
Neuroglia

www.mdpi.com/journal/brainsci

Printed Edition of Papers Published in Neuroglia 

Neuroglia is now published as part of Brain Sciences 

brain
sciences



Neuroglia





Neuroglia

Selected Articles Published by MDPI

MDPI • Basel • Beijing • Wuhan • Barcelona • Belgrade



This is a reprint of articles published online by the open access publisher MDPI in 2018 (available at: 
www.mdpi.com/journal/brainsciences). The responsibility for the book’s title and preface lies with 
MDPI, who compiled this selection.

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

LastName, A.A.; LastName, B.B.; LastName, C.C. Article Title. Journal Name Year, Article Number,

Page Range.

ISBN 978-3-03897-990-6 (Pbk)

ISBN 978-3-03897-991-3 (PDF)

c© 2019 by the authors. Articles in this book are Open Access and distributed under the Creative

Commons Attribution (CC BY) license, which allows users to download, copy and build upon

published articles, as long as the author and publisher are properly credited, which ensures maximum

dissemination and a wider impact of our publications.

The book as a whole is distributed by MDPI under the terms and conditions of the Creative Commons

license CC BY-NC-ND.



Contents

Jorge A. Colombo

Interlaminar Glia and Other Glial Themes Revisited: Pending Answers Following Three
Decades of Glial Research
Reprinted from: Neuroglia 2018, 1, 7–20, doi:10.3390/neuroglia1010003 . . . . . . . . . . . . . . . 1

Alexei Verkhratsky, Nancy Ann Oberheim Bush, Maiken Nedergaard and Arthur Butt

The Special Case of Human Astrocytes
Reprinted from: Neuroglia 2018, 1, 21–29, doi:10.3390/neuroglia1010004 . . . . . . . . . . . . . . . 15

Philipp Vermehren, Melissa Trotman-Lucas, Beatrice Hechler, Christian Gachet,

Richard J. Evans, Claire L. Gibson and Robert Fern

Cooperation between NMDA-Type Glutamate and P2 Receptors for Neuroprotection during
Stroke: Combining Astrocyte and Neuronal Protection
Reprinted from: Neuroglia 2018, 1, 30–47, doi:10.3390/neuroglia1010005 . . . . . . . . . . . . . . . 24

Dan Song, Kangli Ma, Alexei Verkhratsky and Liang Peng

L-Dopa and Fluoxetine Upregulate Astroglial 5-HT2B Receptors and Ameliorate Depression in
Parkinson’s Disease Mice
Reprinted from: Neuroglia 2018, 1, 48–62, doi:10.3390/neuroglia1010006 . . . . . . . . . . . . . . . 42

Nicole Pukos, Rim Yoseph and Dana M. McTigue

To Be or Not to Be: Environmental Factors that Drive Myelin Formation during Development
and after CNS Trauma
Reprinted from: Neuroglia 2018, 1, 63–90, doi:10.3390/neuroglia1010007 . . . . . . . . . . . . . . . 57

David R. Serwanski, Andrew L. Rasmussen, Christopher B. Brunquell, Scott S. Perkins and

Akiko Nishiyama

Sequential Contribution of Parenchymal and Neural Stem Cell-Derived Oligodendrocyte
Precursor Cells toward Remyelination
Reprinted from: Neuroglia 2018, 1, 91–105, doi:10.3390/neuroglia1010008 . . . . . . . . . . . . . . 85

Behrouz Moshrefi-Ravasdjani, Daniel Ziemens, Nils Pape, Marcel Färfers and

Christine R. Rose

Action Potential Firing Induces Sodium Transients in Macroglial Cells of the Mouse
Corpus Callosum
Reprinted from: Neuroglia 2018, 1, 106–125, doi:10.3390/neuroglia1010009 . . . . . . . . . . . . . 100

Isidro Ferrer

Astrogliopathy in Tauopathies
Reprinted from: Neuroglia 2018, 1, 126–150, doi:10.3390/neuroglia1010010 . . . . . . . . . . . . . 120

Roberta Parolisi and Enrica Boda

NG2 Glia: Novel Roles beyond Re-/Myelination
Reprinted from: Neuroglia 2018, 1, 151–175, doi:10.3390/neuroglia1010011 . . . . . . . . . . . . . 145

Csilla Brasko and Arthur M. Butt

Expression of Kir2.1 Inward Rectifying Potassium Channels in Optic Nerve Glia: Evidence for
Heteromeric Association with Kir4.1 and Kir5.1
Reprinted from: Neuroglia 2018, 1, 176–187, doi:10.3390/neuroglia1010012 . . . . . . . . . . . . . 170

v



Jorge A. Colombo

The History of the Decline and Fall of the Glial Numbers Legend
Reprinted from: Neuroglia 2018, 1, 188–192, doi:10.3390/neuroglia1010013 . . . . . . . . . . . . . 182

Suzana Herculano-Houzel and Sandra E. Dos Santos

You Do Not Mess with the Glia
Reprinted from: Neuroglia 2018, 1, 193–219, doi:10.3390/neuroglia1010014 . . . . . . . . . . . . . 187

Melvin R. Hayden, DeAna G. Grant, Annayya R. Aroor and Vincent G. DeMarco

Ultrastructural Remodeling of the Neurovascular Unit in the Female Diabetic db/db
Model—Part I: Astrocyte
Reprinted from: Neuroglia 2018, 1, 220–244, doi:10.3390/neuroglia1010015 . . . . . . . . . . . . . 214
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Abstract: This review aims to highlight the various significant matters in glial research stemming
from personal work by the author and associates at the Unit of Applied Neurobiology (UNA,
CEMIC-CONICET), and some of the pending questions. A reassessment and further comments
on interlaminar astrocytes—an astroglial cell type that is specific to humans and other non-human
primates, and is not found in rodents, is presented. Tentative hypothesis regarding their function
and future possible research lines that could contribute to further the analysis of their development
and possible role(s), are suggested. The possibility that they function as a separate entity from the
“territorial” astrocytes, is also considered. In addition, the potential significance of our observations
on interspecies differences in in vitro glial cell dye coupling, on glial diffusible factors affecting
the induction of this glial phenotype, and on their interference with the cellular toxic effects
of cerebrospinal fluid obtained from L-DOPA treated patients with Parkinson´s disease, is also
considered. The major differences oberved in the cerebral cortex glial layout between human and
rodents—the main model for studying glial function and pathology—calls for a careful assessment of
known and potential species differences in all aspects of glial cell biology. This is essential to provide
a better understanding of the organization and function of human and non-human primate brain,
and of the neurobiological basis of their behavior.

Keywords: interlaminar astrocytes; role(s) of interlaminar astrocytes; control of interlaminar glia
development; thalamic regulation of interlaminar glia; comparative dye coupling; glial diffusible factors

1. Introduction

Following retirement from active laboratory work, a change in the experimental line of research
at the Unit of Applied Neurobiology (UNA, CEMIC-CONICET) laboratories—at present aimed at
studying more decisively neurocognitive issues—has provided the opportunity to propose this sort
of brief account and reassessment of unresolved and pending questions on “glial issues” that were
dealt with in our neurobiological laboratory in recent decades. This personal viewpoint is intended to
stress and revisit several aspects of our own observations on glial physiology and comparative studies,
which are aimed at encouraging further research in the field.

Thorough updates, comprehensive reviews, and inspirational thoughts on other related aspects
of glial physiology can be found in Kettenmann and Ransom (2005), Verkhratsky and Butt (2013), and
Verkhratsky and Nedergaard (2018) [1–3], as well as in numerous individual articles, for it, seems
evident that experimental research on neuroglia has entered an era of further fertile analysis. Yet, as it
will be considered later, caution and weighed decisions should be exerted in attempting interspecies
extrapolations—in the present context referred to brain glia—and building our understanding of
human and non-human primate brain organization and phyisology based on what can be considered

Neuroglia 2018, 1, 7–20; doi:10.3390/neuroglia1010003 www.mdpi.com/journal/neuroglia1
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“general mammalian” characteristics, stemming from non-comparative Rodentia approaches. This
may limit our views on the neurobiological basis of primate brain evolution and behavior.

2. Interlaminar Astrocytes and Primate Brain Evolution

Interlaminar glia or interlaminar astrocytes (Figure 1) essentially represent a primate evolutionary
development [4–8] linked to the split between prosimians and Anthropoidea. They are characterized
by a cell soma placed in lamina I—in general next to the glia limitans—of the cerebral cortex, and long,
descending, cell processes that could extend for about 1 mm, thus traversing more than one cortical
laminae. Remaining characteristics are mentioned below.

Figure 1. Coronal section from the striate cerebral cortex obtained from an adult Saimiri boliviensis.
Note dense packing of glial fibrillary acidic protein-immunoreactivity (GFAP-IR) astroglial processes,
the relative height of the band of processes and the frequent appearance of slender bulbous endings.
Broken line indicates the limit of lamina I. Scale bar: 100 μm. Adapted from Figure 1 in [9].

The expression of interlaminar glia among orders and species, according to our screening of
available samples and histological identification procedures, is incipient—they take form of isolated
events—in the prosimian lemur (no brain samples were available at that time from galago and
tarsier), it is absent in Callithricidae (marmosets and the tamarins), constant and yet variable in its
palisade expression in Ceboidea (New World monkeys), and fully expressed in Cercopithecidae (Old
World monkeys) and Hominoidea (great apes and humans) [4–8]. Their original development in
primates possibly relates to point mutation or epigenesis—predating some of the factors that are
hypothetically linked to the later increase in brain size (e.g., expensive tissue hypothesis of Aiello and
Wheeler [10]; socio-ecological hypothesis of Dunbar [11] and other convergent hypotheses on brain
size evolution in humans). The author considers that its emergence is probably associated with the less
promoted—in terms of evolutionary impact on brain function—development of columnar organization
of the cerebral cortex, which remains to be further comparatively explored in terms of distributed
neural circuits (or modules) and of its impact on cerebral cortex information efficiency (response speed,
unit assembly synchrony, cognitive fluidity). In this respect, the possibility that they contribute to a
“non-territorial” management of the cerebral cortex intercellular space and intercellular interactions
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should be analyzed. Consequently, whether they are coupled or not to “local–territorial–astrocytes”
could add to the characterization of their physiological role(s) and integration into the cerebral
cortex processing.

It seems apparent that brain evolution among anthropoid primates has proceeded in a series of
continuous structural and functional—neurotransmitter and receptor dynamics for once—deletions
and aggregates, which were not exclusively confined to neurons (see e.g., [12]). Among them,
appearance of interlaminar astrocytes would represent an evolutionary—“primate-specific”—brain
cell trait added to the “general mammalian” brain glial cell family, as suggested by Colombo
and colleagues [4,7,8]. Although functional insertion of interlaminar astrocytes into cerebral cortex
organization remains highly speculative (see below), their ontogenetic development and some
interactions and responses following experimental procedures and pathologies, provide grounds
for further research inquiries and analysis.

One important obstacle to experiments aimed at advancing into the general understanding of
human brain evolution and organization, resides in the limited access to extant anthropoid species
for comparative research purposes—for interlaminar astrocytes are not a “general mammalian”
event. In order to minimize the need for more general invasive protocols, perhaps the use of biopsic
material would help to bypass such limitation, besides the possibility of novel methodological imaging
approaches. Overcoming these problems is imperative, because the positive selection of interlaminar
glia in the primate order calls for a full characterization and understanding of its role in cerebral
cortex function.

It may be opportune to state upfront that although other laboratory species provide valuable
insights into “general mammalian” brain organization and evolution, the above-mentioned limitation
generates an unavoidable and objective conceptual “gap” when extrapolating results from non-primate
mammals to primates. Such consideration arises since the subtle, bioelectric, ionic/molecular
dynamic interactions with cellular receptors operating in a particular brain organization is what
provides the finely tuned scaffolding—besides structural or hardware connectivity—for the generation
and expression of the characteristic complex and fluid human cognitive and emotional (manifest
or introspective) behaviors. In this regard, further advances in the comparative—neuronal and
glial—analysis within the primate order—specifically with genetically close extant species—seems
critically needed. Perhaps, following the historically theoretical preeminence of the “neuronal
doctrine”, most studies have been performed on these cells in anthropoid species, generating a
clear gap with respect to advances made on glial cells.

In such respect, although not intended to be reviewed here, numerous studies regarding associated
neuronal and behavioral issues have been performed in primates by several authors. In particular,
for example, some recent studies on the comparative distribution of neurotransmitter receptors in the
brains of humans and extant primate species were reported by Zilles and colleagues [13,14], as well as
comparative genetic studies by Pu et al. [15], Muntané et al. [16] and Mitchell and Silver [17]. Yet, the
ethical limitations on the experimental use of primate species, and the needed minimization of invasive
actions to be taken on them, as well as added limitations imposed on the inclusion in experimental
protocols of extant species of great apes—mostly those genetically closer as Pan troglodytes and Pan
paniscus (chimpanzee and bonobo, respectively)—calls for developing imaginative and minimally
invasive research tools and procedures. The “handicap” of glial cells in terms of lacking readily in situ
detectable bioelectric signals adds to the limitations on this field of the neurosciences.

At any rate, as pointed out by several authors (e.g., [4,12,18]), it has become unavoidable to
include the spectrum of glial cells into theoretical constructions of brain evolution and organization.
Certainly, this stage has been built following studies based on the access to laboratory rodent species.
But time has come to work on new approaches and theoretical models to avoid known limitations to
expand glial research into primates.

Developmental studies tracing the ontogenetic cellular origin of interlaminar glia remain missing.
In the human brain, the developmental expression of interlaminar glia takes place during early
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postnatal life, following a period of “physiological astrogliosis” by 20–40 days of postnatal life,
and attaining the adult-like configuration of interlaminar astrocytes by the second month of life [19].
Genetic analysis following the isolation of these cells could instigate detailed studies of their
evolutionary origin and cell lineage.

The soma of interlaminar glial cells is closely apposed to the glia limitans and its short superficial
processes are probably functionally associated with the subarachnoid space [9]. This layout suggests
that their most superficial aspect could be linked to exchange with the pial vasculature/subarachnoid
space, while their distal ending—usually a slender bulbous formation—has been shown [20] to be
connected to a blood vessel (Figure 2) or “floating” in the intercellular space. Hence, a role in “fast
sink” operations appears as a possibility, besides ion exchange through the membrane of its long
interlaminar processes. This glial morphotype rather than engulfing synaptic terminals and intimately
interacting with them as the type of layout reported by Grosche et al. [21] for parenchymal astroglia,
interlaminar processes would appear to “navigate” in the extracellular space, perhaps monitoring
and regulating ionic/molecular imbalances. In this regard, their membrane dynamic characteristics
remain to be determined. It would be of significant interest to establish whether this type of glia is
independent from the astroglial syncytia, and whether they form a parallel network that is perhaps
interconnected at the subpial level. However, our attempts to analyze possible dye coupling of
interlaminar glia—in samples from a non-human primate—failed due to technical reasons (previous
exposure to an antifreeze medium for transport of fresh sections affected membrane permeable
characteristics), and the limited number of sections to work with.

Figure 2. Interlaminar bulbous ending in an aged human cerebral cortex sample. Note in (A) a
mitochondrion, and bridge (arrow) connecting with blood vessel (asterisk) (also in (B)). In (B), note
the multilamellar structure. Scale bar: 50 μm in (A) and 200 nm in (B). Adapted from Figure 4 in
Colombo et al. [20].

The possibility of vesicular transport as reported by Potokar et al. [22] for rodent glia should also
be considered.

Attainment of final length, density and palisade display of interlaminar processes (Figure 1)
depends on species and subspecies characteristics: for example, some New World monkeys could
present a non-systematic, patchy and more scattered or unpredictable palisade, such as is the case of
Cebus paella (tufted capuchin), while a more typical palisade occurs in Saimiri boliviensis (black-capped
squirrel monkey). According to experimental data, the presence and length of interlaminar processes
are significantly affected by interaction with thalamic cortical afferents, at least in areas that are related
to the visual system [23] and spinal cord somatosensory input [24].

What are the signals involved in determining the characteristics of the palisade? Physiological
signals driving morphological changes of interlaminar processes under the reported conditions remain
undetermined. Whether effects on interlaminar glia (Figures 3 and 4) represent a trophic or regulatory
role of thalamic afferents, or an indirect one through their cerebral cortex projections on neuronal
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activity [25,26], remains an open question. The disruption of the interlaminar cortical palisade after
11–13 months following spinal cord transection—with a lack of evidence of additional astrogliosis—and
a somewhat “wavy” individual process display [24], suggests a rather long-term impact on the
rearrangement of the local neuropil, or that it acquired a new steady state condition following lesioning,
with loss or perturbation of the original columnar arrangement, and perhaps sharing an expanded
spatial monitoring due to local disruption of the columnar modules.

Figure 3. Interlaminar GFAP-IR events observed in coronal (A,B) and tangential (flattened) (C,D)
sections of the striate cortex from control, intact (C) and three months visually deprived (D) adult
Cebus apella monkey. Asterisk and broken line in (A) indicate the limit of lamina I. Vascular elements in
(C,D) are marked by an asterisk. Note paucity of events in sections on the right side. Scale bar: 100 μm.
Adapted from Colombo et al. [23].

Figure 4. Morphology and spatial arrangement of GFAP-IR interlaminar processes in the somatosensory
cortex of control and long-term spinal cord-transected Macaca individuals. (A) Control; (B) Operated.
Note extreme departure from the rectilinear trajectory and several “terminal masses” (arrowheads).
Large arrow indicates direction of the cortical surface. Scale bar: 40 μm. Adapted from Reisin and
Colombo [24].

Quite interestingly, following cortical lesioning or, most clearly, under cerebral cortex pathological
conditions (such as Alzheimer’s disease or advanced Down’s syndrome), or aging, interlaminar glia do
not show reactive forms (in contrast to parenchymal astrocytes), but rather disappear [19,27], tending
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to lose their characteristic, ordered, lay out of long interlaminar processes, or to acquire increased
bulbous endings (Figures 3 and 4, and [28]).

The description of the “wavy” terminal (15–30 μm in length) segment [5,19] in interlaminar
glia (Figures 5–7) usually shows a tortuous “corkscrew” shape that was tentatively interpreted as
a local increase in membrane surface, as it also was considered to be its normally slender bulbous
ending (10–15 μm in diameter), in some cases being associated to blood vessels [20]. The presence of a
mitochondrion embedded in its terminal implies a specific local energy requirement associated with
ionic/molecular exchange mechanisms or possibly general terminal structural maintenance. These
bulbous terminals acquire larger and sometimes even “massive” proportions (30 μm in diameter) with
ageing and in Alzheimer´s disease, thus possibly representing a maladaption to such conditions, also
observed, for example, in Albert Einstein´s brain samples [6,29].

Figure 5. Striate cerebral cortex sample from 2.5-months-old Saimiri boliviensis. Glial fibrillary acidic
protein immunostaining with Nissl stain. Scale bar: 100 μm. Adapted from Figure 2 in [9]. Note
marked wavy configuration of the long (interlaminar) cellular processes.

Attempts to immunohistochemically label interlaminar processes with other cytoskeletal or
neurotrasmitter markers, besides glial fibrillary acidic protein (GFAP), failed systematically in our
hands, except at early postnatal ages, as illustrated (Figure 6), in which they could be labelled
with a-vimentin.
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Figure 6. Intrasurgical sample. Human frontal cerebral cortex from a seven-year-old. Vimentin
immunohistochemistry. Long processes with “corkscrew” appearance. Pia mater is towards the top of
the figure asterisk indicates cortical surface. Scale bar: 20 μm. Adapted from Figure 5 in [9].

Figure 7. Tangential section of striate cortex from an adult Saimiri boliviensis monkey, reacted for GFAP
with Nissl counterstain, note wavy terminal segments and slender bulbous terminals decorating them.
Scale bar: 20 μm. Adapted from Figure 5 in [5].
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The role of interlaminar glia in the regulation of the extracellular space and intercellular
interactions is also unknown, although some speculative hypotheses were proposed by Reisin and
Colombo [30], which were linked to the columnar organization of the neocortex “as proposed by
Jakob and Onelli (1913), and later formalized by Lorente de No (1938) and electrophysiologically
characterized by Powell and Mountcastle (1959) and Hubel and Wiesel (1965)” cf. [30]. To take this
work forward requires studies on fresh tissue sections and/or using procedures, such as “tissue
printing”. We have successfully applied tissue printing procedures aimed at developing a new
approach to analyze the ionic/molecular dynamics of single interlaminar processes [31], based on
previous procedures developed in rats [32]. Unfortunately, these studies could not be continued,
but this less invasive procedure—if based on surgical biopsies—could partially overcome the limited
access to human and non-human primate brain samples.

3. Analysis of Astroglia in the In Vitro Conditions

Applying lucifer yellow dye coupling procedures comparative studies were performed in human,
non-human primate, and rat cerebral cortex astroglial cell cultures. Their hypothetical role in cerebral
cortex modularity was analyzed following initial observations on cell coupling in the cerebral cortical
and striatal cells from Cebus apella (tufted capuchin) monkeys, demonstrating its functional preservation
following freezing and thawing procedures [33]. Later, a comparison between rat, monkey, and human
cell cultures from regional brain samples that were obtained at early ages and stored deep frozen,
was undertaken by Lanosa et al. [34]. Rat striatum and cerebral cortex showed different coupling
characteristics. Significant differences were observed in dye coupling between rodent and human
brain cortical cells in in vitro conditions (Figure 8), which were suggestive of a comparatively reduced
diffusion of dye coupling in human samples. It remains to be proven that these observations hold
true in situ using brain slices. Should it be confirmed, it could be speculated that in Homo there is less
tendency to spread cell coupling, which would aid in limiting spatial compromise of ionic/molecular
perturbations and hence contribute more precise spatial (modular) characteristics, through reduction
of glial territories.

Figure 8. Interspecies analysis of astroglial coupling levels following lucifer yellow pressure injections
in astroglia-enriched cultures from rat, monkey and human cerebral cortex, expressed as the percentage
of cells coupled out of the total cells essayed (percentage of cell coupling). Numbers in parentheses
indicate sample size. Significant differences were detected using Pearson’s chi-square test (* p = 0.006).
Adapted from Figure 3 in [34].

For the aforementioned experiments, the ages that were examined were developmentally early,
as determined by the availability of samples from human and non-human primates, using cerebral
cortex astroglial culture stocks of rat (five-day-old male), monkey (three-month-old male) and human
(six-month-old female; intrasurgical sample) from postnatal origin, kept frozen under N2-atmosphere
until they were used [34]. Hence, an effect of age cannot be overlooked. Yet, the results open
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up an intriguing additional potential difference in glial functional (coupling) characteristics among
mammalian species.

4. Glial Cells in Subcortical White Matter: Elements of a Subcortical, Distributed Information
Neural Control Circuit?

An additional issue regarding the roles of glial cells in the regulation of information transfer is
whether the so called subcortical “interstitial” (neuronal and glial) cells are solely residual (neurons)
and maintenance (glia) of projection and association fibers, or they are part of regionally distributed,
subcortical, neuron–glial networks, with a role in the control of information transfer probability
through such axonal fibers. This matter has been further discussed in [35,36], and the regulation of
timing and signal transfer probability in the subcortical white matter alternatively considered. This
possibility calls for adequate experimental testing.

5. Diffusible Factors Released by Astroglia

According to observations by Colombo and Napp [37,38], and Hunter and Hatten [39],
conditioned medium by confluent embryonic cell cultures of astroglia showed evidence of releasing
diffusible inducers of radial glia and neuritogenesis in the in vitro settings. Our contribution further
stressed the compatibility and potential usefulness of this in vitro model for the ex vivo analysis of
factors affecting the molecular dynamics that are involved in neuronal migration. Figure 9 illustrates
characteristic neuronal adhesion to radial glia and their leading and trailing processes. These radial
glial cells expressed laminin and 401-R antigens.
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Figure 9. (A) Adhesion of cerebral cortex primary fetal (embryonic day 17 (E17)) cells onto elongated
(“radial-like”) processes of subcultured cerebral cortex glia exposed to cerebral cortex astroglial
conditioned medium during 24 h, 3 h after seeding primary cells. Note in (B) evidence of leading and
trailing processes of primary cells, adherent to a cell process. Induced processes were laminin-positive
and Rat-401 antisera-positive. Adapted from Figure 1 in [37]. Scale bar: 10 μm (A,B).

In pathological conditions, such as Parkinson’s disease, when considering that cerebrospinal
fluid (CSF) from L-DOPA treated Parkinson’s disease patients is dystrophic to neuronal cultures,
possible diffusible messengers released into the CSF affecting astroglial cells [40] may intervene in
the progression of associated brain pathology. Figure 10 illustrates the effect of CSF preincubation
with cultured control glia on the otherwise deleterious effects of cerebrospinal fluid from patients with
Parkinson’s disease treated with L-DOPA.

The reported trophic influences of glia [37–41] prompted its implementation in a cell
transplantation chymera in a non-human primate in the in vivo system, based on the intracarotid
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administration of the neurotoxin1-methyl-1-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced
parkinsonism in Cebus apella monkeys [42]. Following bilateral astroglial transplantation, significant
performance improvement in a spatial delayed response task was observed, although it failed to
modify perseveration in an object retrieval detour task, or to improve motor clinical rating. These
observations suggest the possibility of dissociating brain circuits that are subserving various motor and
cognitive performances. It should be added that the experimental design should take into consideration
cognitive premorbid training effects, to avoid any interference with the interpretation of changes due
to transplantation proper [43].

Figure 10. (A–C) Effect of astroglial conditioning of three different sources of cerebrospinal fluid
(CSF) from Parkinson’s disease patients on neuronal processes. Percentage of emitting cells in rat
primary cultures of striatum (dotted bars) or ventral mesencephalon (horizontally dashed bars) after
24 h in culture with CSF before (pre) glial conditioning or after (post) 24 h conditioning with fetal
mesencephalic astroglia. Pearson’s chi-square test; ** p < 0.01; *** p < 0.001. Adapted from Figure 6
in [40].

6. Environmental Effects on Glial Response to Injury and Dye Coupling

The reported effects of environmental enrichment (EE) on neuronal events [44–46] suggested
the need to analyze glial cell responses to such contingencies. We have studied this in two different
protocols. One, in terms of recovery after cortical mechanical lesioning [47], with results suggesting
that the exposure to EE conditions prior to injury attenuates the post-lesional astroglial GFAP-response
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in the perilesional cortex of rats, and, hence, could modulate post-lesional reactive components. This
requires further studies to characterize the mechanisms that are involved.

