-9 mRNA expression, suggesting an increase in the
extracellular matrix (ECM) turnover mediated by these proteases. As for changes in TIMPs
expression, exposure to light emitted by LED-backlit tablet screens caused a decrease of
both TIMP-1 and TIMP-2. The use of the selective short-wavelength absorption filter almost
reversed the decrease, although in levels below control group values, as Figure 4c shows.
Regarding ADAMTS-12, no differences were found between the control group versus either
group 1 or group 2. On the other hand, exposure to LED-backlit tablet screen light without
filter (group 1) increased the levels of ADAMTS-14 expression, whereas exposure effects
were reverted with the filter (group 2), as Figure 4b shows.

3.2.3. BDNF/TrkB and VEGF/VEGFR-2 System, and TNF-α

Figure 5a shows how exposure to LED-backlit tablet screen light did not modify
expression levels of BDNF either with or without the selective short-wavelength absorption
filter, while TrkB gene expression increased significantly. It is important to highlight that,
with the filter, TrkB gene expression persisted at a high level, although below the level
observed in group 1 (without filter).
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Figure 3. Gene expression comparisons between group 1 vs. control and group 2 vs. control.
(a) Anti-apoptotic gene expression, (b) pro-apoptotic gene expression, and (c) gene expression of
apoptotic-related enzymes. * p < 0.05; ** p < 0.01.
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α

Figure 4. Variations in gene expression in both, experimental vs. control groups of (a) MMP2 and
MMP9; (b) ADAMTS-12 and ADMSTS-14; and (c) TIMP1 and TIMP-2, * p < 0.05; ** p < 0.01.
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α. * 
Figure 5. Variation of the expression in both experimental vs. control groups, of (a) TrKB; (b) VEHG
and VEGFr2; and (c) and TNF-α. * p < 0.05; ** p < 0.01.
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Figure 5b shows that after exposure to LED-backlit tablet screen light (group 1), levels
of VEGF mRNA increase moderately, while levels of its receptor increased by nearly 14-fold.
These effects were highly attenuated using the selective short-wavelength absorption filter
(group 2): VEGF levels were practically identical to controls, and VEGFr2 were lower,
although above controls.

Finally, Figure 5c shows that TNF-α mRNA expression levels increased up to 14-fold
in group 1 rats (without filter) but were like controls in group 2 (with filter).

3.2.4. Oxidative Stress

Figure 6 shows how the expression of superoxide dismutase-1 and -2 were strongly
up-regulated after exposure to LED-backlit tablet screen light (group 1). These effects are
highly attenuated, but increased for the controls, using the selective short-wavelength
absorption filter.

α mRNA expression levels increase

 

− −
−

Figure 6. Variation in the expression of SOD1 and SOD2 in both experimental vs. control groups.
* p < 0.05; ** p < 0.01.

Table 3 summarizes the results of the variations in the expression of the genes analyzed,
as a complement of the figures.

3.3. Immunohistochemistry

Using immunohistochemistry, we analyzed the detection in retinal sections of the
protein products of the genes whose expression were most affected by the experimental
conditions to which the two groups of animals. The increases or decreases in the intensity of
immunostaining paralleled that observed in the gene expression. The immunolabelling for
Bcl-2 was greatly reduced in animals exposed to LEDs and partially recovered when light
was filtered (Figure 7), whereas no notable variations were observed for Bcl-X (Figure 7).
The detection of caspase-3 showed an increase in immunostaining in the group subjected
to LED light and distribution and intensity similar to the controls in animals subjected to
filtered light (Figure 7).
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Table 3. Changes in the gene expression in the two established experimental groups in relation to
the controls.