In the second protocol, we analyzed glial dye coupling in fresh tissue sections from rat motor
cortex, after varying periods of EE. These studies reported several observations, but in terms of EE
on cell coupling in cortical laminae II–III, 30 days of EE resulted in a significant increase in the area
of cell coupling, but not in the number of coupled cells, with a concomitant decrease in cell density,
suggesting a volume increase in intercellular—gliopil—space [48]. These results can be interpreted as
a spatial expansion of the glial net, perhaps involving an increase in glial connectivity. Further studies
should clarify the mechanisms underlying such gliopil expansion (e.g., astrocyte hypertrophy), and
whether changes in neuronal and vascular elements also take part in the process following EE.

7. Summary and Conclusions

Significant recent advances have been made in our understanding of general mammalian
characteristics of glial cells and their roles in brain functional organization. However, care must
be taken when extrapolating data to primate species. The absence of interlaminar glia in rodent species
is an excellent case in point of such limitations. Critical functional knowledge must be based on
primate species if we are to understand the role of glia in the complex organization of human and
primate brains. In particular, “general mammalian” glial functional characteristics need to be critically
assessed in light of interspecies differences in order to appreciate their significance in the cognitive
and emotional processes that underlie primate and human behavior. For this purpose, continuously
improved experimental procedures in primate species, such as in vitro cell culture, ex vivo organotypic
brain slice preparations, and in vivo functional brain imaging and limited brain sampling procedures,
would provide efficient means to accomplish such critical aims in highly protected species.
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Abstract: In this first issue of Neuroglia, it is highly appropriate that Professor Jorge A. Colombo at
the Unit of Applied Neurobiology (UNA, CEMIC-CONICET) in Buenos Aires, Argentina, writes a
perspective of idiosyncrasies of astrocytes in the human brain. Much of his work has been focused
on the special case of interlaminar astrocytes, so-named because of their long straight processes that
traverse the layers of the human cerebral cortex. Notably, interlaminar astrocytes are primate-specific
and their evolutionary development is directly related to that of the columnar organization of the
cerebral cortex in higher primates. The human brain also contains varicose projection astrocytes or
polarized astrocytes which are absent in lower animals. In addition, classical protoplasmic astrocytes
dwelling in the brains of humans are ≈15-times larger and immensely more complex than their
rodent counterparts. Human astrocytes retain their peculiar morphology even after grafting into
rodent brains; that is, they replace the host astrocytes and confer certain cognitive advantages into
so-called ‘humanised’ chimeric mice. Recently, a number of innovative studies have highlighted
the major differences between human and rodent astrocytes. Nonetheless, these differences are not
widely recognized, and we hope that Jorge Colombo’s Perspective and our associated Commentary will
help stimulate appreciation of human astrocytes by neuroscientists and glial cell biologists alike.

Keywords: astroglia; protoplasmic astrocytes; interlaminar astrocytes; varicose projection astrocytes;
human brain; astroglial domains

The widespread notion of neuroglia as the “neglected cells of neuroscience” is far from reality.
The introduction of the concept of neuroglia as the connective tissue of the brain by Virchow [1] was
followed by a steady flow of discoveries on glial cells and their roles in health and disease. All of the
prominent neuroanatomists and neuropathologists of the second half of the 19th and early 20th century
studied neuroglia (see for example [2–14]). These great minds laid the foundation of our knowledge of
glial cells, mainly based on observation of human tissue.

It was the invention of “La reazione nera” by Golgi [15,16] and the many other staining techniques
that it instigated which widened the visualisation and characterisation of diverse types of glia in the
human brain. Prior to this, several types of glial cells had been described, most notably specialised
types of radial astrocytes called the retinal Müller cells [17,18] and the cerebellar Bergmann glia [19].
In the following 50 years, the profuse use of Golgi staining resulted in the description of multiple
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morphological phenotypes of parenchymal glia (Figures 1 and 2), which were named “astroglia”
in 1895 [20] (for further details on glial history, see [21–23]). The absolute majority of the original
histological characterisation of glial cells was performed on human tissue, and there was little attempt
to compare with smaller mammals, which were of little interest to classical neuroanatomists. This is
diametrically opposed to the heavy reliance of modern neuroscience on rodent models.

Figure 1. Early images of human astroglia. (A) Glial polymorphism in human foetal cortex as seen
by Gustav Retsius [24]. (B) Perivascular astrocytes drawn by Santiago Ramón y Cajal; the image is
from the collection of the Cajal Legacy at the Cajal Institute of the Spanish Research Council (CSIC).
“®CAJAL INSTITUTE, CSIC”, Madrid, Spain.

The early advances in glial morphology inspired abundant speculation on glial function.
Some argued that glia existed merely to fill the otherwise empty spaces and provide a structural
matrix, within which neurones are embedded [9], whereas some, however, went much further
and assigned glia fundamental homeostatic functions [25] , whilst still others, most notably
Carl Ludwig Schleich and Santiago Ramón y Cajal, suggested that glial cells control local blood
flow, initiate sleep, and regulate information transfer in neuronal networks [8,14,26]. It is now
apparent that astrocytes fulfil all of these operations and more, including the most fundamental
neuronal attribute of synaptogenesis [27–30]. Similarly, the fundamental role of neuroglia in
neurological diseases was highlighted by the most prominent neuropathologists, such as Franz Nissl,
Carl Frommann, Ludwig Merzbacher, Alois Alzheimer, and Nicolas Achucarro [13,31–34]. At the
turn of the 20th century, William Ford Robertson identified what he called “mesoglia” and proposed
that they underwent pathological transformation in the diseased brain [35,36]. These mesoglia were
Cajal’s “third element”, and they were characterised in detail by Pio del Rio Hortega, who identified
them as oligodendrocytes and microglia. Del Rio Hortega clearly perceived microglia as having
a defensive function [37–39] and that of oligodendrocytes in axonal myelination [40], which are
indispensable in moulding the human brain connectome. Robertson’s mesoglia almost certainly also
incorporated the last addition to the glial family, namely NG2-glia, which were clearly identified by
William Stallcup and his colleagues [41] and are also known as polydendrocytes or synantocytes [42].
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Figure 2. Early images of interlaminar astrocytes. (A) Glial cells from cerebral cortex of a one-year-old
child drawn by Gustav Retzius [24]; numerous interlaminar astrocytes are clearly seen. (B) Interlaminar
astrocytes as observed by William Lloyd Andriezen in 1893 [43]. (C) Golgi impregnated glia from
human cortex (two-month-old child) in the plexiform layer (A–D), second and third layers (E–H and
K, R, respectively) and perivascular glia (I, J). V, blood vessel. Cells labelled with A are interlaminar
astrocytes. The image is from the collection of the Cajal Legacy at the Cajal Institute of the Spanish
Research Council (CSIC). “®CAJAL INSTITUTE, CSIC”, Madrid, Spain.

The golden age of neuroglial research resulted in the detailed characterisation of human glial
types. Much less was known about glial cell physiology until the 1950s, when the first microelectrode
studies were performed on the brains of cats, dogs, and subsequently amphibians and rodents [44–48].
The latter soon became the experimental paradigm of choice, and human neuroglia were largely
neglected for a long time. However, the comprehensive analyses performed during the last decade
have revealed extraordinary differences between human and rodent glia, in particular, differences in
their astrocytes [49–53].

First and foremost, astrocytes are many times larger and much more complex in the human brain
than their rodent counterparts. Human protoplasmic astrocytes have about 10 times more primary
processes and a more complex secondary process arborisation, with an average volume that is about
16.5 times larger than the corresponding domain in a rat brain (Figure 3) [50]. The larger human
protoplasmic astrocytes have also extended outreach onto neuronal structures, on average contacting
and encompassing up to two million synapses residing in their territorial domains. This is significantly
more than the integrating capacity of rodent protoplasmic astrocytes, which cover ≈20,000–120,000
synaptic contacts [50,54]. Similarly, human fibrous astrocytes have a domain 2.14-fold larger than that
in rodents [50].
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Figure 3. Comparison of rodent and human protoplasmic astrocytes. (A) Typical mouse protoplasmic
astrocyte. Glial fibrillary acidic protein (GFAP) staining is shown in white. Scale bar: 20 μm. (B) Typical
human protoplasmic astrocyte in the same scale. Scale bar: 20 μm. (C,D) Human protoplasmic
astrocytes are 2.55-fold larger and have 10-fold more main GFAP processes than mouse astrocytes
(human, n = 50 cells from seven patients; mouse, n = 65 cells from six mice; mean ± standard error mean
(SEM); *p < 0.005, t-test). (E) Mouse protoplasmic astrocyte diolistically labelled with lypophilic dye
DiI (white staining) and sytox (blue staining) revealing the full structure of the astrocyte, including its
numerous fine processes. Scale bar: 20 μm. (F) Diolistically-labelled human astrocyte demonstrates the
highly complicated network of fine process that defines the human protoplasmic astrocyte. Scale bar:
20 μm. Inset: Diolistically-labelled human protoplasmic astrocyte, also immunolabelled for GFAP
(green staining), demonstrating colocalization. Scale bar: 20 μm. Reproduced with permission
from [50].

In addition to the principal types of astroglia being particularly large and complex, the brains
of higher primates and humans also contain several types of glia that do not exist in lower
animals. The first type of uniquely human astrocyte that came under scrutiny was the class of
interlaminar astrocytes, so-named by Jorge Colombo [55], whose historic and personal perspective is
published in Neuroglia [56]. Notably, these cells were also seen by early neuroanatomists (Figure 2).
Interlaminar astrocytes account for a rather substantial population of all astrocytes in the human
cortex, while their functional role still remains enigmatic. The small (≈10 μm in diameter) spheroid
cell bodies of interlaminar astrocytes dwell in cortical layer I (supragranular), and several short and
one or two very long (up to 1 mm) processes emanate from these somata (Figure 4A,B). The processes
of interlaminar astrocytes penetrate through the cortex, ending in deeper layers, from layer II to IV.
These processes sometimes contact with blood vessels, while their terminal portions end with peculiar
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bouton-like structures, generally known as terminal masses or end bulbs. The processes of interlaminar
astrocytes run parallel to each other, giving an appearance of a palisade.

The second type of astrocyte peculiar to the human brain are the varicose projection astrocytes or
polarized astrocytes, which send several very long (up to 1 mm) unbranched processes with varicosities
that extend in all directions through the deep cortical layers (Figure 4C–H) [51]. Apart from their
long varicose processes, these cells otherwise look similar to classical protoplasmic astrocytes, but
can be distinguished by their immunopositivity to CD44, also known as the homing cell adhesion
molecule [52]. The density of these cells demonstrate remarkable individual variation, and their
appearance is somehow related to age; that is, they have never been detected in the neonatal human
brain, and it has been speculated that the appearance of these cells may reflect age-dependent adaptive
changes and reflect individual life experiences [52].

Figure 4. Interlaminar and varicose projection astrocytes in human cortex. (A) Pial surface and layers
I–II of human cortex. GFAP staining is in white; 4′,6-diamidino-2-phenylindole (DAPI) staining is in
blue. Scale bar: 100 μm. Yellow line indicates border between layer I and II. (B) Interlaminar astrocyte
processes. Scale bar: 10 μm. (C) Varicose projection astrocytes reside in layers V–VI6 and extend
long processes characterised by evenly-spaced varicosities. Inset: Varicose projection astrocyte from
chimpanzee cortex. GFAP staining is in white, microtubule-associated protein 2 (MAP2) staining is in
red and DAPI staining is in blue. Yellow arrowheads indicate varicose projections. Scale bar: 50 μm.
(D) Diolistic labelling (in white) of a varicose projection astrocyte whose long process terminates in the
neuropil, sytox staining is in blue. Scale bar: 20 μm. (E) High-power image of the yellow box in (B)
highlighting the varicosities seen along the processes. Scale bar: 10 μm. (F–H) Individual z-sections of
the astrocyte in (E) demonstrating long processes, straighter fine processes, and association with the
vasculature. Reproduced with permission from [49,50].

The evolutionary development of human astrocytes, with processes that span multiple cortical
layers, is directly related to the evolution of a highly complex columnar cortical organisation in
higher primates. Moreover, developmental studies indicate that ontogeny recapitulates phylogeny;
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for example, interlaminar astrocytes are first apparent at the end of the first month postnatal, and
they reach their adult-like configuration by the second month of life [57]. It is tempting to speculate
that the remarkably idiosyncratic morphology of human astrocytes translates into specific higher
primate functions associated with information processing and intelligence. The theme of ‘intelligent
astrocytes’ resurfaces sporadically; already in the 1960s, Robert Galambos proclaimed that “Glia is . . .
conceived as genetically charged to organize and program neuron activity so that the best interests
of the organism will be served; the essential product of glia action is visualized to be what we call
innate and acquired behavioural responses. In this scheme, neurons in large part merely execute the
instructions glia give them” [58]. This heretic and yet inspiring idea, which defines glia as a central
element for information processing in the brain, has galvanized many followers [59–63], although it is
still in need of credible experimental corroboration.

To attempt this corroboration, the chimeric model of ‘humanised’ mice was developed, in which
the brains of neonatal animals were injected with human foetal glial cell progenitors. These human
cells survived implantation and expanded to populate large areas of brain tissue and replace native
rodent astrocytes. Moreover, mice bearing human astrocytes outperformed their wild type relatives
in learning and memory tasks, while the threshold for long-term potentiation was reduced in these
chimeras. Does this experiment indeed point out the intelligence potential of human astroglia? Or does
the better performance of humanised mouse nervous tissue reflect a much higher capacity of human
astrocytes to provide homeostatic and metabolic support? These points are not mutually exclusive,
and the question remains open.

We hope that our Commentary has highlighted some key differences between astrocytes in
the human brain and their simpler brethren in rodents. Currently, mice are the main animal
model for studying brain function and pathology. Going forward, it is important to recognise
the singularity of human astrocytes and interpret data from mice and other species appropriately.
Jorge Colombo’s perspective of his career studying interlaminar astrocytes helps bring these cells to
the attention of neurobiologists who might otherwise be unfamiliar with them, and it will hopefully
help stimulate future studies on these remarkable cells.
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Abstract: Excitotoxicity is the principle mechanism of acute injury during stroke. It is defined as the
unregulated accumulation of excitatory neurotransmitters such as glutamate within the extracellular
space, leading to over-activation of receptors, ionic disruption, cell swelling, cytotoxic Ca2+ elevation
and a feed-forward loop where membrane depolarisation evokes further neurotransmitter release.
Glutamate-mediated excitotoxicity is well documented in neurons and oligodendrocytes but drugs
targeting glutamate excitotoxicity have failed clinically which may be due to their inability to protect
astrocytes. Astrocytes make up ~50% of the brain volume and express high levels of P2 adenosine
triphosphate (ATP)-receptors which have excitotoxic potential, suggesting that glutamate and ATP
may mediate parallel excitotoxic cascades in neurons and astrocytes, respectively. Mono-cultures
of astrocytes expressed an array of P2X and P2Y receptors can produce large rises in [Ca2+]i;
mono-cultured neurons showed lower levels of functional P2 receptors. Using high-density 1:1
neuron:astrocyte co-cultures, ischemia (modelled as oxygen-glucose deprivation: OGD) evoked a rise
in extracellular ATP, while P2 blockers were highly protective of both cell types. GluR blockers were
only protective of neurons. Neither astrocyte nor neuronal mono-cultures showed significant ATP
release during OGD, showing that cell type interactions are required for ischemic release. P2 blockers
were also protective in normal-density co-cultures, while low doses of combined P2/GluR blockers
where highly protective. These results highlight the potential of combined P2/GluR block for
protection of neurons and glia.

Keywords: astrocyte; ATP; excitotoxicity; glutamate; NMDA; neuron; P-2 receptor; stroke

1. Introduction

Stroke involves the sudden onset of cerebral ischemia, producing cellular injury and loss of
function, leading to permanent disability [1,2]. The principle mechanism underlying acute cell
injury is excitotoxicity, involving the toxic build of extracellular neurotransmitters. Work towards
an effective prophylactic intervention for patients at stroke risk has focused on ionotropic glutamate
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receptors (GluRs) and the neuro-protective promise of blocking excitotoxic over-activation of
N-methyl-D-aspartate (NMDA)-type GluRs (see [3]). We have recently demonstrated, for example,
that many of the contraindications of this approach can be resolved by using a low-dose prophylactic
strategy employing the clinically approved drug memantine hydrochloride [4], and that selective
targeting of Nr2C/D NMDA subunits is highly protective of both grey and white matter. However,
~50% of the brain parenchymal volume is made of astrocytes, essential neural partner cells that are
required for neuronal survival and function. Astrocytes generally express low levels of GluRs (e.g., [5])
but robustly express P2 nucleotide adenosine triphosphate (ATP) receptors (see [6]). ATP can also act
as an excitotoxin via activation of P2 receptors [7,8] and extracellular ATP is significantly elevated both
in vitro and in vivo under hypoxic and ischemic conditions [9–16]. Prolonged application of ATP or
ATP analogues produces necrotic and delayed cell damage in both neurons and astrocytes in vitro and
in vivo [17–21]. The harmful effects of ATP may be enhanced during ischemia by a reduced efficiency
of ATP-degrading ecto-nucleotidases, which will reduce the capacity of the brain to clear extracellular
ATP [22,23].

Astrocytes play important roles in the acute injury and survival of neurons affected by ischemia,
including the release/uptake of neurotransmitters, regulation/dysregulation of extracellular ionic
homeostasis and the production/buffering of reactive species. In addition to their essential support
role in neural function, astrocyte cell death is a prerequisite for the evolution of necrotic stroke
infarction [24]. Astrocyte protection may also be directly beneficial to neighbouring neuronal elements;
for example, astrocyte glycogen storage can have a powerful influence upon the survival chances of
neighbouring axons [25]. In the present study, we use neuron-enriched, astrocyte-enriched and 50/50
co-cultures where the two cell types can be distinguished to probe the effects of P2 receptor block
on oxygen-glucose deprivation (OGD)-induced neurotransmitter release and associated cell death.
We report that, even at very low concentrations, P2 receptor block is a highly effective pathway to
astrocyte protection from acute ischemia which, unlike GluR block, reduces both neuron and glia
injury. Combined block of P2 and GluRs effectively prevented cell death, the first time a combined
pharmacological strategy has been identified to block acute ischemic cell death in both neurons
and glia.

2. Materials and Methods

2.1. Cell Culture

Normal-density primary cortical neuron and astrocyte co-cultures were prepared from the cerebral
cortices of C57BL/6 mouse gestation day 15–17 embryos (Charles river, Margate, UK), following
humane cervical dislocation under UK Home Office Schedule 1 regulations. Cortices were removed and
placed into Hank’s balanced salt solution (HBSS), trypsinised (1% trypsin/DNAse) at 37 ◦C for 10 min,
triturated and then centrifuged (1500 rpm/5 min). Cells were subsequently re-suspended in growth
media (Dulbeco’s minimum essential medium (DMEM), containing 4500 mg/L glucose, Glutamax-I,
110 mg/L pyruvate, penicillin/streptomycin and 10% foetal bovine serum (FBS)), and plated onto
175 cm2 flasks. At two days in vitro (DIV), excess microglia were removed by gentle tapping and
swirling of the flask prior to 100% DMEM media change. At six DIV, unwanted oligodendrocytes and
microglia were removed by multiple agitations and washing steps until the lower-most astrocyte layer
remained. Astrocytes were removed from the flask by trypsin action (0.5% Trypsin/5.3 mM EDTA),
centrifuged and re-suspended in DMEM. Astrocytes were counted and plated at 0.15 × 106 cells/mL
onto previously poly-L-lysine (100 μg/mL) coated coverslips. At eight DIV cortical neurons were
prepared from E16 embryos in the same fashion as astrocytes up to the initial re-suspension where
the media used was Neurobasal (Neurobasal medium, penicillin/streptomycin, B27 supplement,
Glutamax-I). Cells were passed through a 100 μm cell strainer prior to counting. Neurons were plated
at 0.15 × 106 cells/mL directly on top of previously plated astrocytes and the media was changed to
Neurobasal. Cultures were used from 12 DIV. High-density neuronal-enriched, astrocyte-enriched
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and 1:1 co-cultures were prepared from BALBc mice in a similar fashion to the above but using higher
plating densities (see [4] for details). These high-density cultures were useful for characterising receptor
responses and measuring neurotransmitter release.

2.2. Distinguishing Neurons and Astrocytes in Co-Culture

Co-cultured astrocytes and neurons are morphologically distinct under phase contrast.
To distinguish between the co-cultured cells, pseudo-fluorescent images were overlaid on the
corresponding phase-contrast images for identification. Astrocytes form a continuous layer of flat
low phase-contrast cells, whereas neuronal cells are high contrast showing pyramidal, fusiform or
multipolar characteristics; these identifying characteristics have recently been confirmed in sister
cultures [4]. Unidentifiable cells were excluded from subsequent analysis.

2.3. Cell Imaging (Viability and [Ca2+]i)

For imaging of cell viability, cell death was assessed using an intracellular green CellTrackerTM

probe, 5-chloromethylfluorescein diacetate (CMFDA) (Fisher, Loughborough, UK), AM loaded at
2.5 μM. CMFDA-loaded cultures were mounted into an atmosphere perfusion chamber (Warner
Instruments, Hamden, CT, USA), perfused at 2 mL/min (artificial cerebro-spinal fluid (aCSF) mM:
153 Na+, 3 K+, 2 Mg2+, 2 Ca2+, 131 Cl−, 26 HCO3−, 2 H2PO4− and 10 dextrose (bubbled with O2 95%/CO2

5%), 317–319 milliosmoles) and maintained at 37 ◦C. Temperature was monitored and regulated via
flow-through, objective and room heaters (see [26]). Once mounted onto the stage of an epi-fluorescence
microscope (Nikon, Tokyo, Japan), oil immersion ×20 images were collected at 508 nm via appropriate
filter sets (Chroma Technology Corporation, Bellows Falls, VT, USA) following excitation at 489 nm
(optoscan, Cairn Research, Faversham, UK). Images were captured by a coolSNAP HQ camera (Roper
Scientific, Vianen, The Netherlands) controlled via MetaFluor (Molecular Devices, San Jose, CA, USA)
with background signal subtracted. OGD conditions were induced by switching from aCSF to aCSF-zero
glucose (OGD mM: 153 Na+, 3 K+, 2 Mg2+, 2 Ca2+, 131 Cl−, 26 HCO3−, 2 H2PO4− (bubbled with N2

95%/CO2 5%) and switching the chamber atmosphere from 95% O2/5%CO2 to 95%N2/5%CO2. Cultures
were perfused with aCSF for 10 min before switching to OGD. Two sets of image data were collected
from each CMFDA experiment. Quadrant images were taken at 0 and 100 min of perfusion where initial
cell and surviving cell counts were taken in the four complete adjacent fields of view contiguous with
the imaged field in the centre. These quadrant images were used to determine total cell death over the
whole time-course of the experiment, and also acted as a control to ensure that fluorescent excitation
illumination was not affecting cell viability (these cells were not exposed to illumination during the course
of the experiment). Fluorescent images were taken every 30 s from the central field of view where cell
death was characterised by a sudden collapse of the fluorescent signal as previously described (see [4]).
These data were used to calculate cell death rates with time within the field of view. Cell death data are
plotted as a time course represent the real time recordings from the central field of view, while total cell
death data include the cells from the surrounding quadrants.

For [Ca2+]i imaging during OGD, cultures were loaded with FURA-2FF (Invitrogen, Carlsbad,
CA, USA), a low affinity dye that does not affect cell viability during ischemia [27]. The more sensitive
FURA-2 was used for agonist responses. In both cases, cells were AM-loaded (see [26] for more details
of imaging methods). A rapid exchange perfusion system was used for short application agonist
experiments (ValveBank8.2, AutoMate Scientific, Berkeley, CA, USA). Oil immersion ×20 images were
collected at 520 nm using appropriate filter sets (Chroma Technology Corporation, Bellows Falls, VT,
USA). Cells were illuminated at 340, 360, and 380 nm (Optoscan, Cairn Research, Faversham, UK).
For FURA-2 imaging, 340:380 was converted to [Ca2+]i using a calcium calibration kit (Invitrogen).
Cell death was characterized by sudden collapse of the fluorescent signal to the background level and
this phenomenon was used to calculate cell death rates and precise time points of cell death for all
cells within the field of view.

26



Neuroglia 2018, 1

2.4. Biosensors

ATP and glutamate microelectrode biosensors (Sarissa Biomedical, Coventry, UK) [28], amplified
via a Duo-Stat ME-200+ potentiostat (Sycopel International Ltd., Tyne & Wear, UK), were used to record
real time glutamate or ATP concentration changes in vitro from the unstirred fluid layer surrounding
cells in high-density cultures. Signals were recorded differential to a null electrode and both active
and null electrodes were carefully inserted into a modified atmosphere chamber until the sensor tips
rested directly on the cell layer (see [4]). An Ag/AgCl reference electrode was introduced at a distal
site. OGD and control experiments were performed as described above for cell imaging. Sensors
were recalibrated in the chamber at the end of the OGD period after retraction from the cell layer.
Values from the null, sensor, and sensor-minus-null outputs were recorded at 0.5 Hz and subsequently
converted into Δ ATP or Δ glutamate, rather than absolute concentrations. Experiments were repeated
a minimum of three times, all values collected for a time point during a specific condition/experiment
were averaged using Prism software (GraphPad, Prism Software, Droitwich, UK).

2.5. Statistics

Experiments were repeated a minimum of three times on three separate culture preparations.
Results are presented as mean ± standard error of the mean (SEM). Statistical analysis for comparison
of experimental groups was undertaken using one-way analysis of variance (ANOVA) with Tukey’s
post-hoc test for multiple comparisons. For all data, differences of p < 0.05 were deemed significant.

3. Results

3.1. Functional P2 Receptors and GluR in Astrocyte-Enriched and Neuron-Enriched Cultures

Functional GluR and P2 ATP receptor expression was examined in neuron- and astrocyte-enriched
cultures, using Ca2+ micro-fluorimetry. Resting [Ca2+]i was significantly higher in astrocyte cultures
compared to neurons (98.0 nM ± 3.0 n = 554 vs. 65.0 nM ± 1.5, n = 739, respectively; p < 0.001), and
in both cases was affected by tonic application of various receptor antagonists used in this study.
For this reason, [Ca2+]i changes have been used for the statistical comparison of drug effects, rather
than absolute [Ca2+]i levels. To confirm the presence of functional P2 receptors on astrocytes, cells were
exposed to a series of P2 receptor agonists. One hundred percent of astrocytes responded to 100 μM
ATP, with a mean [Ca2+]i increase of 722.9 ± 29.2 nM (n = 341; Figure 1A–C). All receptor sub-type
selective agonists tested (100 μM adenosine diphosphate (ADP), 100 μM ATPγS, 10 nM MRS-2365,
100 μM BzATP) had response rates approaching 100% and produced smaller [Ca2+]i responses than
those produced by ATP, in the 328–539 nM range (Figure 1A–C). A second application of 100 μM ATP
at the end of the experiment produced a [Ca2+]i rise of a similar amplitude to the initial response, but a
degree of response run-down was found during multiple sequential applications of ATP (falling to
84.9% of the first response after six repeats, 5 min apart, n = 62). Small amplitude glutamate responses
were observed in a sub-set of cultured astrocytes (e.g., Figure 1A), as reported in a companion study [4].

The presence of ionotropic glutamate receptors is well documented in cultured neurons (see [4]
for studies on sister cultures), P2 receptor responses less so. The proportion of cells in neuronal cultures
responding to sequential exposure to a series of P2 agonists ranged from 58.0 ± 4.2% for ATP down to
26.4 ± 7.1% for BzATP (Figure 1D,E), in all cases significantly lower than the corresponding response
rate in astrocyte cultures. The maximal [Ca2+]i rises evoked by P2 agonists were also smaller than
in astrocytes, between 110.0 ± 4.6 nM for ATP and 56.9 ± 4.3 nM for BzATP (Figure 1F). In general,
neurons responded to either the majority of P2 agonists or none at all, although the amplitude of
responses varied within cells. As with astrocytes, a degree of hysteresis in the ATP response was
observed in cultured neurons with a second application evoking a significantly smaller response
(Figure 1F).

27



Neuroglia 2018, 1

Figure 1. P2 receptor-mediated responses in astrocyte and neuronal cultures. (A) [Ca2+]i recorded from
a typical individual astrocyte showing baseline and agonist-evoked responses. Raw pseudo-colour
images from this experiment are shown at the top, demonstrating cell responses to each of the agonists
(each colder spot in the resting image is a single cell). Scale = 10 μm. (B) Mean number of astrocytes
which respond to individual agonists (n = number of individual cultures). (C) Mean change in [Ca2+]i

evoked by agonists (n = individual astrocytes). (D–F) Similar series to (A–C), in this case for cultured
neurons. ATP: adenosine triphosphate, ADP: adenosine diphosphate.

Since neurons express both functional GluR and P2 receptors, the effects of combined P2 + GluR
block were examined on agonist-induced responses in neuronal cultures. Combined block of GluR and
P2 receptors (60 min pre-treatment with 30 μM NBQX + 10 μM MK-801 + 100 μM PPADS) reduced the
proportion of neurons responding to glutamate (under zero-Mg2+ conditions) from 100% to 72.0 ± 3.2%,
with response amplitude falling by 73.1% (p < 0.001; n = 107; Figure 2A–D). Responses to specific
NMDA- and non-NMDA-type ionotropic glutamate receptor agonists were suppressed to a greater
extent than those to glutamate, indicating a significant metabotropic component to the glutamate
response in cultured neurons. The cellular ATP response rate fell to 13.7 ± 6.6% (p < 0.001; n = 231) in
the presence of the antagonist cocktail, but the amplitude of [Ca2+]i rises in the remaining responding
cells was not significantly affected (Figure 2C,D).
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Figure 2. Combined P2 and ionotropic glutamate receptor block of neuronal responses. (A,B) [Ca2+]i

changes evoked by serial application of the receptor agonists glutamate (100 μM), AMPA (100 μM),
NMDA (100 μM) + glycine (10 μM) and ATP (100 μM) in two cultured neurons from the same culture
in the combined presence of 30 μM NBQX + 10 μM MK-801 + 100 μM PPADS (pre-applied for 60 min,
all in zero-Mg2+). These two cells show the range of responses observed. Note that, while all responses
are small or blocked in the cell shown in (A), robust glutamate and ATP responses are retained in (B).
(C,D) Mean number of responding cells (C) and mean [Ca2+]i changes (D).

Astrocytes express a wide range of P2 receptors and to differentiate P2X- and P2Y-mediated
responses the Ca2+-dependence of P2 responses in these cells was investigated [29]. Astrocyte cultures
were pre-treated with 1 μM thapsigargin for 60 min to block sarcoplasmic/endoplasmic reticulum
Ca2+-ATPase (SERCA) and deplete Ca2+ stores prior to sequential exposure to ATP and ADP in the
presence and then the absence of extracellular Ca2+ (Figure 3). In normal aCSF, thapsigargin treatment
reduced the proportion of ATP-responding cells from 100% to 60.1 ± 13.0% and response amplitude to
7.3% of control (both p < 0.001). All responses were eliminated by the removal of extracellular Ca2+

(Figure 3B,C). The data suggest that ~60% of astrocytes express functional P2X receptors but that these
contribute less than 10% to the Ca2+ rises evoked by ATP. ADP, which is a selective agonist for a sub-set
of P2Y receptors, produced only limited responses following thapsigargin treatment, consistent with
this hypothesis. The P2Y receptor compliment on astrocytes included a significant P2Y1 component
since ~30% of the [Ca2+]i response to ATP was lost when experiments were conducted on astrocyte
cultures prepared from P2Y1 −/− mice (Figure 4). The [Ca2+]i responses to ADP were also reduced
in these cells (by over 80%), and all effects of the selective P2Y1 agonist MRS-2365 were abolished
(Figure 4). As a corollary, this experiment demonstrates the purity of the ATP used since some cells
responded to ATP but not ADP; ADP impurity has been a major concern in commercially available
ATP [30].
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Figure 3. P2X and P2Y receptors are expressed in cultured astrocytes. (A) Representative data showing
the effects of 100 μM ATP and 100 μM ADP perfusion following depletion of Ca2+

i stores by treatment
with 1 μM thapsigargin in the presence and then the absence of extracellular Ca2+. (B,C) Mean number
of responding cells (n = cover slips) (B) and mean [Ca2+]i changes (n = cells responding) (C) showing
the major contribution to ATP responses by P2Y receptors in these cells.

In astrocyte cultures, pre-incubation for 60 min with the broad-spectrum P2 antagonists suramin
(100 μM, Figure 5A,B) or PPADS (100 μM, Figure 5C,D) reduced the mean [Ca2+]i response to ATP
by 43.9 ± 1.4% and 55.9 ± 1.8% of control, respectively. ADP responses, which should be largely
P2Y-mediated, were reduced by 59.5 ± 1.9% and 39.5 ± 1.9%, respectively. Drug washout was
incomplete over the time-course of the experiment. Neither drug significantly reduced the 100%
response rate of the cells to either agonist. The concentration-dependence of PPADS was investigated
during shorter exposure periods (Figure 5E,F). Sixty-minute pre-incubation with combined application
of the selective P2Y1 antagonist MRS-2179 and the P2X7 antagonist KN-62 was also tested (Figure 5G,H).
This protocol significantly reduced the amplitude of the [Ca2+]i responses to ATP to 69.4 ± 2.2% of
control (p < 0.001, n = 119), with limited reversibility after 5 min wash-out. Somewhat larger effects of
this antagonist combination was found upon the responses evoked by the selective P2Y1 and P2X7

agonists MRS-2365 and BzATP (Figure 5G,H).
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Figure 4. P2Y1 receptors in astrocytes. (A,B) Representative responses in two astrocytes in cultures
prepared from P2Y1 −/− mice. (C,D) Mean number of responding cells (n = cover slips) (C) and mean
[Ca2+]i changes (n = cells responding) (D) showing lower amplitude [Ca2+]i rises in response to ATP
and ADP in the knock-out cells, and no response to the selective agonist MRS-2365.

Figure 5. P2 receptor block in cultured astrocytes. (A–D) The effect of pre-perfusion for 60 min with 100 μM
suramin or 100 μM PPADS upon ATP and ADP evoked [Ca2+]i changes. (E,F) Concentration-dependence
of the effect of PPADS during shorter antagonist exposures. (G,H) The effect of combined exposure to
the selective P2Y1 antagonist 10 μM MRS-2179 and the P2X7 antagonist 1 μM KN-62 upon ATP-evoked
[Ca2+]i changes.

3.2. Oxygen-Glucose Deprivation in High-Density Neuron/Astrocyte Co-Cultures

Ischemic conditions in the brain were modelled by exposing high-density co-cultures to OGD
with a similar neuron:astrocyte ratio to that found in the CNS (1:1). OGD evoked a gradual rise in
extracellular ATP measured in the unstirred media layer surrounding cells [4] (Figure 6A,B). The mean
extracellular ATP increase reached 8.9 ± 3.1 μM during the 80–90 min period of OGD (p < 0.01
relative to control perfused cultures). A significant elevation in ATP concentration was apparent in
the 60–70 min epoch (p < 0.05), but the data trend suggests that ATP release started soon after the
initiation of OGD (Figure 6A). Activation of P2 receptors during OGD was subsequently found to
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contribute to acute cell death in this preparation (See below). To test the hypothesis that P2 receptor
antagonists act independently of glutamate release, glutamate was measured in the mixed high density
cultures during OGD in the presence and absence of 10 μM PPADS (Figure 6C,D). OGD evoked an
early increase in extracellular glutamate in this preparation, and this was not significantly affected by
block of P2 receptors.

The effect of a range of ionotropic glutamate and P2 receptor blockers in isolation and in
combination (see Tables 1 and 2 for selectivity of P2 antagonists) were tested upon the degree of cell
death produced by 90 min of OGD in high-density co-cultures, assessed via CFMDA cell-tracker
imaging (Figure 7). This approach allowed neurons and astrocytes to be differentiated using
unambiguous morphological criteria [4]. The non-selective P2 antagonist PPADS (10 μM) was highly
protective of both neurons and astrocytes, with neuronal death reduced to 2.8 ± 1.7% and astrocyte
death to 9.4 ± 4.5% (n = 10; p < 0.001); PPADS (100 μM) (sufficient to block all P2 receptor types)
reduced total cell death to a level below that found in control perfused cultures (0.9 ± 0.5%; p < 0.001).
Suramin (100 μM) has been reported to block P2X 2, 3, 5, 6 and 7 in addition to P2Y 1, 2, 6, 12 and
13 types, produced significant protection of neurons but not astrocytes, reducing over-all cell death as
a result. In contrast, reactive blue-2, which at the concentration used (100 μM) has been reported to
block P2X 1–3 and 5 and P2Y 1, 4, 6 and 11–12, was without effect. The P2X7 selective antagonist KN-62
(1 μM) did not have a significant effect upon either cell type, while the P2Y1 antagonist MRS-2179
(10 μM) significantly protected both astrocytes and neurons from cell death, and reduced total cell
death to 15.5 ± 6.3%. Consistent with prior reports, block of non-NMDA or NMDA GluRs (NBQX
30 μM or MK-801 10 μM, respectively), was protective of neurons. The most significant protection
was found during combined application of both antagonists; no glutamate receptor blocking protocol
had any significant effect upon astrocyte survival. Combined block of P2 and glutamate receptors
with 100 μM suramin + 10 μM MK-801 + 30 μM NBQX (100S10M30N) completely abolished all cell
death in both astrocytes and neurons. Combined perfusion with low agonist concentrations was also
tested. PPADS (1 μM) + mk-801 (1 μM) + NBQX (1P1M3N) (3 μM) was highly protective of both
neurons (1.1 ± 0.9% cell death) and astrocytes (8.5 ± 3.9% cell death), with total cell death reduced
from 13.2 ± 1.6% to 5.0 ± 2.9% (p < 0.001).

Figure 6. Neurotransmitter release from mixed cultures. (A) ATP concentration in the media
surrounding cultured neurons and astrocytes rises gradually during a 90 min period of OGD (red data)
compared to control recordings (green). Means +/− standard error mean are shown. (B) Mean data
for each 10 min interval showing statistical significant between control and OGD at later time points.
(C) Glutamate in the extracellular media is elevated during OGD, an effect that is not affected by
co-perfusion with 10 μM PPADS to block P2 receptors. (D) Mean data for 10 min intervals, showing no
statistical significant effect of PPADS.
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Table 1. Antagonists at P2X receptors.

Suramin PPADS KN-62
Highly Selective

Antagonists a,h,p,s

P2X1
No, >1 mM g (mouse) 0.4 g (mouse)

No NF449, NF864, RO-10.01–0.3, 0.851 e,t (human) 0.01–0.3, 1.29 a,t (human)

P2X2
33.1 e (rat) 3.8 e (rat)

No -
1-32 m,p,t (human) 0.4–20.4 a,m,p,t (human)

P2X3
0.776 e (rat) 3.63 e (rat)

No -
14.9, 15.8, >100 e,n,p,t (human) 1.7–5.13 e,n,t (human)

P2X4
>100 q (mouse) 10.5 q (mouse)

No, >3 q (mouse) Benzofuro-1,4-diazepin-2-ones
178.1–200 e,o,p (human) 10–25,27.5, >100 a,o,p (human)

P2X5
4.5 r (rat) 2 r (rat)

No -
0.199 p,t (human) 0.01-0.3, 3.16 p,t (human)

P2X6 No, >30 r (rat) No, >30 r (rat)
>0.3 t (human) No -

P2X7 40 f (mouse)No, >100 e,t (human)

Cation pore opening Cation pore opening 1A-438079 **
14.79 a (mouse) 0.389 a (mouse) 1A-740003 **
3.24 a (human) 0.38 a (human) A-804590

Large pore formation Large pore formation GSK314181A
7, 9, >100 a,b (mouse) 0.18, 1.17 a,b (mouse) AZ11645373

0.015 b (human) 0.011 b (human) 1AZ10606120

P2X2/3 33.1 e (rat)
1.26 e (rat)

No
A-317491

16.6 a (human) RO-3

P2X1/5 1.58 p (rat) 0.5–8.6 h (mouse) No -

P2X4/6 Some activity u (rat) Some activity u (rat) No -

Numbers represent IC50 values, in μM. Murine data are presented where available. **: antagonists with good
oral bioavailability. References: a (Donnelly-Roberts et al., 2009), b (Chessell et al., 1998), e (Bianchi et al., 1999),
f (Watano et al., 2002), g (Ikeda, 2007), h (Lalo et al., 2008), m (Lynch et al., 1999), n (Garcia-Guzman et al., 1997a),
o (Garcia-Guzman et al., 1997b), p (Gever et al., 2006), q (Jones et al., 2000), r (Collo et al., 1996), s (Jarvis and Khakh,
2009), t (Burnstock and Knight, 2004), u (Le et al., 1998a).

Table 2. Antagonists at P2Y receptors.

Suramin PPADS MRS-2179
Highly Selective

Antagonists h

P2Y1

Effective at 100uM d

(mouse)
1.67 t (turkey)
3.16 a (human)

Effective at 30 uM d

(mouse)
1.05 t (turkey)
2 b (human)

Effective at 10 uM f,g (mouse)
0.015–0.331 f,h,p,q,u (human)

MRS-2279
MRS-2179
MRS-2500

A3P5P

P2Y2 47.86 t (human) No b,t (human) No a,s,u AR-C126313
MRS-2576

P2Y4
No n,o

(mouse/human)
45 n (mouse)
15 o (human) No a,s,u MRS-2577

P2Y6
Effective at 100uM d

(mouse)
Effective at 30uM d

(mouse)
No a,s,u MRS-2578

MRS-2575

P2Y12 3.6 r (human) No r (human) No a,s

MeSAMP
AZD6140
INS50589

Clopidogrel

P2Y13 2.3 e (human) 11.7 e (human) >100 e (human) MRS-2211

Numbers represent IC50 values, in μM; Murine data are presented where available. References: a (Fischer and
Krugel, 2007), b (Donnelly-Roberts et al., 2009), d (Calvert et al., 2004), e (Marteau et al., 2003), f (Baurand et al.,
2001), g (Atterbury-Thomas et al., 2008), h (Jacobson et al., 2009), n (Suarez-Huerta et al., 2001), o (Communi et al., 1996b),
p (Waldo and Harden, 2004), q (Moro et al., 1998), r (Abbracchio et al., 2006), t (Charlton et al., 1996b), u (Boyer et al., 1998).
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Figure 7. The effects of various receptor agonists on OGD-induced cell death in mixed cultures. (A) The per
cent cell death of all cells (blue), astrocytes (green) and neurons (red) under control perfused (white), control
OGD (black) and OGD in the presence of single or combined receptor antagonist (coloured). (B) Analysis
showing the mean time to the first cell death event in each culture. (C) Mean time to cell death. * p < 0.05, **
p < 0.005, *** p < 0.001 vs. cell death under control OGD conditions. “1P” = 1 μM PPADS; “1M” = 1 μM
MK-801; “3N” = 3 μM NBQX; “100S” = 100 μM suramin; “n” = number of cultures.

3.3. Oxygen-Glucose Deprivation in Normal-Density Neuron/Astrocyte Co-Cultures

To test whether the highly protective nature of combined P2 and GluR block was limited to the
high-density cultures required for biosensor recording of neurotransmitter release, we examined the
effect of combined blockade in normal density 50:50 neuron:astrocyte cultures using low doses of
clinically applicable drugs. Control levels of total cell death was higher in these normal-density cultures,
an effect that was countered by low concentrations of PPADS which acted by reducing astrocyte death
(Figure 8A). PPADS at 0.5 μM reduced total cell death under control normoxic conditions from
13.2 ± 1.6% to 3.1 ± 0.5% over the 100 min recording protocol (p < 0.001), suggesting tonic ATP
release and low levels of on-going P2 receptor-mediated excitotoxicity in these cultures. Ninety-minute
OGD evoked a significantly lower level of overall cell death (22.0 ± 1.6%; Figure 8B) than it did in
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the high density cultures (see Figure 7), the difference accounted for by a reduced level of astrocyte
death. This phenomenon is potentially related to lower levels of ischemic neurotransmitter release
associated with lower cell density. Very low levels of PPADS significantly reduced OGD-induced
astrocyte and total cell death, with 0.5 μM reducing overall cell death during OGD to 16.7 ± 5.8%
(p < 0.02 vs. OGD alone). PPADS (1 μM) reduced total cell death to 11.2 ± 1.6% (p = 0.01), with only the
highest concentration tested (10 μM) having any protective effect upon neurons (8.4 ± 2.2%, p = 0.002).
The time-course of cell death under control perfused and during OGD are shown in Figure 8C,D.

Figure 8. The effects of P2 and GluR antagonists on OGD-induced cell death in normal-density
co-cultures. (A) The extent of cell death during a 100 min period of control imaging, showing neuron,
astrocyte and neuron death. Note the relatively high level of baseline cell death in the absence of
antagonists and the protective effect of even low concentrations of PPADS or combined low dose PPADS
+ memantine. (B) Cell death during 90 min of OGD and the protective effects of low concentrations of
PPADS or low dose PPADS + memantine. (C–F) The time-course of total cell death for the two sets of
conditions shown in “A” and “B”. * p < 0.05, ** p < 0.005, *** p < 0.001 vs. no drugs present.

To test combined block of NMDA-type GluR and P2 receptors in this preparation, cultures
were exposed to 0.2 μM memantine + 0.5 μM PPADS. Current and established data show that these
concentrations given individually are not protective of total cell death in this preparation [4]. Following
application of this combination a significant protective effect against astrocyte (7.0 ± 2.0%, p < 0.0001)
and total cell death (7.0 ± 2.0%, p < 0.0001; Figure 8B) was found. However, no significant effect
was seen upon neuronal death (13.3 ± 2.4%, p = 0.0772). Memantine (0.2 μM) + PPADS (0.5 μM)
significantly decreased cumulative cell death at 75 min onwards compared to OGD-only conditions
(Figure 8F; p < 0.001). A further low concentration combination was investigated. PPADS (0.25 μM)
and MEM (0.1 μM) significantly reduced neuronal death (11.3 ± 3.0%; p < 0.01), with no effect on
astrocyte or all cell death (Figure 8D). This combination showed an increased cumulative level of cell
death in continually-imaged cells compared to OGD-only conditions (Figure 8F).

4. Discussion

The focus for acute stroke intervention research has been on re-vascularization therapies, reactive
species buffering or excitotoxicity interruption via NMDA-type GluR blockers [31]. Drugs directed
toward glutamate-mediated excitotoxicity have shown particular promise in animals, but have not
translated into clinical practice. Neural function is dependent upon the homeostatic relationship
between neurons and astrocytes, and any successful stroke intervention must protect both cell
types if functional improvement is to be achieved. Since the NMDA-type GluRs which largely
mediate glutamate excitotoxicity are either absent or expressed at low levels in astrocytes (e.g., [5]),
one shortfall of targeting glutamate excitotoxicity may be a lack of astrocyte protection. Astrocytes
express a high density of P2 ATP receptors [6], and brain ischemia produces significant rises in
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extracellular ATP concentration [16]; targeting ATP-mediated excitotoxicity may therefore be necessary
for stroke neuroprotection.

For ATP and glutamate mediated excitotoxic cascades to co-exist, cells must release excessive
ATP and glutamate during ischaemic conditions, events which we have confirmed in high-density
cultures using biosensor microelectrodes. Neurotransmitter release was apparent soon after the onset
of OGD, although ATP levels were lower and reached statistical significance later than glutamate.
In this preparation, astrocytes rather than neurons contributed the majority of glutamate release
during OGD, since significant glutamate release only occurred from astrocyte cultures and co-cultures.
Glutamate release from co-cultures was not attenuated by the non-selective P2 blocker PPADS,
suggesting that P2 receptor activation does not contribute to ischaemic glutamate release. Excessive
ischemic ATP release was only consistently detected in co-cultures, indicating that astrocytes and
neurons interact/co-operate by an unknown mechanism to release ATP or enhance extracellular ATP
accumulation during ischaemia.

A second pre-requisite for ATP and glutamate mediated excitotoxicity is the functional expression
of P2 and GluRs on neural cells. Functional receptor responses were examined via Ca2+ imaging,
revealing widespread ionotropic and metabotropic GluR responses in neuronal cultures, while only a
small percentage of cultured astrocytes expressed functional (mostly metabotropic) GluRs. Cultured
neurons and astrocytes expressed a variety of functional P2 receptors, with 100% of astrocytes and
approximately 60% of neurons responding to ATP. In both cell types, there was a dominant contribution
of metabotropic P2Y over ionotropic P2X receptors. A P2 receptor subtype expression profile obtained
using multiple P2 agonists/antagonists and P2Y1−/− astrocytes found expression on neurons and
astrocytes of P2Y1 and P2Y6, with a possibility of P2Y2 and/or P2Y4, while astrocytes in particular
also expressed functional P2X7 receptors.

4.1. GluR Antagonists Protect Neurons but Not Astrocytes

Blocking NMDA and/or AMPA/kainate GluRs reduced OGD-induced cell death in neurons
but not astrocytes. A similar differential effect has been previously documented in cell cultures, and
correlates with the largely neuronal pattern of GluR expression [4,32–35]. Analysis of the time course
of cell lysis revealed that the reduction in neuronal death produced by the NMDA blocker MK-801
reached statistical significance after 90 min of OGD, and did not reduce the mean time to cell death.
NBQX (alone or in combination with MK-801) significantly reduced cell death after 60–65 min of
OGD, and significantly delayed the mean time to cell death. Consistent with this, NMDA GluR
antagonists are less effective than AMPA/kainate receptor antagonists during prolonged and/or more
severe ischaemia.

4.2. Broad-Spectrum P2 Antagonists Protect Neurons and Astrocytes

Of the broad-spectrum P2 antagonists tested, PPADS is selective for P2 receptors while suramin
and RB-2 have non-specific effects including activity at GluRs [36–43] (see Tables 1 and 2). RB-2 did not
significantly affect cell death, although it did delay the mean time to cell death of all cells combined.
Suramin significantly reduced neuronal but not astrocyte death, and also increased the average time to
first death of neurons. PPADS was the most protective of the antagonists tested, significantly reducing
death of both neurons and astrocytes. PPADS (100 μM) almost eliminated cell death during the 90 min
OGD period, while 10 μM reduced astrocyte and neuron death by ~80% and significantly delaying the
average time to first death and mean time to cell death for both cell types.

Suramin or PPADS reduce neuronal death in primary neuron and brain slice cultures exposed
to glucose deprivation or OGD (injury assessed ≥ 20 h) [44–46]; protection with low (PPADS, 5 μM)
concentrations of has been reported in hippocampal slice cultures [47]. The current findings are the
first to demonstrate that P2 antagonists can protect neurons during acute ischaemia, and that PPADS
protects both neurons and astrocytes. The absence of protection afforded by RB-2 in the current results
contradicts reports that have measured injury at delayed time-points [45,48,49], and may indicate an
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effect of this blocker only on delayed injury. The selective P2X7 antagonist KN-62 also produced no
significant protection in high-density cultures, consistent with results with other P2X7 antagonist and
receptor knock-out animals where infarct volume following middle cerebral artery occlusion is not
significantly affected [50,51]. The size of excitotoxic lesions induced by the NMDA receptor agonist
methano-glutamate in vivo are not reduced in P2X7 −/− animals or by three different selective P2X7

antagonists, suggesting that these receptors are not involved in glutamate neurotoxicity [50,51].
P2Y1 receptor block was highly protective in high-density cultures. P2Y1 receptor block

delays anoxic depolarization in hippocampal slices [52], but the current data are consistent with
reports that P2Y1 block is effective against ischemic injury in vivo [53–55]. P2Y1 receptor activation
stimulates glutamate release from cultured hippocampal and spinal cord astrocytes but not neurons,
while P2Y1 receptor antagonists reduce ATP induced glutamate release from astrocytes [56–58].
P2Y1 antagonists may therefore act to mitigate glutamate excitotoxicity via reduced glutamate
release, although the current finding that PPADS did not reduce ischaemic glutamate efflux from the
co-culture argues against this. Furthermore, glutamate receptor antagonists only significantly reduced
neuronal ischaemic death without protecting astrocytes. Heteromeric functional coupling of P2Y1

and A1 receptors has been demonstrated in neurons and astrocytes [59,60], resulting in A1 receptor
desensitization following P2Y1 activation. Since A1 receptor activation is protective, P2Y1 blockers
may afford neural protection via this alternative mechanism. However, the most likely mechanisms is
reduced Ca2+ over-loading during OGD following receptor block; P2Y1 receptors are shown to mediate
a significant component of the Ca2+-rise evoked by ATP and since elevated [Ca2+]i is central to acute
ischemic cell injury, block of any receptor mediating [Ca2+]i elevation is predicted to be protective.
The data relating to receptor-mediated excitotoxic injury during acute ischemic conditions in mixed
neuron-astrocyte environments are summarized in Figure 9.