Gene Expression
Group 1

Average vs. Control
Group 2

Average vs. Control

Life/Death

Bcl-2 −12.6 ± 2.71 −2.7 ± 0.3

Bcl-xl −3.4 ± 0.4 0.4 ± 0.01

Bax 5.2 ± 0.86 2.2 ± 0.2

Bak 3.6 ± 0.63 0.1 ± 0.0

Bcl-xs 1623 ± 2.22 2.3 ± 0.61

Caspase 3 6.1 ± 1.03 0.0 ± 0.0

Caspase 9 11.3 ± 1.37 3.9 ± 0.83

ECM degradation

MMP2 13.1 ± 2.65 2 ± 0.33

MMP9 16.3 ± 3.21 3.3. ± 0.39

ADAMTS-12 0.0 ± 0.0 0.0 ± 0.0

ADAMTS-14 4.6 ± 0.99 1.1 ± 0.0

TIMP1 −6.4 ± 1.91 −2.1 ± 0.3

TIMP22 −4.8 ± 1.27 −1.9 ± 0.52

Growth factors

BDNF 0.0 ± 0.0 0.0 ± 0.0

TrkB 7.1 ± 1.42 3.1 ± 0.66

VEG 2.3 ± 0.25 0.0 ± 0.0

VEGFR2 11.5 ± 2.84 4.4 ± 0.98

TNFα 14.4 ± 2.72 1.7 ± 0.23

Oxidative stress

SOD1 24.6 ± 6.33 5.3 ± 1.75

SOD2 19.3 ± 3.77 6.1 ± 1.42

Regarding the two metalloproteases investigated, MMP2 did not show positive im-
munoreaction in the control animals, while showing a slight immunopositivity in the
animals subjected to LEDs that was reduced in the group of filtered LED light (Figure 8).
On the other hand, the immunoreaction for MMP9 was very similar in the three groups
(Figure 8).

The immunoreactivity for TrkB, the high affinity receptor for the neurotrophin BDNF,
was increased in animals exposed to LED, especially in the photoreceptors, but also in the
inner nuclear layer and ganglionic cells layer, with levels similar to those of the animal
controls when filtering LEDs (Figure 9).

The immunoreactivity for SOD1 increased in the photoreceptors layer of LED exposed
rats and returned to similar levels of the control after LED filtering. However, SOD2
immunoreactivity increased in the photoreceptors, inner nuclear and ganglionic cell layers
in LED-exposed animals, and the pattern of expression was not reverted by filtering
(Figure 10).
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Figure 7. Immunohistochemical detection of Bcl-2 (upper panel), Bcl-X (central panel) and Caspase-
3 (lower panel) in the three groups of rats investigated. LED: animals exposed to LED-backlit screen
for 3 months; LED + F: animals exposed to filtered LED-backlit screen for 3 months. GCL: ganglionic
cells layer; INL: inner nuclear layer; ONL: outer nuclear layer.

Figure 8. Immunohistochemical detection of MMP2 (upper panel), and MMP9 (lower panel) in the
three groups of rats investigated. LED: animals exposed to LED-backlit screen for 3 months; LED + F:
animals exposed to filtered LED-backlit screen for 3 months. GCL: ganglionic cells layer; INL: inner
nuclear layer; ONL: outer nuclear layer.
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Figure 9. Immunohistochemical detection of TrkB (upper panel), and VEGFR2 (lower panel) in the
three groups of rats investigated. LED: animals exposed to LED-backlit screen for 3 months; LED + F:
animals exposed to filtered LED-backlit screen for 3 months. GCL: ganglionic cells layer; INL: inner
nuclear layer; ONL: outer nuclear layer.

 

−/+
− − −

− −/+ −

− − −
−/+

− −/+

−/+ −/+
 

Figure 10. Immunohistochemical detection of SOD1 (upper panel), and SOD2 (lower panel) in the
three groups of rats investigated. LED: animals exposed to LED-backlit screen for 3 months; LED + F:
animals exposed to filtered LED-backlit screen for 3 months. GCL: ganglionic cells layer; INL: inner
nuclear layer; ONL: outer nuclear layer.

The results of the quantitative study performed on immunohistochemical sections are
in Table 4.
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Table 4. Variations in the intensity of immunostaining in the control and the two experimental
groups.