Figure 9. A model of purinergic and glutamatergic events involved in astrocyte and neuronal death
during OGD. Glutamate and ATP accumulate in the extracellular space following the onset of OGD:
glutamate is released by astrocytes, while the source of ATP is not clear. Glutamate evokes neuronal
death by gating AMPA/kainate and NMDA receptors, leading to cytotoxic Ca2+ influx. ATP activates
P2 receptors on both astrocytes and neurons, leading to Ca2+ release from intracellular stores (P2Y
receptors) and/or Ca2+ influx through P2X ion channels. P2Y1 receptors in particular are present on
both cell types and contribute to cell death. P2X7 receptors may be involved in early neuronal but not
astrocyte death.
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4.3. Synergistic Effect of P2 and Glutamate Receptor Antagonists

Initially, suramin (100 μM) + NBQX (30 μM) + MK-801 (10 μM) were added to high-density
cultures: this combination completely prevented cell death during 90 min of OGD and was significantly
more protective than either suramin or NBQX + MK-801 paradigms. To further probe this synergism,
PPADS (1 μM) + NBQX (3 μM) + MK-801 (1 μM) was tested. This combination, less likely to
produce non-selective effects, reduced acute astrocyte and neuron lysis by 83% and 95%, respectively,
and significantly delaying the onset and mean time to cell death more than any other antagonist
combination. The synergistic effect was significantly greater than that produced by either class of
antagonist alone, even when applied at high concentrations. A similar combined protective effect
was suggested in a study by Runden-Pran and colleagues [47], where the combination of suramin
(200 μM) + MK-801 (100 μM) significantly attenuated cell death in hippocampal slice cultures exposed
to 32 min OGD followed by up to 48 h of re-oxygenation [47]. However, this was not significantly
more protection than either antagonist on its own, and this suramin concentration is poorly specificity.
Low concentrations of PPADS or PPADS + the clinically approved NMDA GluR blocker memantine
were tested in normal density co-cultures. PPADS at 1 μM and combined 0.5 μM PPADS + 0.2 μM
memantine were protective against acute OGD-induced lysis in neurons and astrocytes, and also
reduced background levels of cell death in these cultures. The current data are the first to confirm
that a combinatorial approach blocking P2 and ionotropic glutamate receptors provides synergistic
protection against ischaemic death of astrocytes and neurons in vitro. Thus, a combinatorial approach
may be relevant to test in vivo but this will require the development of selective PPADS antagonists
which are able to cross the blood brain barrier.
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Abstract: Here, we report the association between depressive behavior (anhedonia) and astroglial
expression of 5-hydroxytryptamine receptor 2B (5-HT2B) in an animal model of Parkinson’s disease,
induced by bilateral injection of 6-hydroxydopamine (6-OHDA) into the striatum. Expression
of the 5-HT2B receptor at the mRNA and protein level was decreased in the brain tissue of
6-OHDA-treated animals with anhedonia. Expression of the 5-HT2B receptor was corrected by four
weeks treatment with either L-3,4-dihydroxyphenylalanine (L-dopa) or fluoxetine. Simultaneously,
treatment with L-dopa abolished 6-OHDA effects on both depressive behavior and motor activity.
In contrast, fluoxetine corrected 6-OHDA-induced depression but did not affect 6-OHDA-induced
motor deficiency. In addition, 6-OHDA downregulated gene expression of the 5-HT2B receptor
in astrocytes in purified cell culture and this downregulation was corrected by both L-dopa and
fluoxetine. Our findings suggest that 6-OHDA-induced depressive behavior may be related to the
downregulation of gene expression of the 5-HT2B receptor but 6-OHDA-induced motor deficiency
reflects, arguably, dopamine depletion. Previously, we demonstrated that fluoxetine regulates gene
expression in astrocytes by 5-HT2B receptor-mediated transactivation of epidermal growth factor
receptor (EGFR). However, the underlying mechanism of L-dopa action remains unclear. The present
work indicates that the decrease of gene expression of the astroglial 5-HT2B receptor may contribute
to development of depressive behavior in Parkinson’s disease.

Keywords: 5-HT2B receptor; astrocytes; depressive behavior; Parkinson’s disease; fluoxetine

1. Introduction

Parkinson’s disease (PD) is characterized by a progressive degeneration of dopaminergic midbrain
neurons in the substantia nigra pars compacta (SNpc) [1] and becomes clinically manifest when more
than 50% of SNpc neurons are lost. In addition to motor symptoms, which include resting tremor,
slowness of movement, rigidity, and postural instability, the non-motor symptoms, such as cognitive
deficits and behavioral abnormalities, have been recognized as integral part of the clinical presentation
of PD [2]. Depression is the frequent psychiatric signature of the PD and it is one of the most significant
factors affecting the quality of life of patients [3]. Whether L-3,4-dihydroxyphenylalanine (L-dopa)
treatment improves depression in PD is controversial (see [4] for review). Nevertheless, the serotonergic
system is affected in PD patients and in some animal models [4], while 5-hydroxytryptamine (5-HT)
depletion may contribute to motor and non-motor symptoms of PD [5].
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The role of astroglia in pathological evolution of PD remains to be revealed in detail, although both
astroglial reactivity and astrodegeneration with loss of function and compromised neuroprotective
capacity are documented [6,7]. It is generally acknowledged that the morbid changes associated
with depression include profound remodeling of neuroglia, and furthermore, the contribution
of astrocytes to the pathogenesis of various neuropsychiatric disorders is well appreciated [8,9].
Previously, we reported that fluoxetine, a selective serotonin reuptake inhibitor (SSRI) activates
astroglial 5-hydroxytryptamine receptor 2B (5-HT2B

) receptors which results in transactivation of
epidermal growth factor receptor (EGFR) [10]. We also found that expression of 5-HT2B receptors as
well as other signaling molecules is suppressed in astrocytes but not in neurons in the cerebral cortex
of anhedonic animals, which experienced chronic mild stress (CMS) [11,12]. Chronic treatment with
fluoxetine eliminated both decrease in expression of astroglial 5-HT2B receptors and anhedonia [11].
These findings corroborate the role for astrocytic 5-HT2B receptor in depressive behavior. Recently,
we also found a decrease in gene expression of astrocytic but not neuronal 5-HT2B receptor in animals
that received 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) and became anhedonic. Fluoxetine
corrected MPTP-induced decrease of 5-HT2B receptor expression and depressive behavior [13].
These findings indicate that changes in gene expression of 5-HT2B receptors in astroglia may be
associated with pathophysiological evolution of depression in PD.

Another animal model of PD is induced by a bilateral injection of 6-hydroxydopamine (6-OHDA)
into the striatum. 6-Hydroxydopamine has high affinity to dopamine transporter and the structure of
6-OHDA is similar to that of dopamine, but the presence of an additional hydroxyl group makes it toxic
to dopaminergic neurons [14]. Injection of 6-OHDA into the striatum induces retrograde degeneration
of tyrosine hydroxylase (TH)-positive terminals in the striatum which instigated death of TH positive
neurons in the SNpc, similarly to PD in humans [14]. Using the 6-hydroxydopamine animal model
of PD, this study aimed to examine effects of L-dopa and fluoxetine on the gene expression of the
5-HT2B receptor in primary cultures of astrocytes and in the brain of animals treated with 6-OHDA
and correlates these changes with the depressive behavior and motor deficits.

2. Materials and Methods

All experimental techniques were essentially similar to those employed in our previous studies
of astroglial 5-HT2B receptors [11–13]. All experiments were carried out in accordance with the USA
National Institutes of Health Guide for the Care and Use of Laboratory Animals (NIH Publication
No. 8023) and its 1978 revision, and all experimental protocols were preregistered and approved by
the Institutional Animal Care and Use Committee of China Medical University.

2.1. Animals

CD-1 mice (Charles River, Beijing, China), weighing 30–40 g, male C57BL/6 mice (Chang Sheng
Biotechnology, Benxi, China), weighing 22–26 g and mice with fluorescently tagged astrocytes
and neurons (males FVB/NT-g(GFAP-GFP)14Mes/J or B6.Cg-Tg(Thy1-YFPH)2 Jrs/J, respectively;
the Jackson Laboratory, Bar Harbor, ME, USA), weighing 20–25 g were kept at standard housing
conditions with light/dark cycle of 12 h. Water and food were provided at libitum.

2.2. 6-OHDA Treatment

C57BL/6 mice were anesthetized with pentobarbital and mounted in a stereotaxic frame.
Each mouse received a bilateral injection of 1 μL 6-OHDA (5 μg/μL in saline containing 0.02%
ascorbic acid) into the dorsal-lateral striatum, according to the following coordinates (mm):
antero-posterior + 0.5, medio-lateral ± 2, and dorso-ventral −3. Control sham-lesioned mice were
injected with the same volume of vehicle (saline). After surgery, the animals were allowed to recover
for three weeks.
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2.3. Drug Treatment

After three-week recovery from the 6-OHDA lesions, anhedonic mice were daily injected
intraperitoneally with fluoxetine (10 mg/kg/d dissolved in saline) or L-dopa (20 mg/kg/d in saline
and combined with 12 mg/kg/d of benserazide) for four weeks. In the present study, mice were
separated into six groups: (1) sham-lesioned animals treated with saline (Control); (2) sham-lesioned
animals treated with fluoxetine (Flu); (3) sham-lesioned animals treated with L-dopa (L-dopa);
(4) 6-OHDA-lesioned animals treated with saline (6-OHDA); (5) 6-OHDA-lesioned animals treated with
fluoxetine (6-OHDA + Flu); (6) 6-OHDA-lesioned animals treated with L-dopa (6-OHDA + L-dopa).

Prior to surgery, three and seven weeks thereafter, mice underwent behaviour tests for
motor function and mood. After three weeks of 6-OHDA treatment, only mice with depressive
behavior (around 60%) were selected for L-dopa or fluoxetine treatment for another four weeks.
At the end of the experiments (seven weeks), mice were sacrificed and cerebral cortex was
dissected out for gene expression analysis of 5-HT2B receptor. FVB/NT-g(GFAP-GFP)14Mes/J or
B6.Cg-Tg(Thy1-YFPH)2 Jrs/J mice were sacrificed after three-week recovery from the 6-OHDA lesions.

2.4. Behavioral Tests

Several behavioral tests were applied to 6-OHDA-treated mice to assess motor activity (pole test
and rotarod test) and depression behavior (sucrose preference test, forced swim, tail suspension and
open field tasks).

The pole test was performed as previously described [15] with minor modifications. The mouse
was placed head-upward on the top of a vertical rough-surfaced pole (diameter 1 cm; height 55 cm).
The time to turn downward from the top (T-turn time) and to descend to the floor (locomotor activity
time, T-LA time) were measured. The total time was recorded with a maximum duration of 30 s.

Motor coordination was assessed with rotarod test. Mice were positioned on a rotating bar set
to a rotation speed of up to 18 rpm during the test. The time spent on the rotating bar, known as the
latent period, was recorded. Latency to fall was recorded with a stopwatch, with a maximum of 90 s.
The test was repeated twice and mean latencies were analyzed.

The depressive behavior was assessed with despair-based tests represented by the tail suspension
test and forced swimming test, as well as with anxiety-based open field test. In tail suspension test
mice were individually suspended from their tails at the height of 20 cm using a piece of adhesive
tape wrapped around the tail 2 cm from the tip. Behavior was videotaped for 6 min. The duration
of immobility was measured by an observer blinded to the treatment groups. Mice were considered
immobile only when completely motionless and mice that climbed their tails were excluded from
the data.

In the forced-swimming test, animals were dropped into glass cylinders (20 × 20 cm) containing
20 cm deep water maintained at 25 ± 1 ◦C and kept in water for 6 min. The time of immobility was
recorded during the last 4 min of the 6 min testing period, followed by 2 min of habituation.

In the open field test, mice were placed in the central square of the open field box (60 × 60 × 40 cm)
divided in to nine squares. Behavior was videotaped for 5 min. The parameters used for analysis
included number of squares crossed, frequency of rearing, and time spent in the central area.

The sucrose preference test is a reward-based test and provides a measure of anhedonia, the lack
of interest in pleasant activities. Anhedonia is a characteristic symptom of major depression [11].
Baseline sucrose preference was measured before lesion. After 20 h of food and water deprivation,
mice were placed in individual cages and presented with two pre-weighted bottles, one containing 2.5%
sucrose solution and another filled with water for 2 h. Percent preference was calculated according to
the following equation: % preference = (sucrose intake/(sucrose + water intake)) × 100. A decrease of
sucrose preference below 65% was taken as the criterion for anhedonia. This criterion was based on
the fact that none of the control mice exhibited less than or equal to 65% preference for sucrose at that
time point of the experiment.
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2.5. Acute Isolation of Cells

For identification of acutely isolated cells, we used transgenic mice expressing a fluorescent
marker under control of a cell-specific promoter (glial fibrillary acidic protein (GFAP) for astrocytes or
cell surface glycoprotein Thy1 for neurons) thus allowing fluorescence-activated sorting of specified
cell fractions; for detailed description of the technique see [12,16,17]. After isolation, cells were sorted
by fluorescence-activated cell sorting (FACS) using the BD FACSAria Cell Sorting System (35 psi
sheath pressure, FACSDiva software S/W 2.2.1; BD Biosciences, San José, CA, USA). Cell identity and
purity were verified by mRNA expression of cell markers of astrocytes, neurons, and oligodendrocytes,
analyzed by reverse-transcription polymerase chain reaction (RT-PCR), in astrocytic and neuronal cell
preparations. As shown previously [17], there is no contamination with neuronal or oligodendrocytic
genes in the samples of astrocytes or of astrocytic or oligodendrocytic genes in the neuronal samples.

2.6. Primary Cultures of Astrocytes

Primary cultures of mouse astrocytes were prepared from the neopallia of the cerebral hemispheres
of newborn CD-1 mice as previously described [18,19], sparsely seeded and grown in Dulbecco’s
minimum essential medium (DMEM) with 7.5 mM glucose. After two weeks in vitro, 0.25 mM
dibutyryl cyclic adenosine monophosphate (dBcAMP) was included in the medium. These cultures
are highly enriched in astrocytes as assessed by GFAP and glutamine synthetase expression [20].
Incubation with dBcAMP promotes morphological and functional differentiation as evidenced by the
extension of cell processes and increases in several metabolic and functional activities characteristic of
astrocytes in situ [21]. 6-Hydroxydopamine at 20 μM was added to the culture after three weeks of
culturing and continued for 6, 12, 24, and 48 h.

2.7. Reverse Transcription-Polymerase Chain Reaction

For determination of the mRNA expression of the 5-HT2B receptor by RT-PCR, all samples from
the cerebral cortex or astrocyte cultures were homogenized in Trizol (Invitrogen, Carlsbad, CA, USA).
The RNA pellet was precipitated with isopropanol, washed with 75% ethanol, and dissolved in 10 μL
sterile, distilled water and an aliquot was used for determination of the amount of RNA [22].

Reverse transcription was initiated by a 5 min incubation at 65 ◦C of 1 μg RNA extract
with Random Hexamer (TaKaRa, Daliang, China) at a final concentration of 12.5 ng/L and
deoxy-ribonucleoside triphosphates (dNTPs) at a final concentration of 0.5 mM. The mixture was
rapidly chilled on ice and briefly spun and 4 μL 5 × First-Strand Buffer, 2 μL 0.1 M dithiotreitol and
1 μL RNaseOUT Recombinant RNase Inhibitor (40 U/μL) (TaKaRa) were added. After the mixture
had been incubated at 42 ◦C for 2 min, 1 μL (200 U) of Superscript II was added and the incubation at
42 ◦C continued for another 50 min. Subsequently the reaction was inactivated by heating to 70 ◦C for
15 min and the mixture was chilled and briefly centrifuged.

Polymerase chain reaction amplification was performed in a Robocycler thermocycler
(Biometra, Westburg, The Netherlands) with 0.2 μM of sense or antisense and 0.375 U
of Taq polymerase for 5-HT2B receptor (forward, 5′-CTCGGGGGTGAATCCTCTGA-3′;
reverse, 5′-CCTGCTCATCACCCTCTCTCA-3′) [22], for TATA box-binding protein (TBP),
used as a housekeeping gene (forward, 5′-CCACGGACAACTGCGTTGAT-3′; reverse,
5′-GGCTCATAGCTACTGAACTG-3′) [23]. Initially, the template was denatured by heating
to 94 ◦C for 2 min, followed by 2.5 min amplification cycles, each consisting of two 45 s periods and
one 60 s period, the first at 94 ◦C, the second at 61 ◦C for 5-HT2B receptor and at 55 ◦C for TBP and the
third at 72 ◦C. The final step was extension at 72 ◦C for 10 min. The PCR products were separated
by 1% agarose gel electrophoresis, stained with 0.5 μg/mL ethidium bromide, and captured by
Fluorchem 5500 (Alpha Innotech Corporation, San Leandro, CA, USA). The sizes of the PCR product
of 5-HT2B receptor was 370 bp and that of TBP 236 bp.
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2.8. Western Blotting

Protein content was determined by the Lowry method [24], using bovine serum albumin as the
standard. Samples containing 50 μg protein were applied on slab gels of 10% polyacrylamide and
electrophoresed. After transfer to polyvinylidene fluoride (PVDF) membranes, the samples were
blocked by 5% skim milk powder in TBS-T (30 mM Tris-HCl, 125 mM NaCl, 0.1% Tween 20) for
1 h. The PVDF membranes were incubated with the primary antibody, specific to 5-HT2B receptor
overnight at 4 ◦C or β-actin for 2 h at room temperature. After washing, the blots were incubated with
peroxidase-conjugated affinity-purified goat anti-rabbit or goat anti-mouse horseradish peroxidase
(HRP) antibody for 2 h. Staining was visualized by enhanced chemiluminescence (ECL) detection
reagents. Digital images were obtained using Gel-Imaging System (Tanon 4200, Shanghai, China).
Optical density for each band was assessed using the Window AlphaEase TM FC 32-bit software
(Genetic Technologies, Miami, FL, USA). Ratios were determined between scanned 5-HT2B receptor
and β-actin, the latter used as housekeeping protein.

2.9. Statistics

Differences between multiple groups were evaluated by two-way analysis of variance (ANOVA)
followed by Fisher’s least significant difference (LSD) multiple comparison test for unequal replications.
The level of significance was set at p < 0.05.

2.10. Materials

Most chemicals, including 6-OHDA, fluoxetine, L-dopa, benserazide, DNase I, propidium iodide,
6,7-dinitroquinoxaline-2,3-dione (DNQX), 2-amino-5-phosphonovalerate (APV), and first antibodies
and the first β-actin antibody were purchased from Sigma (St. Louis, MO, USA). BD Biosciences
(Franklin Lakes, NJ, USA) supplied the first antibody, raised against 5-HT2B receptor. The second
antibody goat anti-mouse IgG HRP conjugate was from Promega (Madison, WI, USA) and goat
anti-rabbit IgG HRP conjugate from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Enhanced
chemiluminescence detection reagents were from Amersham Biosciences (Buckinghamshire, UK).
Random Hexamer, deoxyribonucleotide triphosphates (dNTPs) and Taq-polymerase for RT-PCR were
purchased from TaKaRa Biotechnology Co., Ltd. and Superscript II from Gibco Life Technology
Invitrogen (Grand Island, NY, USA). Chemicals for preparation of culturing medium were purchased
from Sigma and horse serum from Invitrogen.

3. Results

3.1. Depressive Behavior

Intrastriatal injection of 6-OHDA resulted in development of depressive behavior in mice.
The consumption of sucrose, indicative of 6-OHDA-induced anhedonia, is presented in Figure 1A.
In the three weeks after 6-OHDA treatment, sucrose consumption decreased significantly, reflecting
progressive anhedonia. (Figure 1A; Control: 72.14 ± 2.23%, n = 18; 6-OHDA: 55.05 ± 3.43%,
n = 18; p < 0.05). Glucose consumption was further decreased after seven weeks (Figure 1A; Control
72.79 ± 1.33%, n = 6; 6-OHDA: 51.68 ± 3.37%, n = 6; p < 0.05). Administration of fluoxetine and
L-dopa for four weeks ameliorated 6-OHDA-induced decrease of sucrose consumption, albeit only
partially (Flu: 76.05 ± 4.55%, n = 6; 6-OHDA + Flu: 65.18 ± 3.17%, n = 6; L-dopa: 75.43 ± 2.74%, n = 6;
6-OHDA + L-dopa: 63.03 ± 3.95%, n = 6; p < 0.05).
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Figure 1. Effects of L-dopa and fluoxetine on depressive behavior (sucrose preference test, tail
suspension test, and forced swimming test) induced by 6-Hydroxydopamine (6-OHDA). After three
weeks recovery from the 6-OHDA lesions, mice with anhedonia were daily injected intraperitoneally
with fluoxetine (10 mg/kg/d) or L-dopa (20 mg/kg/d in saline and combined with 12 mg/kg of
benserazide) for four weeks. Behavior tests were performed just before or after L-dopa or fluoxetine
treatment. (A) Percentage of sucrose preference in sucrose preference test. Values were expressed as
the mean ± standard error of the mean (SEM). * Indicates statistically significant (p < 0.05) difference
from other groups at the same treatment period. ** Indicates statistically significant (p < 0.05) difference
from control, 6-OHDA, fluoxetine (Flu) and L-dopa group after four-weeks treatment of fluoxetine or
L-dopa. (B) The duration of immobility in tail suspension test. Values are expressed as the mean ± SEM.
* Indicates statistically significant (p < 0.05) difference from other groups at the same treatment period.
(C) The duration of immobility in forced swimming test. Values are expressed as the mean ± SEM.
* Indicates statistically significant (p < 0.05) difference from other groups at the same treatment period.

The duration of immobility of tail suspension test is presented in Figure 1B. Three weeks after
6-OHDA treatment, the duration of immobility increased significantly (Control: 165.14 ± 10.01 s,
n = 18; 6-OHDA: 219.29 ± 7.70 s, n = 18; p < 0.05) and it was further increased after seven weeks
(Control: 173.75 ± 5.45%, n = 6; 6-OHDA: 240.00 ± 8.80%, n = 6; p < 0.05). Administration of
fluoxetine and L-dopa for four weeks removed 6-OHDA-induced increase of duration of immobility
(Flu: 180.40 ± 10.87 s, n = 6; 6-OHDA + Flu: 180.20 ± 9.30 s, n = 6; L-dopa: 177.60 ± 11.76 s, n = 6;
6-OHDA + L-dopa: 206.33 ± 10.59 s, n = 6; p < 0.05).

In the forced-swimming test (Figure 1C), injection of 6-OHDA significantly increased the time
of immobility at three weeks after surgery (Control: 55.08 ± 4.55 s, n = 18; 6-OHDA: 85.16 ± 6.85 s,
n = 18; p < 0.05). Immobility time was further increased after seven weeks (Control: 54.75 ± 2.84 s,
n = 6; 6-OHDA: 95.40 ± 8.41 s, n = 6; p < 0.05). Administration of fluoxetine and L-dopa for four weeks
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corrected 6-OHDA-induced increase of time of immobility (Flu: 52.00 ± 9.99 s, n = 6; 6-OHDA + Flu:
67.80 ± 7.59 s, n = 6; L-dopa: 52.80 ± 5.23 s, n = 6; 6-OHDA + L-dopa: 65.67 ± 8.71 s, n = 6; p < 0.05).

The results of time spent in the central area in the open field test are presented in Figure 2A.
Three and seven weeks after exposure to 6-OHDA, there was no change in time spend in the central
in open field. However, the drug decreased the number of squares crossed (three weeks: Control:
85.12 ± 15.27, n = 18; 6-OHDA: 51.53 ± 5.44, n = 18; p < 0.05; seven weeks: Control: 46.60 ± 5.96, n = 6;
6-OHDA: 27.00 ± 3.69, n = 6; p < 0.05) and frequency of rearing (three weeks: Control: 15.11 ± 2.24,
n = 185; 6-OHDA: 10.79 ± 1.44, n = 18; p < 0.05; seven weeks: Control: 14.40 ± 1.86, n = 6; 6-OHDA:
8.20 ± 0.97, n = 6; p < 0.05) after three and seven weeks of treatment (Figure 2B,C). Administration
of fluoxetine and L-dopa for four weeks corrected 6-OHDA-induced decrease of square crossed (Flu:
46.00 ± 4.46, n = 6; 6-OHDA + Flu: 45.00 ± 6.27, n = 6; L-dopa: 44.00 ± 3.22, n = 6; 6-OHDA + L-dopa:
44.80 ± 8.41, n = 6; p < 0.05) and frequency of rearing (Flu: 14.40 ± 1.17, n = 6; 6-OHDA + Flu:
15.00 ± 2.24, n = 6; L-dopa: 13.80 ± 1.85, n = 6; 6-OHDA + L-dopa: 15.80 ± 2.71, n = 6; p < 0.05).

 

Figure 2. Effects of L-dopa and fluoxetine on open field test in mice treated with 6-OHDA.
After three-weeks recovery from the 6-OHDA lesions, mice with anhedonia were daily injected
intraperitoneally with fluoxetine (10 mg/kg/d) or L-dopa (20 mg/kg/d in saline and combined
with 12 mg/kg of benserazide) for four weeks. Behavior tests were performed just before or after
L-dopa or fluoxetine treatment. (A) The time spent in the central square in the open field test. The values
are expressed as the mean ± SEM. (B) The number of squares crossed in open field test. The values are
expressed as the mean ± SEM. * Indicates statistically significant (p < 0.05) difference from other groups
at the same treatment period. (C) Frequency of rearing in open field test. The values are expressed as
the mean ± SEM. * Indicates statistically significant (p < 0.05) difference from other groups at the same
treatment period.
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3.2. Motor Activity

In the rotarod performance test, the latency of fall (Figure 3A) in mice treated with 6-OHDA
was significantly shorter than in control groups after three weeks (Control: 69.30 ± 4.27 s, n = 18;
6-OHDA: 57.13 ± 4.58 s, n = 18; p < 0.05) and after seven weeks (Control: 53.10 ± 6.26 s, n = 6; 6-OHDA:
31.90 ± 2.04 s, n = 6; p < 0.05) of 6-OHDA treatment. Although L-dopa corrected 6-OHDA-induced
decrease of latency of fall after seven weeks, fluoxetine had no effect (Flu: 49.10 ± 6.19 s, n = 6; 6-OHDA
+ Flu: 29.20 ± 5.84 s, n = 6; L-dopa: 50.70 ± 8.74 s, n = 6; 6-OHDA + L-dopa: 49.90 ± 9.43 s, n = 6;
p < 0.05).

Figure 3. Effects of L-dopa and fluoxetine on motor activity (the rotarod test and the pole test) in mice
treated with 6-OHDA. After three-weeks recovery from the 6-OHDA lesions, mice with anhedonia
were daily injected intraperitoneally with fluoxetine (10 mg/kg/d) or L-dopa (20 mg/kg/d in saline
and combined with 12 mg/kg/d of benserazide) for four weeks. Behavior tests were performed just
before or after L-dopa or fluoxetine treatment. (A) The latency to fall off the rotarod in the rotarod test.
The values are expressed as the mean ± SEM. * Indicates statistically significant (p < 0.05) difference
from other groups at the same treatment period. (B) T-turn time in the pole test. The values are
expressed as the mean ± SEM. (C) Time to descend to the floor T-LA time in the pole test. The values
are expressed as the mean ± SEM. * Indicates statistically significant (p < 0.05) difference from other
groups at the same treatment period.

The time taken by the mice to turn completely downward (Figure 3B; T-turn time) was not
significantly affected by 6-OHDA after three weeks (Control: 2.15 ± 0.12 s, n = 18; 6-OHDA:
2.27 ± 0.30 s, n = 18; p > 0.05) and seven weeks (Control: 1.62 ± 0.32 s, n = 6; 6-OHDA: 1.80 ± 0.13 s,
n = 6; p > 0.05). However, the time taken by the mice to reach the floor (Figure 3C; T-LA time) was
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significantly increased after three (Control: 17.36 ± 1.32 s, n =18; 6-OHDA: 23.92 ± 0.99 s, n = 18;
p < 0.05) and seven weeks (Control: 15.75 ± 2.56 s, n = 6; 6-OHDA: 27.33 ± 1.36 s, n = 6; p < 0.05).
Again, L-dopa corrected 6-OHDA-induced increase of T-turn time after seven weeks, but fluoxetine
had no effect (Flu: 16.50 ± 3.13 s, n = 6; 6-OHDA + Flu: 26.70 ± 1.76 s, n = 6; L-dopa: 16.80 ± 2.44 s,
n = 6; 6-OHDA + L-dopa: 18.90 ± 2.83 s, n = 6; p < 0.05).

3.3. Expression of mRNA and Protein of 5-HT2B Receptor

In cerebral tissue of mice treated with 6-OHDA, the mRNA level of 5-HT2B receptor decreased to
43.8 ± 4.7% of control groups (n = 3, p < 0.05) and protein expression to 67.3 ± 4.3% (n = 3, p < 0.05)
seven weeks after lesion (Figure 4A,B). Experiments with freshly isolated astrocytes and neurons
from transgenic mice demonstrated that the decrease of 5-HT2B receptor mRNA expression in the
in vivo brain was confined to astrocytes and was not detected in neurons (Figure 4C). However,
this downregulation was corrected by L-dopa (Figure 4A,B) or fluoxetine (Figure 4D,E) that was
injected three weeks after 6-OHDA treatment and continued for four weeks.

 

Figure 4. Effects of L-dopa and fluoxetine on expression of mRNA and protein of 5-HT2B receptor
in brains of anhedonia mice induced by 6-OHDA. After three-weeks recovery from the 6-OHDA
lesions, mice with anhedonia were daily injected intraperitoneally with fluoxetine (10 mg/kg/d)
or L-dopa (20 mg/kg/d in saline and combined with 12 mg/kg/d of benserazide) for four weeks.
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In some experiments, (C) freshly isolated astrocytes and neurons from transgenic mice were used for
determination of 5-HT2B receptor mRNA expression. (A,C,D) mRNA expression measured by reverse
transcription-polymerase chain reaction (RT-PCR) of (A) 5-HT2B receptor in cerebral cortex in vivo
from anhedonia mice treated with L-dopa for four weeks, (C) in freshly isolated astrocytes and neurons
from transgenic mice, or (D) in cerebral cortex in vivo from anhedonia mice treated with fluoxetine
for four weeks. A representative experiment showing mRNA for 5-HT2B receptor and for TATA
box-binding protein (TBP), as a housekeeping gene. The size of PCR product of 5-HT2B receptor is
370 bp and that of TBP 236 bp. Similar results were obtained in three independent experiments. Average
mRNA expression was quantified as the ratio between 5-HT2B receptor and the housekeeping TBP gene.
Ratios between 5-HT2B receptor and TBP in control group were designated a value of one. Standard
error of the mean (SEM) values are indicated by vertical bars. * Indicates statistically significant
(p < 0.05) difference from all other groups. (B,E) Protein expression measured by immunoblotting of
5-HT2B receptor in cerebral cortex in vivo from anhedonia mice treated with (B) L-dopa or fluoxetine
(E) for four weeks. Immunoblots from representative experiments. Bands of 55 kDa and 42 kDa
represent 5-HT2B receptor (5-HT2BR) and β-actin, respectively. Similar results were obtained in three
independent experiments. Average protein level was quantified as ratios between 5-HT2BR and β-actin.
Ratios between 5-HT2B receptor and β-actin in control group were designated a value of one. Standard
error of the mean values are indicated by vertical bars. * Indicates statistically significant (p < 0.05)
difference from all other groups.

The time course of expression of 5-HT2B receptor mRNA during 6-OHDA treatment in cultured
astrocytes is shown on Figure 5A. At 6 h and 12 h, there was no difference in 5-HT2B receptor expression
in control and 6-OHDA groups. However, after 24 h treatment, mRNA of 5-HT2B receptor decreased
to 64.7 ± 6.2% of control groups (n = 3, p < 0.05). It was further decreased to 57.1 ± 9.6% after 48 h of
treatment (n = 3, p < 0.05). Expression of 5-HT2B receptor protein showed similar pattern as mRNA
(Figure 5B). After 24 h-exposure to 6-OHDA, cultures were treated with L-dopa or fluoxetine for another
two weeks. Both L-dopa at 10 μM and fluoxetine at 1 μM abolished effect of 6-OHDA (Figure 5C–F).

Figure 5. Effects of L-dopa and fluoxetine on 6-OHDA induced downregulation of expression of mRNA
and protein of 5-HT2B receptor in primary cultures of astrocytes. (A) Effects of 6-OHDA on mRNA and
protein expression of 5-HT2B receptor in primary cultures of astrocytes. Cells were treated with saline
(Control) or 6-OHDA (50 μM) for 6 h, 12 h, 24 h and 48 h. (B) Effects of L-dopa on 6-OHDA induced
downregulation of expression of mRNA and protein of 5-HT2B receptor in primary cultures of astrocytes.
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Cells were treated with L-dopa (10 μM) for two weeks after 24 h 6-OHDA exposure. (C) Effects of
fluoxetine on 6-OHDA induced downregulation of expression of mRNA and protein of 5-HT2B receptor
in primary cultures of astrocytes. Cells were treated with fluoxetine (1 μM) for two weeks after 24 h
6-OHDA exposure. Representative experiments show mRNA expression for 5-HT2B receptor and for
TBP, as a housekeeping gene (top panels). The size of PCR product of 5-HT2B receptor is 370 bp and
that of TBP 236 bp. Similar results were obtained in three independent experiments. Average mRNA
expression was quantified as ratio between 5-HT2B receptor and the housekeeping TBP gene. Ratios
between 5-HT2B receptor and TBP in control group were designated a value of one. Immunoblots
show bands of 55 kDa and 42 kDa representing 5-HT2B receptor and β-actin, respectively. Similar
results were obtained in three independent experiments. Average protein level was quantified as ratios
between 5-HT2BR and β-actin. Ratios between 5-HT2B receptor and β-actin in the control group were
designated a value of one. Standard error of the mean values are indicated by vertical bars. * Indicates
statistically significant (p < 0.05) difference from other groups at the same treatment period.

4. Discussion

Astrocytes, being intimately associated with synaptic structures, regulate neurotransmission,
synaptic plasticity, and integration in neuronal networks through multiple mechanisms that control
synaptogenesis, maintain ion and neurotransmitter homeostasis in the synaptic cleft, provide neuronal
terminals with neurotransmitter precursors, and contribute to synaptic extinction [25–29]. Pathological
changes to astroglia, therefore, may significantly affect brain function and lead to neurological
disorders [30]. In particular, astrocytopathies, mainly in the form of atrophy, decrease in astroglial
densities, and possibly loss in astroglia homeostatic function, contribute to major neuropsychiatric
diseases such as major depression and schizophrenia [8,9,31,32]. Expression of astroglial serotonin
receptors, which mediate neuronal–glial interactions, are modified in major depression and bipolar
disorders; and antidepressants correct these pathological changes [33,34].

Previously, we reported that the decrease of gene expression of astrocytic 5-HT2B receptor parallels
the development of depressive behavior in the MPTP mouse model of PD, while fluoxetine ameliorates
both the decrease in 5-HT2B receptor expression and anhedonia [13]. In this study, we describe
similar results obtained in 6-OHDA mouse model of PD. These new findings further corroborate the
notion that the decrease in gene expression of astroglial 5-HT2B receptors may be associated with
pathophysiological evolution of PD-associated depression.

The MPTP is a lipidophilic compound able to penetrate the blood–brain barrier (BBB).
Consequently, MPTP can be injected systemically to induce a bilateral parkinsonism, or, when infused
through the carotid artery, to induce hemiparkinsonism [35]. In the latter settings, contralateral
hemisphere can be used as control [36]. After crossing the BBB, MPTP (which by itself is non-toxic)
is accumulated in astrocytes, where monoaminoxidase-B converts it to the toxic metabolite, MPP+.
The latter is released from astrocytes and is accumulated by dopaminergic neurons through the
dopamine transporter. In neurons, the MPP+ inhibits mitochondrial complex I, thus affecting adenosine
triphosphate (ATP) synthesis, boosting production of reactive oxygen species (ROS), and leading to
cell death [37]. After intraperitoneal injection (which we used in a previous study), MPTP spreads
throughout the brain. Astrocytes thus may be affected directly by the drug as we have seen in
cultured astrocytes [13], irrespective to the deficiency of dopaminergic system. In this study, we used
6-OHDA, a compound that cannot cross the BBB. 6-Hydroxydopamine enters dopaminergic neurons
by dopamine transporter and thereafter triggers the production of neurotoxic ROS [36]. In contrast to
MPTP, which is converted in neurotoxic agent by astrocytes, 6-OHDA enters neurons causing their
demise. The usage of the 6-OHDA model therefore excludes possible direct damage to astrocytes
which might be present in MPTP-treated animals. 6-Hydroxydopamine induces nigral dopamine
cell loss and dopamine depletion. However, it does not seem to affect other brain regions, such as
olfactory structures, lower brain stem areas, or locus coeruleus [14]. Therefore, the decrease of
5-HT2B receptor in the brain in vivo may be related to the aberrations in serotonergic, adrenergic,
or dopaminergic neurotransmission [38], although we cannot exclude the possibility of direct drug
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effect on astrocytes in cerebral hemispheres since 6-OHDA also decreases gene expression of 5-HT2B

receptor in cultured astrocytes.
L-Dopa is a precursor of dopamine; L-dopa crosses the BBB and is converted to dopamine

by aromatic amino acid decarboxylase [39]. In the clinical treatment of PD, L-dopa is used to
replenish dopamine pool and is therapeutically effective in both PD patients and animal models of the
disease [40]. However, it is controversial whether L-dopa has effect on PD depression. The clinical data
show that L-dopa has no effect or accelerates depression or anxiety (see [4] and references therein).
Similar results were obtained from animal models of PD [4]. Our data show that treatment with L-dopa
for four weeks ameliorates both 6-OHDA-induced decrease of 5-HT2B receptor expression in the brain
in vivo and 6-OHDA-induced depressive behavior, suggesting the link between 5-HT2B receptors
and 6-OHDA-induced depression. Astrocytes express neutral amino acid transporter (LAT/SLC7A5)
and dopamine transporter (DAT/SLC6A3) [41–45]; astroglia mainly function as a reservoir of L-dopa
that regulates the uptake or release of L-dopa depending on extracellular L-dopa concentration,
but are less capable of converting L-dopa to dopamine [46]. The effect L-dopa on ROS production is
debatable. When L-dopa is decarboxylated to dopamine (DA) by aromatic L-amino acid decarboxylase
(AADC), ROS are generated that could ultimately lead to cell death [47]. Nevertheless, L-dopa in some
in vivo and in vitro experiments had no toxic effects, or even showed antioxidant capabilities [48–51].
Oxidative stress in peripheral blood mononuclear cells from patients with PD is negatively correlated
with L-dopa dosage [48]. Experiments with catecholaminergic human neuroblastoma cells showed that
L-dopa may have a protective effect on dopaminergic cells [49]. Similar results were also obtained in
PC12 cells [52]. In the perinatal 6-OHDA lifelong model of PD, elevated basal levels of ROS occurring
in denervated dopaminergic striatum are suppressed by L-dopa treatment [50]. L-Dopa in follicular
fluid is an antioxidant factor and exerts positive influences on cultured human granulosa cells, whereas
DA derived from L-dopa has opposite actions [51]. In the present work, we have found that L-dopa
corrects 6-OHDA-induced decrease of 5-HT2B receptor in astrocytes in primary cultures, suggesting
L-dopa that may protect cells by its antioxidant effects.

In contrast to L-dopa, fluoxetine has no effect on 6-OHDA-induced motor deficiency, suggesting
the effect of L-dopa on motor activity is dependent on DA replenishment. However, the effect
of fluoxetine on depressive behavior develops in parallel with its effect on the gene expression
of the 5-HT2B receptor [10]. The effects of fluoxetine on astrocytes are mediated by the 5-HT2B

receptor. The affinity 5-HT to the astroglial 5-HT2B receptor is substantially higher than to 5-HT2C

receptor [53]. Different SSRIs bind to and activate astroglial 5-HT2B receptors, which induce EGFR
transactivation [54]. Stimulation of EGFR-dependent signaling cascades regulates expression of
multiple genes (for a review, see [55,56]). In mice that develop anhedonia following chronic stress,
expression of astroglial 5-HT2B receptor is significantly suppressed; at the same time, expression of
5-HT2B receptor does not change in mice which do not develop anhedonia [11]. Chronic treatment with
fluoxetine rescues this deficit and increases expression of 5-HT2B receptors in astrocytes in the brains
of anhedonic animals [12]. Similarly, astrocytic 5-HT2B receptor is downregulated only in anhedonic
mice, but not in those that do not develop anhedonia in MPTP-induced PD model animals. This is in
agreement with our present findings that astrocytic 5-HT2B receptor is decreased in depressed animals
in 6-OHDA PD model.

Pathophysiology of depression associated with PD is not clear. We have shown that
downregulation of the gene expression of 5-HT2B receptors occurs specifically in astrocytes in parallel
with the development of depressive behavior in both 6-OHDA and MPTP animal models of PD.
The relevance of 5-HT2B receptors to depression is corroborated by (1) the decrease of its gene
expression in the nervous tissue of animals developing depressive behavior under the CMS [11,57],
in the MPTP PD animal model [13], and in the 6-OHDA PD animal model; (2) the upregulation of
5-HT2B receptor gene expression by chronic treatment with fluoxetine in astrocytes in cultures and
freshly isolated from the in vivo brains [11,57]; and (3) the dependence of antidepressant effect of
fluoxetine on 5-HT2B receptors in vivo [58]. Since both drugs directly decrease expression of 5-HT2B
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receptors in cultured astrocytes, there is still a possibility that this phenomenon may only occur in PD
animal models. To make a conclusion, postmortem examination of 5-HT2B receptors in PD patients’
brains is needed.
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Abstract: Oligodendrocytes are specialized glial cells that myelinate central nervous system (CNS)
axons. Historically, it was believed that the primary role of myelin was to compactly ensheath
axons, providing the insulation necessary for rapid signal conduction. However, mounting
evidence demonstrates the dynamic importance of myelin and oligodendrocytes, including providing
metabolic support to neurons and regulating axon protein distribution. As such, the development
and maintenance of oligodendrocytes and myelin are integral to preserving CNS homeostasis and
supporting proper functioning of widespread neural networks. Environmental signals are critical for
proper oligodendrocyte lineage cell progression and their capacity to form functional compact myelin;
these signals are markedly disturbed by injury to the CNS, which may compromise endogenous
myelin repair capabilities. This review outlines some key environmental factors that drive myelin
formation during development and compares that to the primary factors that define a CNS injury
milieu. We aim to identify developmental factors disrupted after CNS trauma as well as pathogenic
factors that negatively impact oligodendrocyte lineage cells, as these are potential therapeutic targets
to promote myelin repair after injury or disease.

Keywords: development; spinal cord injury; myelination; growth factor; cytokine; oligodendrocyte
progenitor cells

1. Introduction

The central nervous system (CNS) provides an excellent model to study cellular interactions
because of the intimate association of its main parenchyma—neurons and glia. Neurons conduct action
potentials and communicate to other neurons and cells throughout the body. Glia, representing the
majority of the cells in the CNS, were originally referred to as helper cells, but studies have verified
their importance in proper CNS functions, including communication between neurons. An essential
component for rapid neuron signaling, especially for larger axons, is axon ensheathment by myelin.
Oligodendrocytes (OLs) produce CNS myelin, which was first described by van Leeuwenhoek in
1717 [1]. Myelin does not just passively wrap axons, however. Extensive molecular interactions
between OLs and axons regulate axon structure, including cytoskeletal maturation and restricting ion
channels to nodal regions [2,3]. Evolutionarily, myelin first appeared when animals formed jaws and
increased in physical size; myelin allowed increased axon conduction speed, which in turn allowed
for faster escape from predators [4]. This huge evolutionary advantage separates vertebrates from
invertebrates, who have supporting cells around axons rather than compact myelin [4].
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Oligodendrocytes terminally differentiate from distinct cellular domains within the developing
neural tube. As cells transition from an embryonic stem cell to oligodendrocyte progenitor cells (OPCs),
OL lineage specific markers are upregulated; as cells continue to mature, they differentiate into OLs that
engage axons and form compact myelin [5]. Interestingly, the adult CNS maintains a large population
of OPCs throughout the white and gray matter whose OL progenitor role is retained (for recent review,
see [6]). Indeed, the response of adult OPCs after experimental demyelination is well-documented and
includes proliferation, migration into the demyelinated lesions and differentiation into remyelinating
OLs [7,8]. However, their role in endogenous myelin repair after other types of CNS damage such
as trauma is not fully understood. This is, in part, due to the complex biochemical cascades that are
unique to the trauma milieu, which are initiated immediately after injury but then fluctuate over time.
This review will begin by outlining some key factors in normal myelin development and then discuss
how these and other factors affect the response of OPCs to CNS trauma.

2. Development: OPC Migration, Proliferation, and Differentiation

Gans and Northcutt theorized that vertebrates exist because of the neural crest, a source of diverse
cell lineages derived from the embryonic ectoderm [9]. These multipotent neural stem cells give rise
to OPCs, the majority of which arise from the motor neural progenitor (pMN) domain of ventral
ventricular zone in the spinal cord, although ≈20% originate in the dorsal ventricular zone [10–13].
Both intraspinal progenitor populations have the same electrophysiological properties, but dorsal
progenitors arise later and myelinate dorsal spinal tracts whereas ventral progenitors migrate dorsally
and laterally to populate the entire white matter of the spinal cord; a similar wave of ventral to dorsal
OPCs populate the brain developmentally [13–16]. During the first few postnatal weeks, a subset of
OPCs extends branches to contact surrounding axons and terminally differentiate into mature OLs.
Each developmental step is strictly regulated by a multitude of extracellular and intracellular signaling
molecules that cooperate and coordinate to ensure proper CNS assembly (for recent review, see [5]).

2.1. Migration

Successful myelination of the CNS is contingent upon proper OPC migration. In the spinal
cord, migration is strongly regulated by sonic hedgehog (Shh) and bone morphogenic protein (BMP).
Sonic hedgehog is a ventral inductive signal secreted by the notochord that induces OPC specification
in the ventral neural tube, whereas dorsal progenitors are Shh-independent and rely on local stimuli
like BMP for induction [12,17–19]. Once formed, OPCs migrate in waves from the ventricular
zone to distribute equally throughout the grey and white matter, with each cell occupying its own
non-overlapping domain with neighboring OPCs [12,20,21]. For this to occur, OPCs need a mechanism
to spatially locate neighboring OPCs. Indeed, dynamic filopodia from OPCS continuously surveil
their environment to locate adjacent OPCs and guide cell trajectory [21]. In vivo imagining of OPCs in
zebrafish shows OPCs exhibit contact-mediated inhibition in which they retract and change direction
upon contacting filopodia from neighboring cells [21,22]. While all cellular signals causing retraction
are not entirely known, Nogo-A is one factor thought to be involved in OPC spacing [23].

2.1.1. Growth Factors

Platelet-derived growth factor (PDGF) is secreted by astrocytes [24], which first form at embryonic
day 16 in mice [25]. Similar to Shh, PDGF is secreted early during OPC migration and functions as a
chemoattractant through activating the extracellular-regulated-kinase (ERK) signaling pathway [26].
Initially, PDGF acts a mobilizer to enhance cell mobility, and competes with Netrin-1, a laminin-like
guidance molecule expressed in the floor plate [27]. Oligodendrocyte progenitor cells express
Platelet-derived growth factor receptor alpha (PDGFRα) and netrin receptors, allowing both ligands
to act as migratory cues in which netrin opposes PDGF-induced migration [25,28–31]. As OPCs
migrate to their final target, they encounter various extracellular matrix ligands to which they
are responsive [32]. Of particular importance are integrins, cell surface receptors that facilitate
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bidirectional signaling between the intracellular and extracellular environment. PDGF binds to
integrin αvβ3, which stimulates OPC migration and proliferation [33]. Despite its crucial role, however,
PDGF does not act as solitary migratory factor but instead cooperates with other environmental cues
for proper signaling.

Fibroblast growth factor 2 (FGF-2) is also produced by astrocytes [34] and stimulates OPC
migration, although not as strongly as PDGF. For instance, transient exposure to FGF-2 has no effect
on OPC migration, whereas OPCs show long-term migration when exposed to PDGF-A under the
same conditions [26]. Treating cells with both growth factors leads to faster migration compared to
either alone, and also converts progenitors from slowly to rapidly dividing cells [26,35–38]. Similar to
PDGF-A, FGF-2 promotes OPC migration via the ERK1/2 signaling pathway after binding to its
receptors FGFR1, which is necessary for FGF-2-induced migration [27,37,39,40]. Overall, FGF-2 is
crucial for OPC migration, but the combinatory effects of PDGF and FGF-2 far surpass that of either
factor alone, indicating proper OL development is contingent upon signaling from multiple factors.

2.1.2. Chemokines

Chemokines are secreted “chemotactic cytokines” best known for their role in regulating immune
cell migration. Interestingly, chemokines in the C–X–C family also promote OPC proliferation
and migration.

CXCL1 (also known as Gro-α) is expressed by astrocytes and binds to CXCR2 on OPCs to inhibit
PDGF-stimulated migration [41–44]. CXCL1 signals through CXCR2 and serves as a stop signal
for developmental OPC migration [43,45]. The importance of CXCL1 for proper OPC distribution
is seen when it is absent, which results in continued OPC migration to the pial surface with
extensive OPC migration into the periphery [46]. Most OPC proliferation occurs in the white matter
as PDGF and CXCL1 work synergistically to inhibit migration while simultaneously promoting
proliferation [41]. Eliminating CXCR2 expression diminishes OPC proliferation and reduces OL
numbers, thereby reducing myelination and overall white matter area [43,45]. These studies highlight
the importance of CXCL1 in localizing cells to allow for proper patterning of the white matter and
efficient myelination.

CXCL12, also known as stromal cell-derived factor 1, binds to its receptor CXCR4, a G-protein
coupled receptor highly conserved in evolution. Detection of CXCL12 and its receptor expression
begins around E7.5 in the ventral neural tube, and expands to various cell types including OLs and
neurons as the CNS matures [46–48]. The diverse expression of CXCL12 is crucial for proper CNS
development, as the knockout of its receptor is embryonic lethal due to complications in the immune
and central nervous systems [49]. For OPCs, CXCL12 acts a chemoattractant that promotes migration,
proliferation, and survival in the brain and spinal cord [50,51]. Oligodendrocyte progenitor cells in
CXCR4-deficient mice fail to migrate dorsally from the ventral neural tube since they are unresponsive
to CXCL12. CXCR4 expression peaks during OPC migration, then decreases as OPCs differentiate
in OLs, indicating CXCL12 and its receptor are important during early CNS development [50].
Overall, chemokines regulate the outward migration of OPCs from the neural tube to allow for
proper CNS patterning.

2.2. Proliferation

2.2.1. Three Major Mitogens

In addition to promoting OPC migration, PDGF also acts a mitogen and is crucial for glial
progenitor cell survival [24,29,52]. However, unlike migration, PDGF proliferation is mediated by
the phosphatidylinositol-3-kinase (PI3K)-Akt and Wnt-β-catenin signaling pathways instead of the
ERK pathway [53]. Interestingly, a population of proliferating OPCs is maintained into adulthood
in the CNS [54,55]. Since OPCs in culture do not mimic this proliferative response, it suggests the
balance between OPC self-renewal and differentiation is regulated by intrinsic and extrinsic signaling
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molecules [56–58]. Indeed, OPCs supplemented with astrocytes or PDGF, in traditional and new
culture assays, proliferate steadily for weeks [38,59–62]. Blocking PDGF in the developing optic nerve
reduces proliferation by 70% and progenitors immediately differentiate into OLs [60], findings that
were later confirmed in vivo [25,29,63,64]. Complete PDGFRα knockout mice die in utero due to
complications in patterning and cell survival throughout the body [65]. However, PDGF-deficient
mice survive into adulthood but present with fewer OPCs and OLs, with the largest loss in the spinal
cord and cerebellum; as would be expected, PDGF over-expression results in hyper-proliferation of
OPCs [66–68]. Together, these experiments illustrate that PDGF and its receptor are important for
controlling the timing and rate of proliferation. However, since inhibiting PDGF in the optic nerve
eliminates only 70% of mitogenic activity, other signaling molecules must also play a role.