Retinal Layer Protein Control LED LED + F

Photoreceptors

Blc2 +/++ −/+ +
BclX − − −

Caspase 3 + +/++ +
MMP9 − −/+ −

TrkB +/++ +++ ++
VEGFR2 − − −

SOD1 −/+ ++ +
SOD2 + +++ +/++

ONL

Blc2 ++ − −/+
BclX +/++ +/++ +/++

Caspase 3 −/+ +/++ −/+
MMP9 +/++ +/++ +/++
TrkB +/++ +/++ +/++

VEGFR2 + ++ ++
SOD1 + + +
SOD2 + ++/+++ ++

INL

Blc2 ++ − −

BclX +/++ +/++ +/++
Caspase 3 − +/++ −

MMP9 ++ ++/+++ ++/+++
TrkB +/++ +++ ++

VEGFR2 + ++ +/++
SOD1 −/+ −/+ −/+
SOD2

Ganglionic cells

Blc2 +++ + ++
BclX ++ ++ ++

Caspase 3 +/++ ++/+++ −/+
MMP9 ++ +++ +++
TrkB ++/+++ +++ +++

VEGFR2 ++ ++ ++
SOD1 ++/+++ + ++/+++
SOD2 +/+ +++ +++

4. Discussion

The present study was designed to investigate the effects of the exposure to LED-
backlit tablet screen light on the structure, gene expression, and protein localization of the
retina of a rat model. Moreover, we have analyzed whether or not those effects could be
reversed partial or using a selective short-wavelength absorption filter. The genes and
proteins investigated were related to cell survival and cell death, as well as some proteases,
and protease-blockers involved in the turnover of the ECM, growth factors previously
known to be affected by light exposure, one involved in inflammation, and others related
to oxidative stress. This approach is necessary because of the multiple factors involved in
phototoxicity [15]. Because the results of the gene expression and immunohistochemistry
were in parallel, they are discussed together.

In 2001, Dawson showed that blue LEDs (460 nm) and argon lasers (458 nm) induced
retinal damage with corneal irradiances of 10 J/cm2 [29]. Ueda et al. also observed
detrimental effects in the macula with blue LEDs (465 nm) [30]; besides, Shang et al.
showed that the spectral range distribution of blue-white LEDs contains a significant
fraction of short-wavelengths that induced irreversible retinal neuronal cell death in rats;
they exposed Sprague-Dawley rats to white and blue LED light (750 lux) for 28 days,
finding an increase in free radical production in the LED-exposed group [9]. Finally,
Krigel et al. used albino Wistar and pigmented Long Evans rats exposed for 1–28 days
to 500–6000 lux LEDs (cold white, blue, and green) [15]. The authors found that the blue
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component of the white-LED reduced photoreceptor layer thickness and induced retinal
toxicity. In previous in vitro studies, Chamorro et al. exposed human retina cells to LED
lighting in 12-h dark/12-h light cycles affected RPE cell growth and induced cellular
stress, increasing levels of reactive oxygen species, DNA damage, and apoptotic cells [3].
Additionally, when a selective blue-light absorption filter was added, phototoxic damage
in human RPE cells was reduced, providing a retinal photoprotector effect. However, few
studies have investigated long-term and low luminance light-induced retinal phototoxicity
and, to our knowledge, all have been carried out using different ambient LED lights. In
contrast to previous studies, we investigated the induced retinopathy in a rat model due
with long-term, low-intensity exposure to commercially available LED-backlit tablet light.
Thus, the main objective of the current study was to assess the long-term effects on the
retina of pigmented rats by light emitted by a backlit commercially-available digital device
LED screen (tablet), with and without a short-wavelength selective absorption filter, in
16-h light/8-h dark cycles.

Although albino rats are commonly used for studies about retinal damage [9], in our
study we have used pigmented rats. Compared to albino strains, the age of the animals at
the onset of the light exposure, and not ocular pigmentation, is the most important factor
in regulating the severity of light-induced retinal damage [31]. However, following the
Shang et al. protocol, the conditions of the animals analyzed included a 14-day pre-study
housing period in a dark environment to clear the light exposure effect prior to breeding
conditions. Experimental animal retinas were baseline evaluated after this pre-study wash-
out period. The experimental conditions of the present study differ substantially and
significantly in various aspects from that of Shang et al. study [9]. Firstly, in the light source
used: those authors used single-wavelength blue LEDs (460 ± 10 nm) and custom-made
PC white LEDs at domestic lighting levels, while we have used commercially available
LED-backlit tablet screens, to replicate real-life usage. Secondly, the exposure conditions:
in our study, back-lit LED tablet screens exposed to rats with and without a selective short-
wavelength absorption filter, aimed to show that, by the use of the filter, the transmission
reduction of the most energetic LED light emitted band (blue light) resulted in reduced cell
damage, as shown in studies conducted by Sparrow et al. and Nagai et al., who used yellow
optic filtered intraocular lenses [32,33]. Thirdly, the mean luminance used by Shang et al.
was 750 lux, the usual domestic luminance level, while in our study mean luminance was
140 lux, which corresponds to the light emitted by a commercially available LED-backlit
tablet screen-blank screen set at full brightness. Finally, in the exposure time: whereas
Shang et al. used light exposure times of 3, 9, and 28 days under 12-h dark/12-h light cycles,
we extended the study to 3 months under more aggressive cycles: 8-h dark/16-h light.