PDGFRα expression peaks on OPCs, then decreases as cells differentiate. However, adding FGF-2
reverses this effect by increasing PDGFRα expression, amplifying its response and stimulating
long-term proliferation [63,69,70]. OPCs exposed to combined PDGF and FGF-2 continuously
proliferate and self-renew, whereas if exposed to either PDGF or FGF-2 individually, progenitors exit the
cell cycle [35], revealing these factors work synergistically to induce division and inhibit differentiation
in a timely manner [71].

When acting alone, FGF-2 is a less potent mitogen than PDGF but still blocks OPC differentiation
[38,72,73]. Developmentally, FGF-2 expression increases during proliferation and peaks during OL
formation when it functions to regulate the number of mature OLs [74,75]. FGF-2 binds with high
affinity to all four FGF receptors, but only fibroblast growth factors receptors 1–3 (FGFR1-3) affect
OPC proliferation. In OPCs, FGFR-1 levels continually rise, therefore exposure to FGF-2 increases
OPC migration and proliferation [75,76]. As early OPCs transition to late stage OPCs and FGRF-1
levels continue to rise, FGF-2 switches to inhibiting differentiation. Fibroblast growth factor receptor 1
small interfering RNA (siRNA) blocks this inhibition leading to a higher number of differentiated OLs,
revealing that FGFR-1 halts OL differentiation [77]. Similar to FGFR-1, FGFR-3 expression also peaks in
the late OL progenitor stage to further block OL differentiation. Later in development, FGF-2 severely
disrupts myelin production by dysregulating myelin gene expression [78–80]. Overall, FGF-2 promotes
the proliferation of OPCs by stimulating DNA synthesis and inhibiting OL lineage progression during
all stages of development.

Insulin-like growth factor-1 (IGF-1) works in concert with PDGF and FGF-2 to promote OPC
proliferation through binding the type 1 IGF receptor (IGFR1) [81,82]. PDGF increases IGFR1
expression, thereby potentiating IGF-1 effects and maximizing OPC proliferation [83]. Adding IGF-1
to OPCs isolated from perinatal rat cerebrum increases OPC proliferation six-fold [84,85]. Moreover,
developmental IGF-1 overexpression accelerates the cell cycle and increases neuronal and OPC
proliferation, leading to larger brain size and weight [86,87].

The effects of IGF-1 depend on PI3K-Akt signaling, which promotes OPC survival and
proliferation by inhibiting apoptosis and preventing the degradation of cyclin-D1 [88]. In addition,
IGF-1 works synergistically with FGF-2 to activate the ERK1/2 pathway to stimulate cell growth
and proliferation by upregulating nuclear cyclin-D expression [88–91]. Together, the PI3K/Akt and
ERK1/2 pathways enhance G1/S progression, therefore IGF-1 shortens the cell cycle to allow increased
cell proliferation [92]. In normal conditions, PDGF and FGF-2 trigger cells to enter G1 from the G0
phase. However, in conjunction with IGF-1, cells rapidly progress through G1 to the S phase due
to upregulation of G1 cyclins, positive regulators of the cell cycle [83,87,88,91,92]. IGF-1-regulated
PI3K-Akt signaling also functions as a survival signal by both protecting OPCs from tumor necrosis
factor (TNF)α-induced cell death and preventing apoptosis [86,93–95]. Thus, overall, IGF-1 acts as a
progression factor that accelerates the cell cycle, and a survival factor that maintains OPC levels.

2.2.2. Neurotrophic Factors

Neurotrophins are soluble growth factors crucial for nervous system development. These factors,
consisting of nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), neurotrophin-3

60



Neuroglia 2018, 1

(NT-3), and neurotrophin-4/5 (NT-4/5), are synthesized as precursor proteins, then cleaved into mature
molecules. Mature neurotrophins signal through two distinct classes of receptors: the high-affinity
receptor tyrosine kinase tropomyosin-related kinase (Trk), and the pan-neurotrophin receptor
(p75NTR), a member of the TNFα receptor subfamily [96–98]. All neurotrophins bind with similar
low affinity to p75NTR, but are selective in activating Trk receptors. Specifically, NGF binds TrkA,
BDNF and NT-4/5 binds TrkB, and NT-3 binds TrkC [99,100].

Neurotrophins exhibit mitogenic effects on OPCs, although BDNF effects appear to be
region-dependent. For instance, BDNF is a potent mitogen for OPCs in the basal forebrain while having
no effect on optic nerve OPCs [94,101]. Once TrkB is bound by BDNF, its cytoplasmic domain becomes
phosphorylated, leading to mitogen-activated protein kinase (MAPK) activation and increased DNA
synthesis [97,101,102].

Like BDNF, the proliferative effects of NT-3 are mediated through MAPK signaling, after binding
to TrkC receptors [33,103]. In the optic nerve, NT-3 is a stronger mitogen than PDGF, although NT-3
requires IGF-1 to induce OPC proliferation, whereas PDGF can act alone [94,104]. Knockout models
of NT-3 and TrkC show severe depletion in PDGFRα+ OPCs in both the brain and spinal cord,
although the distribution of OPCs in the CNS was similar to wild type, indicating NT-3 does
not influence migration or distribution of OPCs [105]. In addition to acting as a mitogen during
development, NT-3 is also a potent survival factor, promoting OPC survival in the absence of other
trophic support [104].

2.3. Differentiation

The transition from progenitor cell to differentiated OLs involves multiple signals, including
intracellular transcription factors and non-coding RNAs and extracellular molecules such as
neurotransmitters, growth factors and extracellular matrix components (for an excellent recent
review, see [5]). Changes in intracellular redox state may also be involved [57,106]. An additional
molecular mechanism believed to underlie the switch in cell fate involves cyclin-dependent kinase-2
(Cdk2), which controls OPC cell cycle progression as it regulates the transition of cells from G1 to S
phase [107,108]. To stop cell division, p27 binds to Cdk2 and promotes cell cycle arrest [109]. As OPCs
proliferate, p27 slowly accumulates and regulates the timing of differentiation. If p27 is overexpressed,
OPCs become unresponsive to mitogens resulting in significantly more mature OLs. Therefore, as time
progresses, p27 levels reach a tipping point after which sufficient levels of Cdk2 are inhibited and
cell proliferation is halted, in correlation with reduced PDGF and increased thyroid hormone (T3).
Collectively, these experiments indicate OPC differentiation is regulated through multiple signaling
mechanisms that ensure proper timing of OL maturation. Here, we will mainly focus on developmental
factors that have also been examined in the injured CNS.

2.3.1. Hormones

Thyroid hormone is an important regulator of OPC differentiation. In the absence of T3 in
culture, OPCs fail to differentiate and instead proliferate continuously [110–113]. Levels of T3
peak at birth and remain elevated for two weeks, coinciding with post-natal OL differentiation
and myelination [114]. Once secreted, T3 binds to two receptors: T3α on OPCs and T3β on mature
OLs [115,116]. During myelination, T3 binds to T3β receptors and drives myelin basic protein (MBP)
expression through direct interaction with the MBP promoter [117–119]. Mature OLs exposed to T3
also have increased branching, a morphology beneficial to myelination [118]. The diverse roles of
T3 on OL development are likely due to distinct receptors, as T3 modulates OPC survival and OL
differentiation through T3α receptor and promotes myelination after cells upregulate T3β receptor.

In vitro about 80% of OPCs differentiate into OLs in the presence of IGF-1, whereas only 30%
differentiate without it [84,85]. Conditional IGF-1 knockout mice show severely reduced brain size
due to fewer OLs and axons, leading to an overall reduction in white matter [120,121], whereas excess
IGF-1 inhibits OL apoptosis and promotes OL survival [122]. The higher number of mature OLs leads
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to increased MBP and proteolipid protein (PLP) expression, and a higher percentage of myelinated
axons with thicker myelin [122–124]. Manipulating IGF-1 expression in vivo in either direction reveals
the importance of IGF-1 in later stages, but due to its multiple roles throughout OL development,
a model focused on OL maturation is more beneficial. Luzi et al. developed a transgenic mouse
that overexpresses IGF-1 through the MBP promoter, thereby driving its overexpression only after
myelination begins, around P10 [125]. The result was extensive myelination on axons due to more
myelin produced per OL [125].

2.3.2. Neurotrophic Factors

Ciliary neurotrophic factor (CNTF) was originally identified for its role in neuronal support and
survival [126], but since then, its importance in regulating OL development has become clear. CNTF is
synthesized by astrocytes during the first postnatal week when OL generation peaks, and is continually
expressed throughout early stages of oligodendrogenesis [127]. While CNTF does enhance the rate of
OPC proliferation [128], it is more extensively involved in differentiation, maturation, and survival
of OLs [129,130]. Spinal cord and cortical OPCs cultured in media supplemented with CNTF show
increased differentiation, which is amplified when T3 is added [129,131]. Further in vitro studies
uncovered a role for CNTF in myelination. When added to cultures, CNTF increased myelin production
and the number of myelin internodes by upregulating MBP and myelin oligodendrocyte glycoprotein
(MOG) expression [130,132]. Overexpressing CNTF in vivo is also correlated with increased MOG
expression, while CNTF-deficient mice have higher rates of OL apoptosis and fewer myelinated
axons [133,134]. Despite CNTF being a survival factor, the increased myelin gene expression is not due
to increased OLs, but instead to more MBP and MOG expressed per OL [130].

Neurotrophin-3 plays a vital role in OL development. It is widely accepted that NT-3 promotes
myelination and acts as a support factor in both the peripheral and central nervous system. It is
highly expressed in the late prenatal period, peaks shortly after birth, then remains high 1–2 weeks
postnatally before rapidly declining [135]. This expression pattern coincides with OPC differentiation
and ultimately promotes axon myelination. Without NT-3, fewer OPCs differentiate, and those that do
appear immature with short, stubby processes [105,136]. Overexpression of NT-3 in OPCs co-cultured
with hippocampal neurons results in a 10-fold increase in MBP expression with a higher percent of
axons becoming myelinated [137]. Thus, NT-3 is one of many influential signaling molecules in proper
axon myelination.

Like NT-3, BDNF promotes myelin protein production in the peripheral nervous system (PNS)
and CNS. In the PNS, BDNF activates p75NTR, while in the CNS it binds to TrkB, stimulating MAPK
to upregulate MBP, PLP, and myelin-associated glycoprotein in OLs [102,138–140]. The need for BDNF
developmentally is seen in BDNF null and heterozygous mice, which display hypomyelinated white
matter due to reduced myelin gene expression [139,141–143]. This reduced myelin is not due to fewer
myelinated axons, but instead thinner myelin per axon. Moreover, the number of differentiated OLs is
comparable to controls, suggesting BDNF does not influence OL-axon contact, but may be necessary
for establishing proper myelin thickness [144,145].

Neuregulin-1 (Nrg-1) is an extrinsic growth factor expressed by neurons in the brain and spinal
cord that signals through ErbB receptor tyrosine kinases [146]. Initially, Nrg-1 was studied for its role
in stimulating OPC proliferation; however, Nrg-1 is secreted throughout development and influences
all stages of OL lineage cells, from proliferation through myelination [147–150]. Similar to PDGF,
Nrg-1 stimulates OPC proliferation through the PI3K-Akt pathway [33,151,152]. Neuregulin works
cooperatively with integrin signaling as ErbB2 associates with αvβ3 on OPCs to stimulate proliferation
via the PI3K-Akt pathway. This co-association is mediated by the Src family kinase (SFK) Lyn,
a group of kinases that integrate external signals by regulating integrin and growth factor behaviors.
As development progresses, OLs contact laminins which activate an integrin-regulated switch
from proliferation to pro-differentiation and myelination. This switch reverses Nrg-1 inhibition of
differentiation when Fyn, an SFK, binds integrin α6β1 to change Nrg-1 signaling from PI3K-Akt to the
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MAPK pathway, thereby promoting myelination [151,152]. Blocking Erb signaling developmentally
reduces differentiated OL number, and OLs that do differentiate fail to ensheath axons [153–155].
Together, these experiments suggest Nrg-1 signals through ErbB receptors and integrins to enhance
OPC proliferation, differentiation, and OL myelination of axons.

CNS development is a sequential process that requires communication between secreted factors
and their receptors (Figure 1), input from transcription factors (see reviews [5,156,157]), and cross talk
between cell types. Oligodendrocyte progenitors migrate from the pMN domain of the neural tube,
proliferate, differentiate into OLs, and then mature OLs myelinate axons. OPCs continue to proliferate
and differentiate throughout adulthood, and OLs continuously generate new myelin to either replace
myelin lost to aging or to accommodate new myelin in support of learning new tasks [55]. Myelination,
a process tightly regulated during development, is disrupted after injury to the brain or spinal cord,
altering the tissue milieu and complicating neural–glia interactions.

Figure 1. Environmental stimuli that influence the various stages of oligodendrocyte (OL)
development. Oligodendrocyte progenitor cells (OPCs) originate in the neural tube, migrate dorsally
and ventrally throughout the brain and spinal cord, proliferate, then differentiate into myelinating
OLs. Environmental cues are grouped based category: growth factors (purple), chemokines (blue),
hormones (pink), neurotrophic factors (orange). PDGF: platelet-derived growth factor; FGF-2: fibroblast
growth factor-2; IGF-1: insulin-like growth factor-1; BDNF: brain-derived neurotrophic factor; NT-3:
neurotrophin-3; T3: thyroid hormone; NRG-1: Neuregulin-1; CNTF: ciliary neurotrophic factor.

3. Central Nervous System Trauma

Brain and spinal cord trauma is characterized by a transient primary injury induced by a
mechanical impact followed by protracted secondary injury processes. The hemorrhage, hypoxia,
and extensive loss of neurons, glia, and axon tracts during the secondary injury phase is a large
contributor to the cognitive, motor, and sensory dysfunction observed in human trauma patients and
in pre-clinical models of central nervous system (CNS) trauma. In rodent models of spinal cord injury
(SCI), there is a significant acute loss of OLs within 15 min at the injury epicenter that continues for at
least 3 weeks post-injury (wpi) [158–161]. Traumatic brain injury (TBI) studies in rodents also show
OLs within and proximal to the lesion are most susceptible to caspase-3-mediated apoptosis [162].

Myelinating OLs are terminally differentiated; thus, the primary source of post-injury myelin
biogenesis is adult OPCs. Trauma to the CNS induces a robust oligodendrogenic response in which
adult NG2+ OPCs proliferate in and around the injury epicenter and regenerate OLs that remyelinate
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spared axons [161,163–167]. Central canal ependymal cells can also proliferate and regenerate OLs,
but this is specific to some models of SCI and has not been reproduced in other models of CNS
insult [167–170]. Ultrastructural observations of axons in the injured cat spinal cord were among
the first demonstrations of axon remyelination following CNS trauma [171,172]. Remyelinated
axons are typically characterized by thinner myelin and shorter internodes, although myelin as
thin as 3% of normal may still allow action potential conduction, revealing that thin myelin is likely
preferable to no myelin [173,174]. Despite robust oligodendrogenesis persisting for at least 3 months
post-injury (mpi) [164], spared axons experience a chronic increase in conduction block and their myelin
displays a concurrent decrease in MBP messenger RNA (mRNA) expression [175], suggesting that
endogenous remyelination of spared axons is suboptimal. Indeed, persistent myelin pathology has
been detected for at least 10 wpi in a pre-clinical rat SCI model [164,176] and up to a decade after injury
in some human SCI patients [177], making efforts to promote spontaneous myelin repair a promising
therapeutic endeavor.

While necrosis and apoptosis are widely recognized as significant contributors to acute OL
death after CNS injury [158,162,178], the mechanisms behind chronic demyelination remain unknown.
As in development, OL lineage cells are exquisitely sensitive to their environment. The factors,
mitogens, and signaling cues that drive healthy development of OLs are largely dysregulated after
CNS trauma, creating an environment in which functional myelin regeneration is potentially deterred.
While the successful response of OL lineage cells to chemically induced focal demyelination has
been well characterized, their response to the multiple biochemical cascades that define an injury
microenvironment remains largely unknown. The following outlines primary components of the
traumatically injured CNS milieu that are permissive or inhibitory for functional myelin repair
(Figure 2). To develop effective therapeutics that provide meaningful recovery for CNS trauma
patients, it is essential that we understand the impact of the injury microenvironment on spontaneous
myelin repair and how the injury milieu changes over time.

3.1. Growth Factors, Neurotrophic Factors, and Hormones Modulate Myelin Regeneration

3.1.1. Growth Factors

The role of BMP proteins in adult myelin regeneration is not fully understood. Spinal cord injury
induces BMP expression similar to other models of CNS injury [164,165,179,180]. While both BMP2 and
BMP4 inhibit the early stages of OPC differentiation during development, BMP4 is the primary BMP
member to inhibit OL lineage cell differentiation after CNS trauma [181–183]. Indeed, inhibiting BMP4
signaling promotes OL regeneration and axon remyelination and decreases glial scarring in models of
CNS trauma and chemically induced demyelination [179,182,184].

During development, exposure to PDGF promotes OPC proliferation by activating Wnt-β-catenin
signaling [53]. The pattern of expression of Wnt signaling is modulated by SCI [53,185,186]. Moreover,
genetic deletion of β-catenin from PDGFRα-expressing cells suppressed OPC proliferation and
accumulation around the SCI epicenter [187]. Thus, increased exposure to PDGFA could potentially
stimulate Wnt/β-catenin activation and promote OPC proliferation following SCI.

OPC differentiation and remyelination of spared axons are also modulated post-injury by
PDGF-A, which primarily upregulates Olig2 [61,188]. Evidence suggests that PDGF-A positively
modulates OL lineage cells via synergistic effects with components of the extracellular matrix and
other pro-proliferation growth factors, such as FGF-2 and IGF-1, which are upregulated for weeks
after SCI [68,164,189–191]. After experimental rat SCI, intraspinal transplantation of Schwann cells
promotes host OPC proliferation and recruitment to the lesion via secretion of FGF-2 and PDGF-A,
a treatment that promoted remyelination of spared axons and enhanced recovery of function [188].
Further studies evaluating the synergistic effects of these protective, pro-OL lineage growth factors
could provide novel therapeutic avenues that robustly promote OPC proliferation and differentiation.
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Figure 2. Primary factors that define a central nervous system (CNS) injury milieu. The injury
microenvironment impacts the ability for OL lineage cells to effectively remyelinate all spared axons.
Hormones (pink), growth factors (purple) and neurotrophic factors (orange) that promote myelination
during development are dysregulated after spinal cord injury. Reactive astrocytes and immune cells
(macrophages and microglia) secrete pro-reparative and pro-inflammatory cytokines and chemokines
that differentially affect OL lineage cells.

3.1.2. Neurotrophic Factors

Ciliary neurotrophic factor is a pro-reparative protein that protects OPCs from TNFα-induced
apoptosis and promotes proliferation during development and after CNS injury [94,192]. Following TBI
and SCI in adult rat models, both CNTF and FGF-2 are upregulated acutely and remain elevated
chronically, particularly within the glial scar and in regions of increased OPC proliferation [164,191,193,194]
suggesting that CNTF is a somewhat “permanent” component of a microenvironment permissive
to OL lineage cells. Indeed, transplanting OPCs overexpressing CNTF into the injured adult rat
cord not only promotes OPC survival and axon remyelination, but also significantly restores signal
conduction of demyelinated axons and improves recovery of hindlimb motor function [195]. Thus,
CNTF’s pro-proliferative and pro-survival role in development is maintained after CNS injury, making
it a promising therapeutic factor in promoting myelin regeneration.

The developmental role of NT-3 in promoting OPC survival and maturation is potentiated
after injury. Neurotrophin-3 can promote the in vitro survival of OLs at a higher rate than CNTF,
and stimulates OPC proliferation and axon remyelination in vivo [94,196]. The effect of NT-3 on OL
lineage cells becomes increasingly neuroprotective in synergy with other intrinsic and extrinsic factors
both during development and after trauma. For example, the effect of NT-3 on developmental
OL survival is potentiated in the presence of PDGF [94]. Similarly, co-expression of NT-3 and
BDNF in the injured adult rat spinal cord not only promotes regeneration of propriospinal axons
but also stimulates OL lineage cell proliferation and axon remyelination [104,196,197]. Moreover,
co-expression of NT-3 and Shh increases Olig2+ cell number and enhances remyelination after injury to
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the adult mouse spinal cord [198]. Transplanting fibrin scaffolds loaded with purified neural progenitor
cells, NT-3, and PDGF-AA into the acutely injured mouse spinal cord establishes a pro-reparative
microenvironment in which tissue sparing is promoted and OL differentiation and axon remyelination
is increased [199].

After rat spinal contusion, neurons and glia upregulate BDNF acutely, suggesting it is in position
to play a neuroprotective role during the secondary injury processes [200–202]. BDNF treatment
increases MBP expression in spared white matter of the spinal cord, promotes long-term OL survival
and axon remyelination, and increases functional recovery [196,203,204]. Brain-derived neurotrophic
factor and IGF-1 synergistically attenuate expression of nitric oxide synthase, a mediator of OL death
in several demyelinating conditions, including SCI [205–207]. Moreover, intrathecal administration
of BDNF promotes OL survival by preventing downregulation of Cu/Zn superoxide dismutase
(CuZnSOD), an antioxidant that limits cell death by attenuating the formation of reactive oxygen
species (ROS). Brain-derived neurotrophic factor also promotes myelin regeneration after CNS injury
by positively modulating pro-myelinating transcription factors, such as Olig2, as well as promoting
expression of PLP, a major myelin protein [208–210]. While the primary developmental role of BDNF is
to modulate myelin thickness, BDNF becomes a potent extrinsic regulator of OPC differentiation and
OL survival after CNS injury and may have significant potential in translational clinical applications.

The developmental role of Nrg-1 in stimulating OPC proliferation, survival, and differentiation is
conserved after adult CNS injury. Intrathecal administration of Nrg-1 enhances OPC differentiation,
promotes survival of existing OPCs, and stimulates remyelination by newly generated OLs and
infiltrating Schwann cells [148,211,212]. Additionally, selectively ablating Nrg-1 prevents CNS OL
lineage cells from differentiating into peripheral-like Schwann cells that remyelinate spared axons [212].
As Nrg-1 levels significantly drop acutely after injury and remain profoundly low chronically [148],
perhaps Nrg-1 deregulation, which impacts signaling cascades integral for proliferation and cell
survival, contributes to impaired OPC proliferation and maturation. Dysregulated levels of Nrg-1 in
the spinal cord have recently been suggested to underlie myelin thinning on remyelinated axons [211].
Neuregulin-1 is also suggested to modulate the reparative and pro-inflammatory response of glial
cells to CNS trauma. The immediate administration of Nrg-1 after rat-compressive SCI deceases
pro-inflammatory components (e.g., interleukin (lL)-1β, TNFα, nitric oxide) and harmful matrix
metalloproteinases. It also increases factors characteristic of a pro-reparative permissive environment,
such as IL-10 and arginase-1 [148,213]. The effects of Nrg-1 on OL lineage cells, as well as its ability to
modulate the inflammatory response to trauma, make Nrg-1 therapy a promising direction in CNS
injury research.

3.1.3. Hormones

Thyroid hormone, a potent regulator of the timing of developmental OL differentiation, is also
modulated by CNS trauma. Thyroid hormone levels are significantly lower in SCI patients, both acutely
and chronically, compared to non-injured individuals [214,215]. In vitro studies demonstrate that
compared to BDNF and NT-3, T3 is more potent in stimulating OL differentiation [216]. Moreover,
local delivery of T3 directly to the spinal cord significantly accelerates oligodendrogenesis and axon
myelination following cervical contusion injury [216]. While the beneficial effects of T3 have been
extensively studied in multiple sclerosis (MS) and other demyelinating conditions, further work is
needed in models of CNS trauma to fully elucidate its potential in myelin repair.

A key player in both CNS and PNS reparative processes, IGF-1 is secreted by astrocytes, microglia,
and macrophages after CNS injury [217–219]. It stimulates OPC proliferation and differentiation,
increases myelin related gene expression, and decreases astrogliosis after CNS injury [220–223].
Moreover, IGF-1 robustly promotes OPC survival and OL maturation via synergistic effects with other
growth factors, including BDNF, PDGF, and NT-3 [205,224]. Systemic administration of IGF-1 reverses
TBI-induced reductions in NT-3 and BDNF, inhibits OL apoptosis, and improves injury outcome [224].
Neurological outcome after traumatic brain and spinal cord injury in humans has been linked to
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IGF-1 levels in peripheral blood serum. Patients with elevated serum IGF-1 levels demonstrate greater
neurological improvement chronically compared to those with lower serum IGF-1 [225,226]. Levels of
IGF-1 may be elevated in response to prolonged injury-associated inflammation, and exogenous
IGF-1 treatment could potentially supplement the neuroprotective role of IGF-1 and serve as a potent
therapeutic target.

Progesterone (P4) is an endogenous hormone and steroid from the progestogens family and has
emerged as a neuroprotective strategy to promote endogenous repair. Daily progesterone treatments
between three to five days following SCI in rats reduces the lesion size, stimulates OPC proliferation,
and increases mRNA expression of Olig2 and Nkx2.2, a major OPC specification protein [227–229].
Continued administration of P4 for 21 days in a complete SCI rat model increases newly differentiated
OLs and stimulates Olig1 expression, a transcription factor that promotes myelin regeneration [228,230].
Systemic progesterone treatment following TBI in rats also significantly attenuates secondary pathology
and improves behavioral function, but its ability to restore white matter integrity has yet to be evaluated
in these models [231,232].

3.2. Components of the Injury-Induced Glial Scar Affect OL Lineage Cells

Central nervous system trauma promotes the formation of a glial scar whose primary astrocytic
component secretes chondroitin sulfate proteoglycans (CSPGs) [233]. These CSPGs negatively
regulate OL lineage cells both in vitro and in vivo [234,235]. Macrophage-secreted transforming
growth factor (TGF)β can also induce CSPG upregulation via PI3K–Akt–mTOR signaling [236–238].
Evidence suggests there is a relationship between the concentrations of CSPG and the degree of
remyelination of spared axons [233,239]. Not only do CSPGs deter axon regeneration, but they
also signal through PTPσ receptors to inhibit OL process outgrowth and axon myelination [235].
Several studies have targeted CSPGs and while these have proven effective in reducing tissue damage
and promoting axon growth, only CSPG degradation using chondroitinase ABC (ChABC) treatment,
or ChABC combined with a cocktail of growth factors (FGF, PDGF) has successfully promoted OL
differentiation after SCI [169,235,240,241].

Macrophage and glial-scar-derived Endothelin-1, LRR and Ig domain-containing, Nogo Receptor-
interacting protein (LINGO-1), TNFα, and IL-1β also suppress OPC differentiation and OL maturation
[242–244]. It is important to note, however, that both TNFα and IL-1β also positively modulate
OL lineage cells. Mice lacking TNFα and its associated receptor, TNFR2, have a significant delay
in remyelination after toxin-induced demyelination [245]. Interleukin-1β can also induce OPC
differentiation and promote OL survival; however, in the presence of PDGF and FGF in vitro, it arrests
OPC proliferation [246]. These lines of evidence suggest that further research is needed to elucidate
the interactions of astrocyte- and macrophage-derived cytokines with OL lineage cells and the ways in
which their response to demyelination and trauma may change over time.

Astrocytes can positively modulate remyelination by their ability to produce CNTF and take
up significant amounts of iron, maintaining the homeostasis that is necessary for the proliferation,
maturation, and survival of OL lineage cells [164,247,248]. Notably, prior work from our lab
demonstrated the SCI-induced glial scar is an area of robust OPC proliferation and accumulation as well
as OL differentiation and myelination [164,249]. This area contains high levels of pro-oligogenic factors
CNTF, FGF-2, and peroxisome proliferator-activated receptor delta (PPAR-δ), an intracellular nuclear
receptor that promotes OL differentiation [164,191,250]. Notably, when proliferating NG2+ OPCs
(and pericytes) were ablated after SCI, the astrocytic glial scar was significantly less dense and more
axons spontaneously grew into the lesions, revealing OPCs not only respond to their environment but
also affect the response of other post-injury parenchymal elements [251]. Astrocyte–oligodendrocyte
crosstalk drives developmental myelin formation, trauma-induced myelin damage, and spontaneous
axon remyelination. Thus, clarifying the complex mechanisms behind astrocyte–OL lineage crosstalk
could potentially lead to novel therapeutics in which the beneficial effects of astrocytes and OPCs are
harnessed and the detrimental effects are attenuated.
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3.3. The Neuroimmune Axis

In the homeostatic CNS, the balance of genes expressed by adult OPCs are similar to OLs [252].
However, in response to toxin-induced demyelination, OPCs revert to a neonatal transcriptome and
increase expression of IL-1β and CCL2, immune cues that promote progenitor cell migration [252,253].
On the other hand, several chemokines and cytokines can inhibit OPC differentiation and axon
remyelination [213,246,254] suggesting that a neuroimmune axis exists that may dynamically modulate
OL lineage cells and myelin repair after CNS trauma [255].

3.3.1. Cytokines and Microglia/Macrophage Signaling

Activated macrophages, a population composed of resident microglia and infiltrating
monocytes, play divergent pro-inflammatory and pro-reparative roles in response to CNS trauma.
Pro-inflammatory M1 polarized macrophages secrete toxic cytokines, chemokines, reactive oxygen
species, and promote excitotoxicity—all of which engender a microenvironment inhibitory for OL
regeneration [253].

Pro-reparative M2 macrophages not only facilitate the clearance of myelin debris that can inhibit
OL differentiation but also secrete factors that stimulate OL differentiation and remyelination, such as
IL-10, leukemia inhibitory factor (LIF), CNTF, and, TGFβ [256–258]. Experimental strategies in SCI
models where LIF is administered arrests OL death, enhances OL differentiation, and promotes OL
survival by activating the Janus kinase—signal transducers and activators of transcription (JAK-STAT)
and Akt pathways [259–261]. However, evidence from a mouse model of MS suggests that while
LIF administration promotes axon remyelination, it fails to increase the thickness of regenerated
myelin [262]. Transforming growth factor-β is suggested to potently regulate the initiation and
resolution of inflammation [263]. Indeed, following spinal contusion, TGFβ mRNA levels are
significantly elevated, particularly in regions of dense microglia and macrophages [264]. Attenuation
of TGFβ following SCI decreases fibrotic scar formation, and promotes axon regeneration through
lesion [265,266]; remyelination, however, was not evaluated in that study.

The mechanism of microglia and macrophage activation also has consequences for OL lineage
cells (for a recent review, see [267]). For instance, in vivo activation of the Toll-like receptor 2 (TLR2) on
microglia and macrophages results in death of all OPCs and OLs (and astrocytes) in the region [268].
However, intraspinal activation of the receptor TLR4 causes initial demyelination and loss of OPCs and
OLs, followed by subsequent and robust OPC proliferation and migration into the area of activated
macrophages, after which a significant portion of OPCs differentiate into new OLs [268,269]. Notably,
this oligodendrogenic response depended on sufficient iron levels and we showed that macrophages
can transfer iron-containing ferritin to OPCs in vivo [270,271]. This may be an intriguing mechanism
of OL genesis after SCI since TLR4 is activated on microglia and macrophages after SCI and this
signaling pathway induces iron uptake by macrophages [272,273]. The SCI site is rich in iron due
to intraspinal hemorrhage and cell death, and iron-laden macrophages accumulate acutely and are
sustained chronically in the injured spinal cord [274–276]. Notably, in the absence of TLR4 signaling
after SCI, OPC accumulation and OL production are significantly reduced [273]. Microglia play a
central role in CNS development and myelin biogenesis; thus, the ways in which activated microglia
and macrophages influence OL lineage cells after CNS trauma needs further study as it could provide
important insight into how the neuroimmune axis can be harnessed to promote myelin repair.

3.3.2. Cytokine Signaling Regulators

Suppressors of cytokine signaling (SOCS) proteins are key components of the innate and
adaptive immune system (extensively reviewed in [277]). Cytokines and interleukins induce SOCS
expression via JAK/STAT signaling. SOCS, in turn, inhibits the JAK/STAT pathway and negatively
regulates cytokine signaling [278–280]. Of the SOCS protein family, SOCS1 and SOCS3 have been
best characterized in their response to CNS trauma and their differential influence on endogenous
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myelin repair. SOCS1 proteins positively modulate pro-reparative M2 macrophage polarization and
attenuate pro-inflammatory M1 macrophages [281]. Enhanced expression of SOCS1 in a mouse model
of contusive SCI is linked to improved sensory and locomotor function, decreased demyelination,
and reduced pro-inflammatory cytokine expression [282]. On the other hand, SOCS3 expression is
upregulated by M1 polarized macrophages within pro-inflammatory environments [283]. Inhibition of
SOCS3 activity in rodents attenuates demyelination, enhances NG2+ cell proliferation, and promotes
OL survival after SCI [279,284,285]. Understanding the expression and function of SOCS proteins in
CNS trauma may hold promise for immunomodulatory therapeutics that suppress a hostile trauma
microenvironment and promote myelin repair.

3.3.3. Chemokines

Several chemokines and cytokines in the C-X-C family have been implicated in the response of
OL lineage cells to CNS trauma.

Following mid-thoracic SCI in adult mice, there is a significant and persistent upregulation of
CX3CR1 expression, a microglia-specific receptor for fractalkine [286]. Genetic deletion of CX3CR1
modulates macrophages towards a pro-reparative phenotype, enhances NG2 responses to injury,
and increases myelin and axon sparing at the lesion epicenter [286,287].

CXCL12 and its receptor, CXCR4, are expressed by PDGFRα+ OPCs and positively modulate
OPC proliferation, survival, migration, and differentiation after CNS trauma [50,51,288,289].
Reactive astrocytes in regions of demyelination upregulate CXCL12, which has been proposed to serve
as a potent chemoattractant to guide migrating oligodendrocyte precursor cells to the injury site and
promote their differentiation [290].

Both CXCL1 and its receptor, CXCR2, are upregulated after CNS injury [289]. During development,
CXCL1 primarily promotes OPC proliferation; however, after injury, CXCL1 signaling promotes OPC
survival by restricting interferon (IFN)-γ- and CXCL10-induced apoptosis [44,291]. Evidence from the
experimental allergic encephalomyelitis (EAE) model demonstrates that CXCL1 overexpression can
rescue OPCs from apoptosis and significantly reduce the severity of myelin pathology [292], though this
has yet to be shown in SCI. The CXCR2 receptor is expressed on human OLs [293], and CXCL1
ligand has been detected on human-activated microglia and reactive astrocytes [294,295] making this
chemokine and its modulation of OL lineage cells a potentially translatable focus of study that should
be explored further within the pathology of brain and spinal cord injury.

4. Summary and Conclusions

Myelination is an evolutionarily advantageous specialization that enables rapid communication
between neurons in the CNS. Oligodendrocyte lineage cells are incredibly sensitive to their
environment. A healthy microenvironment is integral for myelin biogenesis during development
as well myelin maintenance in adults and repair following CNS trauma. Mechanisms regulating
OL progression during development are well studied; however, the individual and synergistic roles
of these regulatory factors after CNS trauma are not fully understood. Overwhelming evidence
demonstrates the ways in which downregulating beneficial factors combined with the poor resolution
of pro-inflammatory factors hinders endogenous axon remyelination. Thus, manipulating various
components of the injury milieu is a promising strategy to promote spontaneous myelin repair.
For instance, understanding the synergistic effects of pro-myelination growth factors and hormones
could inform the development of treatments that harness their synergistic neuroprotective effects.
Importantly, future work aimed at promoting myelin repair should also focus on elucidating the
effects of glial cross talk on endogenous remyelination. While the physiology and pathophysiology of
individual glial cells in a trauma microenvironment is incompletely understood [243], clarifying how
OL lineage cells are influenced by astrocytes and microglia/macrophages could not only provide
insight into the importance of glial cross talk during development but also provide novel avenues
through which those signaling pathways can be harnessed to promote myelin repair.
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With the rising field of tissue engineering and the significant strides made in stem cell biology,
several of the beneficial and toxic factors that comprise post-injury milieu can be manipulated to
promote CNS injury repair [296]. Additionally, the prevalent and validated use of transgenic mice with
inducible gene expression has allowed for the evaluation of pro-myelination developmental factors
within the post-injury microenvironment. For instance, myelin regulatory factor (MYRF), a factor
critical for myelination during development, is expressed by newly generated OLs in response to
induced focal demyelination and is required for new OL genesis [297]. The recent use of mice in
which OPC-specific MYRF can be deleted or inducibly expressed is promising for research aimed
towards promoting myelin repair after CNS trauma. To develop novel therapeutics geared to promote
myelin regeneration after CNS injury, it is vital that the factors driving healthy myelin development are
manipulated after injury to support OL lineage progression. Harnessing these pathways to improve
myelin repair may promote meaningful functional recovery for patients.
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Abstract: In the adult mammalian forebrain, oligodendrocyte precursor cells (OPCs), also known
as NG2 glia are distributed ubiquitously throughout the gray and white matter. They remain
proliferative and continuously generate myelinating oligodendrocytes throughout life. In response
to a demyelinating insult, OPCs proliferate rapidly and differentiate into oligodendrocytes which
contribute to myelin repair. In addition to OPCs, neural stem cells (NSCs) in the subventricular zone
(SVZ) also contribute to remyelinating oligodendrocytes, particularly in demyelinated lesions in
the vicinity of the SVZ, such as the corpus callosum. To determine the relative contribution of local
OPCs and NSC-derived cells toward myelin repair, we performed genetic fate mapping of OPCs
and NSCs and compared their ability to generate oligodendrocytes after acute demyelination in
the corpus callosum created by local injection of α-lysophosphatidylcholine (LPC). We have found
that local OPCs responded rapidly to acute demyelination, expanded in the lesion within seven
days, and produced oligodendrocytes by two weeks after lesioning. By contrast, NSC-derived NG2
cells did not significantly increase in the lesion until four weeks after demyelination and generated
fewer oligodendrocytes than parenchymal OPCs. These observations suggest that local OPCs could
function as the primary responders to repair acutely demyelinated lesion, and that NSCs in the SVZ
contribute to repopulating OPCs following their depletion due to oligodendrocyte differentiation.

Keywords: demyelination; oligodendrocyte precursor; myelin; subventricular zone; NG2; neural
stem cell

1. Introduction

In the mammalian central nervous system (CNS), oligodendrocyte precursor cells (OPCs),
also known as NG2 glia or polydendrocytes, represent a fourth major glial cell population that
persists in the adult and continue to proliferate and generate myelinating oligodendrocytes throughout
life, even after developmental myelination is largely completed (reviewed in [1,2]). Studies in the
adult rat spinal cord have shown that OPCs proliferate in response to acute demyelination, and that
the proliferated cells differentiate into oligodendrocytes [3–5]. Oligodendrocyte precursor cells in
the telencephalon also contribute to remyelination of acute and chronic demyelinated lesions [3,6,7].
Genetic fate mapping has allowed more precise determination of the fate of OPCs under normal
conditions [8–11] and established that the postnatal fate of OPCs is restricted to oligodendrocytes.
This approach was also used to confirm that OPCs are an important source of remyelinating
oligodendrocytes that repair demyelinated lesions [12,13].
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In addition to local proliferating NG2 glia, the adult brain also contains neural stem cells (NSCs)
that reside in the subventricular zone (SVZ). Neural stem cells in the adult SVZ pass through a
transit-amplifying progenitor stage as they differentiate into neuroblasts that migrate through the
rostral migratory stream (RMS) into the olfactory bulb, and their multipotential ability to generate
astrocytes as well as neurons has been well characterized [14,15]. When demyelination occurs in the
vicinity of the SVZ, cells in the SVZ become mobilized and may contribute to remyelination [16–18].
The availability of genetic fate mapping tools to identify the fate of OPCs and NSCs have allowed
a direct comparison of the contribution of local OPCs and SVZ-derived cells toward myelin repair,
and several studies were published recently with varying results. While two studies suggest a
robust ability of NSCs to generate remyelinating oligodendrocytes [19,20], another recent study
suggests that although SVZ cells proliferate in response to acute demyelination, they are unable to
produce oligodendrocytes that contribute to myelin repair [21]. We have used Tg(Cspg4-creERTM)
and Tg(Nes-creERT2) transgenic mice crossed to a reporter line and have compared the ability of local
OPCs and nestin+ NSCs to generate oligodendrocytes in response to acute demyelination caused by
α-lysophosphatidylcholine (LPC) injection into the adult corpus callosum. We show that local OPCs
generate oligodendrocytes more rapidly than NSCs, whereas NSCs contribute to repopulating OPCs
in the corpus callosum after myelin repair.

2. Materials and Methods

2.1. Animals

A bacterial artificial chromosome (BAC) transgenic mouse line expressing tamoxifen-inducible
Cre in OPCs (Tg(Cspg4-creERTM) [9]; Jackson Laboratory stock #008538, Bar Harbor, ME, USA) was
crossed to the cre reporter gt(ROSA)26Sortm1(EYFP) (YFP) [22] (Jackson Laboratory stock #006148) and
maintained as double homozygotes. Tg(Nes-creERT2) mice were obtained from Dr. Amelia Eisch
(University of Pennsylvania, Philadelphia, PA, USA) [23] and also crossed to YFP mice. Cre was
induced by four consecutive days of intraperitoneal injection of 1 mg of 4-hydroxytamoxifen (4OHT,
Sigma H-7904, St. Louis, MO, USA) every 12 h, as previously described [9].

To create acute demyelinating lesions, 1 μL of 2% LPC in phosphate-buffered saline (PBS)
was stereotaxically injected into the right rostral corpus callosum using a Hamilton syringe at the
coordinates (−1.3 mm from the bregma, 1 mm lateral, and 1.7 mm from the surface of the skull). Mice
were sacrificed at 7, 14, and 28 days after LPC injection (7, 14, and 28 dpl) by intracardiac perfusion
of 4% paraformaldehyde in 0.1 M sodium phosphate buffer, pH 7.4, containing 0.1 M L-lysine and
0.01 M sodium metaperiodate. Brains were isolated and post- fixed in the same fixative for 2 h at 4
◦C. For NG2creER;YFP mice, LPC injection was performed three days after the last 4OHT injection.
For Tg(Nes-creERT2):gt(ROSA)26Sortm1(EYFP) mice, LPC injection was performed 28 days after 4OHT
injection to allow for greater accumulation of YFP+ cells in the SVZ.

All animal procedures were approved by the Institutional Animal Care and Usage Committee in
a protocol A16-018 "NG2 cells in the neural network" from June 24, 2016 through June 23, 2019.

2.2. Tissue Processing and Immunohistochemistry

Serial 50 μm coronal sections were cut on a vibratome (Leica VTS1000, Leica Biosystems Inc.,
Buffalo Grove, IL, USA) and stored at −20 ◦C in 98-well plates in cryostorage solution consisting of 10
g of polyvinylpyrolidone, 500 mL 0.2 M sodium phosphate buffer, pH 7.4, 300 g sucrose, and 300 mL
ethylene glycol in 1 L. Sections were processed for immunohistochemistry as previously described [9].
The primary antibodies used are listed in Table 1. Secondary antibodies were Alexa 488-labeled
anti-chick antibody (1:1000), Cy3-labeled anti-mouse, rabbit, or goat (1:200), and Cy5- (1:100) or
Alexa 647-labeled (1:200) anti-mouse, rabbit, or goat antibodies from Jackson ImmunoResearch (West
Grove, PA, USA). Five or six sections from each mouse that were 600 μm apart were labeled with the
antibodies and mounted with Vectashield containing 4’,6-diamidino-2-phenylindole dihydrochloride
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(DAPI, Vector Labs, Burlingame, CA, USA). Stained sections were analyzed on Leica TCS SP2 or
SP8 confocal microscope and Zeiss Axiovert 200 M with ORCA ER camera and apotome (Carl Zeiss
Microscopy, Jena, Germany).

Table 1. Primary antibodies used.

Antibody Host Species Source Dilution

Dcx Rabbit Cell Signaling Technology (Danvers, MA, USA) 1:300
NG2 Rabbit EMD Millipore (Burlington, MA, USA) 1:500

Pdgfra Goat R&D Systems (Minneapolis, MN, USA) 1:1000
CC1 (Quaking 7) Mouse EMD Millipore (Burlington, MA, USA) 1:100

MBP, smi99 antibody Mouse Covance (Princeton, NJ, USA) 1:3000
Smi32 Mouse Covance (Princeton, NJ, USA) 1:1000
GFP Chick Aves Labs (Tigard, OR, USA) 1:1000

Olig2 Mouse EMD Millipore (Burlington, MA, USA) 1:1000
Olig2 Rabbit Novus Biologicals (Littleton, CO, USA) 1:1000

PSA-NCAM, 12E3 antibody Mouse Dr. Tatsunori Seki (Tokyo Medical University, Tokyo, Japan) 1:1000
GFAP Rabbit DAKO-Agilent (Santa Clara, CA, USA) 1:2000

Dcx: Doublecortin; Pdgfra: Platelet-derived growth factor receptor α; MBP: Myelin basic protein; Smi32:
Non-phosphorylated neurofilaments; GFP: Green fluorescent protein; Olig2: Oligodendrocyte transcription factor 2;
PSA-NCAM: Polysialic acid-neural cell adhesion molecule; GFAP: Glial fibrillary acidic protein.

2.3. Cell Quantification

Demyelinated lesions were assessed by a combination of immunolabeling for myelin basic protein
(MBP) and non-phosphorylated neurofilaments. For quantification, a series of tiled confocal z-stack
images were collected over a z-distance of 20–30 μm, encompassing the lesion from at least two sections
for each animal. Cell numbers were estimated by scoring each YFP+ cell for the expression of specific
antigens within a defined area for each section. The area for quantification was defined as the area
that lacked MBP immunofluorescence in adjacent sections for the early time points. For later time
points, the lesioned and repaired areas were defined as areas that contained dense reactive NG2 glia
and astrocytes. To obtain the density of the cells, the area from which cell numbers were obtained was
calculated using ImageJ [24] and multiplied by the thickness of the z-stack.

2.4. Statistical Analysis

Quantification results are expressed as mean ± standard deviation. Statistical analyses were
performed using two-way analysis of variance (ANOVA) with uncorrected Fisher’s least significant
difference (LSD) test for the quantification of % YFP+ cells that were NG2+ or CC1+ and the density of
YFP+ NG2+ and YFP+ CC1+ cells. Student’s t-test (two-way, unpaired) was used for the quantification
of the percentage of CC1+ cells derived from NG2+ or nestin+ precursor cells over 14 days. Sample
sizes ranged from three to four.

3. Results

3.1. Evolution of LPC-Induced Demyelinated Lesion

In the normal adult mouse corpus callosum, MBP was robustly detected in the corpus callosum,
and there was little detectable non-phosphorylated neurofilaments, with the exception of axons
in the cingulate cortex (Figure 1A–C). Injection of LPC into the corpus callosum resulted in focal
demyelination, characterized by a well demarcated loss of MBP immunoreactivity at 7 days after
lesioning (dpl) (Figure 1D–F, arrowheads in D), accompanied by increased immunoreactivity for
non-phosphorylated neurofilaments, which have been shown to increase in demyelinated axons [25].
By 14 dpl, the area of demyelinated lesion had decreased, and a substantial amount of myelin had been
regenerated, while non-phosphorylated neurofilaments were still present. By 28 dpl, the lesion was
indistinguishable from the surrounding myelinated region in the majority of the animals. The evolution
of the lesion was consistent with previously published reports (for example, [26]).
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3.2. Contribution of Local OPCs to Remyelinating Oligodendrocytes

To investigate the extent to which local OPCs contribute to remyelination, we used
Tg(Cspg4-creERTM;gt(ROSA)26Sortm1(EYFP) (NG2-YFP) double transgenic mice. The fate of local
OPCs was followed during the course of demyelination and remyelination by activating cre-mediated
recombination and YFP expression in OPCs 3–4 days prior to LPC injection (Figure 2A). One day
after the last tamoxifen injection, 40–50% of OPCs in the corpus callosum were YFP+ [9]. We induced
cre before LPC injection to avoid activating YFP expression in macrophages that could also express
NG2 [27]. This regimen also minimized labeling of SVZ progenitor cells that were mobilized and
upregulated NG2 expression after demyelination.

To determine the dynamics of oligodendrocyte differentiation from parenchymal OPCs,
we determined the percentage of YFP+ cells that were NG2+ oligodendrocyte precursor cells or
CC1+ differentiated oligodendrocytes at 7, 14, and 28 dpl. At 7 dpl, when there was a well-defined
demyelinated lesion characterized by a lack of MBP reactivity, clusters of YFP+ cells were seen in and
around the lesion suggestive of local proliferation (Figure 2B,C). Among the YFP+ cells, 80% were
NG2+, while only 10% were CC1+ oligodendrocytes (Figure 2E,K,L). By 14 dpl, the proportion of
YFP+ cells that were NG2+ decreased to 62%, while the proportion of YFP+ cells that were CC1+
increased to 44% (Figure 2D,E,K,L), and clusters of YFP+ CC1+ cells were found inside the lesion
(Figure 2F,G). Some YFP+ cells expressed both NG2 and CC1, which suggests that OPCs were rapidly
differentiating into CC1+ oligodendrocytes. Outside the lesion, both YFP+ NG2+ cells and YFP+ CC1+
oligodendrocytes were detected as well (Figure 2H). The proportion of YFP+ cells that were CC1+
in and around the lesion at 14 dpl was more than 4-fold greater than that at 7 dpl, suggesting that
OPCs that were recruited to the lesion were undergoing oligodendrocyte differentiation. At 28 dpl,
the proportion of YFP+ cells that were NG2+ remained at 63%, while the proportion of YFP+ cells that
were CC1+ decreased slightly to 30% (Figure 2I–L).

Figure 1. Evolution of α-lysophosphatidylcholine (LPC)-induced demyelinated lesion.
Immunofluorescence labeling for myelin basic protein (MBP) and non-phosphorylated neurofilaments.
(A–C) Control unlesioned brain. Intact MBP+ myelin in the corpus callosum. Non-phosphorylated
neurofilaments are restricted to the neurons in the cingulate cortex. Ctx: cortex, CC: corpus callosum,
LV: lateral ventricle. (D–F) Demyelinated corpus callosum at 7 days post lesioning (dpl) showing a
well-defined lesion lacking MBP and upregulated non-phosphorylated neurofilaments. Boundary of
the lesion is indicated by arrowheads. (G–I) Demyelinated corpus callosum at 14 dpl showing partial
remyelination, characterized by uneven MBP labeling and persistent presence non-phosphorylated
neurofilaments. (J–L) Remyelinated corpus callosum at 28 dpl showing uniform MBP labeling and
reduced levels of non-phosphorylated neurofilaments, though they are higher than unlesioned corpus
callosum. Scale bar: 100 μm.
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When we examined the density of total YFP+ cells and YFP+ NG2+ cells, there was no significant
difference between 7 and 14 dpl, but a 3-fold increase at 28 dpl (Figures 2J and 3P,Q). By contrast,
the density of YFP+ CC1+ cells continued to rise from 7 to 28 dpl (Figure 3R). This suggests that after
demyelination local OPCs already proliferated by 7 dpl and actively generated oligodendrocytes over
the course of four weeks. The increase in the density of YFP+ NG2+ cells at 28 dpl likely reflects
continued proliferation of local OPCs that existed prior to demyelination, as well as migration of OPCs
from the surrounding areas into the lesion and the surrounding corpus callosum.