To our knowledge, this is the first study regarding the effects of LED-backlit screens
on the mammalian retina, and it is relevant because the time we spend watching LED-
backlit screens of domestic devices (as personal computers, tablets, smartphones) at short
distances has increased progressively in recent years, and this also includes infants and
young people.

The retinal structure in the group of animals exposed to long periods of LED-backlit
tablets light was altered, showing a significant decreases in the number of cells in the outer
nuclear layer. No further significant changes were observed neither in the inner nuclear
layer nor in the ganglion cell layer. These results agree with those obtained by Shang et al.
in 2014 [9]. Lin et al. in 2017 reported marked retinal damage by regular exposure to a
blue light-emitting diode in rats [19]. However, interestingly, these structural changes
were prevented by filtering light specifically, as previously reported by different authors,
including our research group.

The reduction in the number of retinal cells due to blue light exposure might
be due to multiple factors, such as apoptosis of photoreceptors and RPE reported
earlier [2,3,9,11,12,14,15]. Our results on the life/death-related genes further argue for
the causes of cell loss after back-lit LED screens exposure. We observed that long periods of
light exposure increase the expression of some genes related to cell death, such as Bax, Bak,
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and Bcl-XS as well as caspase 3 and caspase 9; conversely, the genes related to cell survival
like Bcl-2 and Bcl-xl were down-regulated. Supporting our results, Lin et al. also observed
increased expression of Bax and caspase-3, decreased expression of inhibited Bcl-2 and
Bcl-xL, and inhibition of Bcl-2/Bax association in the RPE after regular exposure to blue
light-emitting diode [19].

The exposition to LED-backlit screens strongly up-regulates MMP-2 and MMP-9, to a
lesser extent ADAMTS-14, and was without effect on ADAMTS-12, and down-regulates
both TIMP-1 and TIMP-2. These changes could have deleterious effects on the retina due
to the extracellular matrix (ECM). Increased MMP expression could induce a faster ECM
turnover to elude matrix deposit genesis [34]. Our experiments indicate upregulation in
MMP-2 and MMP-9 expression, especially in rats exposed to the unfiltered LED tablet
screen, whereas Sanchez-Ramos et al. in 2010 did not find any change in MMP-2 expression
in other animal model trials [27]. Plantner et al. detected an increase in this MMP [35]. As
for MMP-9 expression, our results are consistent with those obtained by Papp et al. and by
Sanchez-Ramos [27,36]. In general, these results cannot support the hypothesis that the
formation of deposits that give rise to retinal drusen is due to a decrease in pigmentary
epithelium MMPs [37], as there are two possible interpretations. On one hand, long-term
exposure to light causes an increase in the expression of some MMPs and ADAMTS-14
concurrently by a decrease of TIMP-1 and TIMP-2. These facts could affect the retina due
to ECM damage. On the other, the increase in MMPs and ADMATS-14 expression could
be related to increased ECM turnover to avoid the appearance of deposits that causes
drusen [27].

As for the analysis of the results of BDNF and its receptor TrkB, exposure to light
in our study conditions, whether with or without filter, had no effects on BDNF gene
expression, which is consistent with findings by Wen et al., who reported that continuous
exposure to white light had no significant effects on BDNF expression [38]. Asai et al.
also obtained similar results by Western blot densitometry [39]. On the contrary, TrkB
receptor expression levels were affected by LED-backlit screen tablet light in rat retinas,
both with and without the filter. However, compared to filtered conditions, gene change
was greater when exposure was without the filter. Given TrkB essentially has a survival
and protector role, the increased levels of TrkB could be related to retinal protection
against phototoxicity [40]. Interestingly, maximum TrkB increases were obtained in rats
exposed to light in unfiltered conditions, with a higher proportion of short wavelengths,
the most deleterious for the retina [41]. Therefore, an increase in TrkB expression, after
LED-light exposure, could be considered as a neuroprotection response. On the other hand,
photoreceptor integrity and survival could be irreversibly compromised by the short-term
stress of the RPE. Exposure to intense visible light activates the VEGF signal and, thus, the
breakdown of the outer blood–retinal barrier. The resulting permeability increase seems
to induce photoreceptor apoptosis due to light exposure. The breakdown and successive
apoptosis effects can be prevented by inhibiting VEGF [42]. Results obtained in our study
show an increase in VEGF expression in the retinas of rats exposed to LED-backlit tablet
screen light. However, results obtained with the absorbing filter, which partially filters short
wavelengths, do not show VEGF expression differences compared to control group values.
However, it is important to point out that the toxic outcome of VEGF on photoreceptors is
not a direct effect, but secondary to VEGF-induced RPE permeability. It seems plausible
that after exposure to high levels of light, the breakdown of the epithelium integrity alters
the metabolite exchange between retina and choroid, which, in turn, may further affect
photoreceptors [42].

We also found after up-regulation of TNFα, SOD1, and SOD2 after exposition to
LED tablet screen light. As far as we know, the regulation of the expression of TNFα by
light has not been previously reported; nevertheless, this could be in agreement with the
inflammatory mechanism that underlines the age-related macular degeneration induced
or exacerbated by blue light [43]. Finally, the increase in SOD1 and SOD2, two enzymes
intimately related to oxidative stress after light exposure, suggests a contribution to the
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whole retinal damage. Shang et al. observed free radical production in the retina after
LED-exposition [9]. Similarly, Jaadane et al. and Nakamura et al. indicated that oxidative
stress was partially involved in blue LED light-induced retinal damage [2,7].

Several studies have speculated on the damaging effects that short wavelength radia-
tion can cause on the eye and the possible protective effect of optical filters that selectively
absorb this light. In 2004, Sparrow et al. already suggested that a blue light partial ab-
sorption filter reduces approximately 80% and 78% in the death of the RPE exposed to
blue (430 nm) and white light ( 5400 ◦K) [32]. Other studies, such as those published by
Yanagi et al. in 2006 and by Hui et al. in 2009, demonstrated that the blue light partial ab-
sorption filter protects the RPE from the damage produced by short wave visible radiation,
increasing cell viability by 42% and 79.5%, respectively [44,45]. On the other hand, in 2011,
Zhou et al. observed that the viability of cells exposed to 430 ± 20 nm was reduced by
40% [46]. To evaluate possible artificial protection mechanisms, they interposed optical fil-
ters with different levels of a pigment that absorbs blue light and verified that the protection
provided by the filter was a function of its absorbance. In 2013, Chamorro et al. published
a study whose results showed that the absorption of blue light decreases apoptotic cell
death by 50–89% and inhibits DNA damage by 57–81% [3].

Although all these studies have results consistent with ours, the research carried out
by Chamorro et al. stands out, since, in their experiment, they used LED light sources,
just like us. However, our study presents two important differences with theirs when
analyzing the results. First, their light exposure system consisted of an experimental
device with direct emission LEDs, while our lighting system consisted of LED-backlit
screens, currently commercialized, which emit white light diffusely. It should be noted that,
under normal conditions, a person can spend long hours watching screens and not specific
sources of LEDs, which gives our study greater similarities with real experiences. Second,
Chamorro et al. performed an in vitro experiment exposing an RPE cell culture to LED
light. However, our study of animal experimentation has allowed us to expose the eyes
to the LED radiation, keeping intact the ocular optical systems of protection, such as, for
example, the filtering of light provided by the cornea, the lens, and the intraocular media.
In addition, in our study, the retinal tissue analyzed was contained in the eye of a living
animal during exposure to light, therefore, it kept intact the regeneration mechanisms of
photopigments and cells that the eye presents under normal conditions of life during the
exposure period. This gives our results greater consistency with the effects that blue light
and selective absorbance filters for this radiation can produce on living retinal tissue.

In this study, we assessed genes involved in retinal damage in the classic model
of pigmented rats. Although extrapolation of the results obtained in rats to humans is
questionable, it is useful to gain knowledge on the type of detrimental effects that the new
LED-backlit screens can generate. Additionally, it is important to consider that results
obtained in in-vitro studies with human retinal cells are similar to those obtained in our
study. Along this same line, Nagai et al. have shown that blue-light filtering intraocular
lenses that absorb a percentage of short-wavelengths that reach the human retina, decrease
the incidence of retinal degeneration [33].

Although further investigations are still needed, there is evidence about how LED
light damage depends on the exposure time and the wavelength, and involves different
pathways related to oxidative stress, inflammation, ECM degradation, regulation of apop-
totic genes, and growth factors. As LED-backlit screens are watched at a short distance, we
stress the importance of controlling excessive exposure to LED light currently imposed by
the widespread use of digital devices such as computers, laptops, tablets, smartphones,
etc. The use of short-wavelength selective filters on screens may contribute to reducing
potentially irreversible damage to the human retina, by partially cutting off the excessive
and most energetic blue-light emissions.
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