Figure 2. Response of local oligodendrocyte precursor cells (OPCs) to LPC-induced demyelination
in the corpus callosum. (A) Scheme showing the experimental outline. (B,C) Lesion at 7 dpl. Low
magnification images of immunolabeling for MBP and yellow fluorescent protein (YFP) showing an
area of demyelination (B) and immunolabeling for YFP, NG2, and CC1 showing scattered YFP+NG2+
cells in the lesion (C). (D–H) Lesion at 14 dpl. Low magnification images of immunolabeling for
MBP and YFP showing partially remyelinated lesion (D), characterized by uneven MBP staining,
and immunolabeling for YFP, NG2, and CC1 showing increased number of YFP+ cells in the lesion
(E,F). Higher magnification shows a significant proportion of YFP+ cells express CC1 (arrowheads),
while other YFP+ cells are NG2+ (arrows). Some YFP+ cells express both NG2 and CC1 (asterisks)
at varying ratios. (G) is a higher magnification of the lesion. (H) is from a site further away from the
lesion. (I,J) Lesion at 28 dpl. Immunolabeling for MBP and YFP shows largely repaired lesion (I) and a
cluster of YFP+CC1+ cells in the center of the repaired lesion while YFP+ NG2+ cells are seen at the
periphery (J). Scale bars: 100 μm for (B–F) and (I,J); 50 μm for (F–H). (K,L) The proportion of YFP+
cells that were NG2+ (K) or CC1+ (L) in Tg(Cspg4-creERTM;gt(ROSA)26Sortm1(EYFP) (NG2-YFP) and
Tg(Nes-creERT2);gt(ROSA)26Sortm1(EYFP) (nestin-YFP) mice. * p < 0.05, *** p < 0.001, **** p < 0.0001.
n = 3, two-way ANOVA, uncorrected Fisher’s least significant difference (LSD) test.
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Figure 3. Response of subventricular zone (SVZ) cells to LPC-induced demyelination in the corpus
callosum. (A) Scheme showing the experimental outline. (B–D) The distribution and phenotype of
YFP+ cells prior to LPC injection. The majority of the YFP+ cells are found in the SVZ (B) and very few
of the YFP+ cells expressed Olig2. The majority of the YFP+ cells expressed nestin and GFAP (C) but not
NG2 (D). (E,F) Lesion at 7 dpl. Low magnification images of MBP and YFP immunolabeling showing
an area of demyelination with YFP+ cells mostly above the lateral ventricle (E) and immunolabeling
for YFP, NG2, and CC1 showing that most of the YFP+ cells are neither NG2+ nor CC1+. There is
strongly upregulated NG2 immunoreactivity throughout the lesion. Note that YFP+ cells line the SVZ.
Some YFP+ cells appear to be migrating toward the needle track (arrows). (G–L) Lesion at 14 dpl. Low
magnification of immunolabeling for MBP and YFP showing partially remyelinated lesion (G) and
immunolabeling for YFP, NG2, and CC1 showing a slightly increased number of YFP+ cells in the
lesion (H). Higher magnification shows that most of the YFP+ cells were confined to the lesion border
(I). Higher magnification of I shows that most of the YFP+ cells did not express NG2 or CC1. (J) A
region from the periphery of the lesion above the lateral angle of SVZ showing two YFP+ NG2+ cells
(arrowheads). Some of the large, YFP+ cells were glial fibrillary acidic protein (GFAP)+ (L). (M–O)
Lesion at 28 dpl. YFP and MBP labeling show remyelinated lesion with increased YFP+ cells in the
lesion (M) and that the majority of the YFP+ cells were NG2+ (N). (O) Control mouse injected with PBS
and stained for YFP, NG2, and CC1 at 28 dpl, showing that the majority of the YFP+ cells are confined
to the SVZ and few YFP+ cells were detectable in the corpus callosum. Scale bar: 50 μm. (P–R) The
density of YFP+ cells (P), YFP+ NG2+ cells (Q), and YFP+ CC1+ cells at 7, 14, and 28 dpl in NG2-YFP
and nestin-YFP mice. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. n = 3–4, two-way ANOVA,
uncorrected Fisher’s LSD.
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3.3. Contribution of SVZ-Derived Cells to Remyelinating Oligodendrocytes

Distribution and Phenotype of YFP+ Cells in Tg(Nes-creERT2);gt(ROSA)26Sortm1(EYFP) Mice

To assess the contribution of SVZ progenitor cells to remyelination, we performed a similar
experiment in Tg(Nes-creERT2);gt(ROSA)26Sortm1(EYFP) (nestin-YFP) mice. We induced YFP in nestin+
progenitor cells in the SVZ 28 days prior to LPC injection, as the YFP labeling efficiency was too low
immediately after tamoxifen injection (Figure 3A). At 28 days after tamoxifen injection, YFP expression
was detected in 30–50% of nestin+ cells in dorsal and dorsolateral SVZ, as well as in medial and
latera SVZ and the rostral migratory stream (RMS). Thus, the YFP labeling efficiency among nestin+
NSCs with this induction protocol was comparable to the efficiency among OPCs in NG2cre-YFP mice.
In this study, we focused on YFP+ cells in the dorsal and dorsolateral SVZ and the corpus callosum of
nestin-YFP mice. Almost 90% of the YFP+ cells resided in the SVZ, where they expressed nestin and
glial fibrillary acidic protein (GFAP), two proteins known to be expressed by NSCs in the SVZ (Doetsch
et al., 1999) (Figure 3B,C). A small fraction of YFP+ cells in the SVZ expressed the oligodendrocyte
transcription factor Olig2, and most of the Olig2+ YFP+ cells were located in the outer layers of the
SVZ. Of the YFP+ cells, 11.7% were in the corpus callosum, mostly above the dorsolateral angle of
the SVZ (Figure 3B, upper left). Among the YFP+ cells in the corpus callosum, 64% were GFAP+,
47% were nestin+, and 77% were positive for the polysialylated form of neural cell adhesion molecule
(PSA-NCAM), which is known to be expressed by neuroblasts and neural progenitor cells in the
neurogenic niches of the SVZ and dentate subgranular zone [28,29], as well as on growing axons that
are defasciculating at the target [30,31]. Among the YFP+ cells in the corpus callosum, 7.5% expressed
NG2 (Figure 3D), and only 0.8% of the total YFP+ cells in the corpus callosum and in the dorsal and
dorsolateral SVZ expressed NG2 prior to LPC injection.

3.4. Response of Nestin+ SVZ Cells to Acute Demyelination

To examine whether nestin+ SVZ progenitor cells generated OPCs that were recruited to acutely
demyelinated lesions in the corpus callosum, we examined the changes in YFP+ NG2+ and YFP+
CC1+ cells in nestin-YFP mice over the course of four weeks after LPC injection. At the time of peak
demyelination at 7 dpl, we saw an infiltration of YFP+ cells in the demyelinated corpus callosum
(Figure 3E). In addition to scattered YFP+ cells in the demyelinated corpus callosum, there was a line
of YFP+ cells that extended into the injection site in the more rostral sections that had the needle track
(e.g., Figure 3F, arrowheads). Fewer than 3% of the YFP+ cells were NG2+ (Figures 2K and 3F), in stark
contrast to NG2-YFP mice in which 80% of the YFP+ cells were NG2+ (Figure 2K).

By 14 dpl, 18% of the YFP+ cells had become NG2+, but the density of YFP+ NG2+ cells remained
less than one-fourth of that in NG2-YFP mice (Figure 3G,H,Q). Many of the YFP+ cells, including
those found in the lesion, had large polygonal cell bodies that were morphologically distinct from
oligodendrocyte lineage cells, and some expressed GFAP (Figure 3J–L). Some YFP+ NG2+ cells with
typical polydendrocyte morphology were found at the border of the lesion (Figure 3K, upper right).
The percentage of YFP+ CC1+ oligodendrocytes in nestin-YFP mice did not increase from 7 dpl to
14 dpl (Figure 2L). Neither did the density of YFP+ CC1+ cells increase from 7 to 14 dpl (Figure 3R)
and remained 5.7-fold lower than that in NG2-YFP mice.

At 28 dpl, the most notable change was that the density of YFP+ NG2+ cells in nestin-YFP mice
increased 5.3-fold over that at 14 dpl (Figure 3Q). The average density of YFP+ CC1+ oligodendrocytes
in these mice at 28 dpl was three-fold higher than at 14 dpl but did not reach statistical significance
(p = 0.0876) and remained 3.6-fold lower than the density of YFP+ CC1+ cells in NG2-YFP mice at
28 dpl. Thus, between 14 and 28 dpl, NSC-derived cells seemed to be most actively generating OPCs,
while the parenchymal OPCs were actively producing oligodendrocytes between 7 and 14 dpl, having
expanded the precursor population earlier, by 7 dpl. The density of NSC-derived OPCs in the lesion at
28 dpl reached a comparable level to that of OPCs derived from the local population seen at 7 and
14 dpl. These observations indicate that after acute demyelination, local parenchymal OPCs initially
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responded more rapidly and robustly than SVZ-derived cells to produce oligodendrocytes, and the
response of NSCs lagged behind by 2–3 weeks.

To further evaluate the contribution of parenchymal OPCs and NSC-derived cells in the supply
of oligodendrocytes to the lesion, we estimated the proportion of total CC1+ oligodendrocytes in the
dorsal aspect of the corpus callosum that were generated from parenchymal OPCs or NSCs at 14 dpl,
as previously estimated in the normal adult corpus callosum [9,11]. We obtained the percentage of
CC1+ oligodendrocytes that were YFP+ in NG2-YFP and nestin-YFP mice at 14 dpl and adjusted
for the recombination efficiency in the respective mice. We found that 0.222% and 0.060% of CC1+
oligodendrocytes were generated from local OPCs and nestin+ NSCs, respectively, during the two
weeks after demyelination. Thus, NG2-YFP mice had generated 4.3 times more CC1+ oligodendrocytes
than nestin-YFP mice (p = 0.0188). This corroborates the other quantifications and indicates that after
acute demyelination, local OPCs were more likely to contribute to remyelinating oligodendrocytes
than SVZ-derived oligodendrocyte lineage cells.

The density of total YFP+ cells and YFP+ NG2+ cells in nestin-YFP mice was more than two-fold
greater at 28 dpl than at 14 dpl. In contrast to clusters of YFP+ cells found at 7 and 14 dpl, many YFP+
NG2+ cells at 28 dpl were distributed more uniformly throughout the remyelinated and neighboring
corpus callosum (Figure 3M,N). In PBS-injected mice, very few YFP+ cells were detected in the corpus
callosum, similar to uninjured mice prior to LPC injection (Figure 3O). This suggests that demyelination
triggered SVZ cells to generate oligodendrocyte lineage cells, and that the SVZ-derived cells were
likely to be contributing to the replenishment of the OPC population that had been depleted due to
their differentiation into remyelinating oligodendrocytes.

3.5. Transient Migration of NSC-Derived Neuroblasts into Corpus Callosum after Demyelination

We noticed that the dorsal SVZ was thicker in LPC-injected mice than in control PBS-injected
mice. When we measured the height of the dorsal SVZ at 28 dpl, it was approximately two-fold greater
in LPC-injected mice compared to PBS-injected control mice (Figure 4A,B), suggesting that there was
sustained proliferative activity in the SVZ after remyelination had occurred. We examined the cellular
composition in the dorsal SVZ that was expanded after demyelination. Previous studies had described
PSA-NCAM+ and doublecortin (Dcx)+cells that emerged from the SVZ into acutely demyelinated
corpus callosum [16,18,32]. In the SVZ at 14 dpl, we also found large clusters of PSA-NCAM+ and
Dcx+ cells, many of which co-expressed the two antigens and had small, round, or oval cell bodies and
long slender processes (Figure 4C,D). Some of them were also YFP+ in nestin-YFP mice. These YFP+
cells had a distinct morphology from flat polygonal NSCs that were YFP+ nestin+, suggesting that
they were progeny of the NSCs.

In the corpus callosum of control PBS-injected mice, there were very few PSA-NCAM+ Dcx+
cells at 14 dpl (Figure 4E). In LPC-injected mice, a larger number of PSA-NCAM+ Dcx+ cells were
seen migrating into the corpus callosum, mostly from the dorsolateral angle of the SVZ (Figure 4F–H).
Their processes were oriented parallel to the axons in the corpus callosum, and many had the typical
unipolar tadpole shape, as previously described [16,18], consistent with their neuroblast identity (see
Figure 4H, top left cell that is also YFP+).
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Figure 4. Changes in subventricular zone (SVZ) cells after LPC-induced demyelination.
(A,B) Immunolabeling for YFP, Olig2, and DAPI showing increased thickness of the dorsal SVZ
28 days after LPC injection (B) compared with PBS-injected control (A). Very few Olig2+ cells are
found in the control SVZ after PBS injection, whereas several Olig2+ cells are detected in the thickened
SVZ after LPC injection. (C,D) Immunolabeling for doublecortin (Dcx) and PSA-NCAM showing that
many of the YFP+ cells co-express Dcx and PSA-NCAM. (D) represents a higher magnification of the
boxed area in C. (E–H) Immunolabeling for YFP, Dcx, and (PSA-NCAM) showing that most of the
Dcx/PSA-NCAM+ cells are confined to the SVZ in control (E), whereas LPC-injected animals show
a greater number of Dcx+ PSA-NCAM+ cells migrating dorsally into the SVZ (F–H). (H) is a higher
magnification image of the boxed area in (F). (I,J) Immunolabeling for YFP, Olig2, and PSA-NCAM near
the lesion (dotted line) at 14 dpl. There is a dense cluster of PSA-NCAM+ cells in the lateral angle of
the SVZ (right side in I). Higher magnification of the boxed area in (I), showing a YFP+ cell that is also
PSA-NCAM+ (J, white arrow). There is a cluster of strongly Olig2+ cells inside the lesion (arrowheads
in (J)), and weakly Olig2+ PSA-NCAM+ cells are detected at the lesion border (pink arrows in (J)).
(K,L) PSA-NCAM+ cells, some of which are YFP+, appear to be migrating in the corpus callosum in
clusters (K), and many of them have a tadpole-shaped unipolar morphology (L). Scale bar: 50 μm.

To examine whether PSA-NCAM+ or Dcx+ cells contributed to the repair of the demyelinated
lesion, we examined the phenotype and distribution of YFP+ PSA-NCAM+ cells in nestin-YFP mice
after demyelination. At 14 dpl, many PSA-NCAM+ cells were found at the periphery of the lesion,
while very few were seen in the core of the lesion where there was a high density of Olig2+ cells
(Figure 4I,J). While the majority of the cells inside the lesion that were strongly positive for Olig2
did not express PSA-NCAM (Figure 4J, arrowheads), a few weakly Olig2+ cells around the lesion
also expressed PSA-NCAM (Figure 4J, arrows). Most of the PSA-NCAM+ cells around the lesion
were YFP-negative in nestin-YFP mice, suggesting that they had been generated from cells that were
already neuroblasts or transit amplifying cells by the time of LPC injection. There were occasional
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clusters of PSA-NCAM+ cells oriented parallel to each other but not necessarily in the direction of the
demyelinated lesion (Figure 4K,L). Some of the PSA-NCAM+ cells had the typical tadpole morphology,
with their leading edge pointing away from the SVZ, suggestive of emigration from the SVZ into the
corpus callosum. At 28 dpl, fewer than 2% of the PSA-NCAM+ cells expressed Olig2, and the majority
of PSA-NCAM+ cells appeared to remain as migrating neuroblasts. These findings suggest that acute
demyelination triggered emigration of PSA-NCAM+ Dcx+ neuroblasts from the SVZ. However, during
the four weeks after demyelination, we did not detect a significant contribution of YFP+ PSA-NCAM+
cells into the lesion, even at 28 dpl when we saw a significant number of YFP+ NG2+ cells in the
corpus callosum. This makes it more likely that many of the NSC-derived OPCs that populated the
corpus callosum after remyelination had directly differentiated into oligodendrocyte lineage cells from
NSCs, rather than having passed through an intermediate stage of PSA-NCAM+ Dcx+ neuroblasts.

4. Discussion

We have shown that after chemically induced acute demyelination in the adult corpus callosum,
local OPCs were rapidly recruited to the demyelinated lesion where they generated oligodendrocytes
by 14 dpl. By contrast, nestin+ SVZ cells expanded and migrated into the lesion but did so after
a delay of two weeks and continued to generate OPCs in the corpus callosum through 28 dpl
when remyelination had already occurred. These observations suggest that local OPCs provide
the major source of myelin repair after acute demyelination, while NSCs in the SVZ are an important
source of repopulating the OPC population following their loss due to their differentiation into
remyelinating oligodendrocytes.

4.1. Oligodendroglial Fate of Local Parenchymal OPCs and NSCs in the SVZ

It is well established that parenchymal OPCs that reside in the corpus callosum proliferate and
generate remyelinating cells after an acute demyelinating injury created by local LPC injection [6],
reviewed in [1,33]. There is also evidence that PSA-NCAM+ and/or Dcx+ neuroblasts in the SVZ
migrate toward an acutely demyelinated lesion in the corpus callosum, although it has remained
uncertain as to whether they generate remyelinating cells [16,18,34], see below).

The cuprizone-induced demyelinating model is another commonly used demyelination model
with a more protracted time course. In mice fed on a cuprizone diet, demyelination occurs over
five to six weeks, and remyelination ensues over the two to six weeks after the mice are returned
to normal diet [35,36]. Moreover, if mice are continued on the cuprizone diet for 12 weeks,
persistent demyelination occurs with poor remyelination [7]. Two recent studies used Tg(Nes-creERT2)
mice and Tg(Pdgfra-creERT2) mice crossed to the ROSA-YFP reporter mice to compare the fate of
NSCs and parenchymal OPCs, respectively, during the remyelination phase of cuprizone-induced
demyelination [19,20]. In both studies, the progeny of NSCs, particularly those in rostral corpus
callosum, robustly generated remyelinating oligodendrocytes to a greater extent than local OPCs.
Furthermore, in regions above the SVZ, NSC-derived oligodendrocytes produced thicker myelin than
local NG2 cell-derived oligodendrocytes [19].

On the contrary, another recent study used Tg(GFAP-creERT2) crossed to the YFP reporter to
examine the fate of GFAP+ NSCs in the SVZ following LPC-induced acute demyelination [21]. Despite
a robust proliferative response in the SVZ in both the young and old mice, NSC-derived cells generated
only a very small fraction of oligodendrocyte lineage cells, and the vast majority of oligodendrocyte
lineage cells in the remyelinated lesion were generated from parenchymal cells [21], consistent with
an earlier imaging study [37]. In our LPC-induced demyelination model, our observations were
similar to the Kazanis study in that we found a greater contribution of local OPCs to oligodendrocyte
regeneration but differed in that we saw a more significant influx of SVZ-derived OPCs by 28 dpl.
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4.2. Temporal and Regional Determinants of Mobilizing Local OPCs and SVZ Cells

The difference between our findings and those from the cuprizone studies may be partly attributed
to the temporal difference in the evolution of myelin damage and repair in the cuprizone and
LPC models. The more robust remyelination, mediated by the progeny of NSCs in the cuprizone
model, could be because the SVZ has had time to expand during the prolonged two to six weeks of
demyelination stage, and that two to seven days of demyelination in the LPC lesion was too short for
these responses to occur in the SVZ. The increased density of NSC-derived OPCs in the lesioned corpus
callosum that we observed at 28 dpl is consistent with this, as is the observation that oligodendrocyte
production from NSCs does not occur during the first four weeks [19]. Other studies that examined the
response of more differentiated progeny of neural stem cells such as PSA-NCAM+ or Dcx+ neuroblasts
in the SVZ have observed a more rapid response [16,18,32].

In the two cuprizone studies described above, the progeny of NSCs contribute significantly
more to remyelination in the rostral corpus callosum, whereas local OPCs contribute more toward
remyelination in the caudal corpus callosum. This could reflect the normal physiological dynamics
of SVZ cells in rostral and caudal corpus callosum [38] and may reflect a greater abundance of
oligodendrogliogenic progenitor cells in the caudal SVZ. In our experiments, LPC was injected into
the rostral corpus callosum, and in most mice, demyelination spread laterally and caudally, so that
the center of the demyelinated lesion typically occurred more than 500 μm caudal from the injection
site. Thus, our observation that local OPCs generated oligodendrocytes before NSC-derived cells
did reflect the location of the demyelinated lesion. In addition to the rostro-caudal difference, there
is medio-lateral heterogeneity among NSCs, those with oligodendroglial fate potential being more
abundant along the dorsal SVZ than in the dorsolateral angle, where neurogenic NSCs reside [39].

4.3. Plasticity of Neuronal and Oligodendrocyte Lineages in the SVZ

The SVZ constitutes one of the two neurogenic niches in the mammalian CNS where neural
stem cells reside and continue to generate new neurons and glia in the adult. Cells isolated from the
adult mouse SVZ undergo self-renewal and can be induced to generate astrocytes, neurons, and a few
oligodendrocytes [14,39,40]. Under normal physiological conditions, oligodendrocytes are a minor
fate among the cells of the SVZ [41]. The adult mouse SVZ consists of nestin+ GFAP+ neural stem
cells, PSA-NCAM+ Dcx+ neuroblasts that migrate through the RMS to the olfactory bulb, and rapidly
amplify type C cells, which express Distal-less homeobox 2 (Dlx2) and give rise to neuroblasts [15,42].
In the SVZ, committed oligodendrocyte lineage cells are sparse, and importantly, OPCs are distinct
from GFAP+ neural stem cells, rapidly proliferating type C cells, and Dcx+ neuroblasts [43].

After acute demyelination in the corpus callosum, PSA-NCAM+/Dcx+ progeny of NSCs, likely
to be neuroblasts, extensively proliferate and migrate out of the SVZ toward the demyelinated
lesion [16,18]. In response to an inflammatory lesion, the number of oligodendrocyte lineage cells
increase in the SVZ at the expense of neurons in the olfactory bulb, resulting in impaired olfactory
memory, suggesting plasticity of neuronal and glial fates of SVZ stem cells [17]. However, because
oligodendrocyte lineage cells, particularly OPCs, actively transcribe low levels of neuronally expressed
genes such as Dcx, Dlx2, and glutamic acid decarboxylase 67 (Gad1) [2], it has been a challenge to study
the fate of neuroblasts or type C cells [18,43]. Thus, it still remains unclear whether demyelination
triggers reprogramming of normally neuronally committed NSCs or their progeny or amplifies
oligodendrocyte-fated NSC cell clones.

4.4. Mechanisms that Could Affect Oligodendrogliogenesis from the SVZ

Local OPCs in the corpus callosum are capable of sensing a change in the degree of myelination
or oligodendrocyte density and rapidly expand to repair the deficit [6,44]. Nestin+ NSCs, on the other
hand, require two to three weeks to initiate the program to produce oligodendrocyte lineage cells,
but given the necessary time, they can migrate and generate OPCs. How might a demyelinating lesion
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in the corpus callosum signal to the SVZ? Some proposed mechanisms include soluble factors such
as netrin-1 [45] and epidermal growth factor [46] that promote emigration of cells out of the SVZ,
and factors such as chordin [18], and Wnt7 [39] that promote oligodendroglial fate of NSCs. Besides
these positive signals, negative regulators of oligodendrogliogenesis such as Gli1 [47], neurofibromin
1 [48], and Drosha [49] are beginning to be uncovered. How these mechanisms are coordinately
regulated in response to demyelination remains to be elucidated.

5. Conclusions

In summary, we have shown that after acute demyelination in the corpus callosum, local OPCs
rapidly expand and differentiate into remyelinating oligodendrocytes within the first two weeks.
By contrast, NSCs in the SVZ begin their oligodendrogliogenic program with a temporal delay of two
weeks, resulting in an increased population of SVZ-derived OPCs by four weeks after demyelination.
The SVZ may be a limited source for repopulating OPCs, as it becomes depleted after sustained
or repeated demyelination [20], which often occurs in chronic cases of multiple sclerosis (MS).
Furthermore, the potential of SVZ-derived supply of OPCs in MS would be limited to lesions near
the SVZ. Interestingly, NG2 cell density declines after remyelination of acutely demyelinated lesion
in the spinal cord [3], while OPCs in the corpus callosum maintain their ability to self-renew even
after prolonged cuprizone treatment for 12 weeks [20]. Further elucidation of the differences in the
cellular properties of newly generated OPCs and those that have been residing in the white matter for
an extended period of time could lead to new strategies to harness the ubiquitous population of local
OPCs with enhanced ability for myelin repair.
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Abstract: Recent work has established that glutamatergic synaptic activity induces transient sodium
elevations in grey matter astrocytes by stimulating glutamate transporter 1 (GLT-1) and glutamate-aspartate
transporter (GLAST). Glial sodium transients have diverse functional consequences but are largely
unexplored in white matter. Here, we employed ratiometric imaging to analyse sodium signalling in
macroglial cells of mouse corpus callosum. Electrical stimulation resulted in robust sodium transients
in astrocytes, oligodendrocytes and NG2 glia, which were blocked by tetrodotoxin, demonstrating
their dependence on axonal action potentials (APs). Action potential-induced sodium increases
were strongly reduced by combined inhibition of ionotropic glutamate receptors and glutamate
transporters, indicating that they are related to release of glutamate. While AMPA receptors were
involved in sodium influx into all cell types, oligodendrocytes and NG2 glia showed an additional
contribution of NMDA receptors. The transporter subtypes GLT-1 and GLAST were detected at the
protein level and contributed to glutamate-induced glial sodium signals, indicating that both are
functionally relevant for glutamate clearance in corpus callosum. In summary, our results demonstrate
that white matter macroglial cells experience sodium influx through ionotropic glutamate receptors
and glutamate uptake upon AP generation. Activity-induced glial sodium signalling may thus
contribute to the communication between active axons and macroglial cells.

Keywords: astrocyte; oligodendrocyte; NG2 cell; SBFI; glutamate; GLT-1; GLAST

1. Introduction

In the grey matter of the vertebrate brain, astrocytes can be subject to transient activity-related
increases in their sodium concentration, which can either be local or global depending on neuronal
activity patterns [1,2]. A major pathway for the generation of these astrocyte sodium transients is the
activation of sodium-dependent glutamate uptake in response to synaptic release of glutamate [3–7].
Glutamate uptake by grey matter astrocytes is realized by two transporter subtypes, namely glutamate
transporter 1 (GLT-1) and glutamate-aspartate transporter (GLAST) [8,9].

Activity-related astrocyte sodium transients have been suggested to serve important functional
roles in the interaction between neurons and astrocytes. Sodium increases caused by glutamate
transport activate the astrocytic Na+/K+-ATPase, leading to the consumption of cellular ATP and thereby
stimulating glial metabolism and lactate production, a key step in the so-called astrocyte-neuron lactate
shuttle [10,11]. Moreover, sodium influx into astrocytes changes the driving force for sodium-dependent
secondary active transporters. For example, this may result in the reversal of the plasma membrane
Na+/Ca2+-exchanger (NCX), which then switches from a calcium exporter to an importer for calcium,
contributing to intracellular calcium increases under both physiological and pathophysiological
conditions [12–15].
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In contrast to grey matter, the properties of sodium signalling in white matter glia are largely
unexplored. While white matter tracts do not feature classical chemical synapses between neurons,
axons can release glutamate in an activity-dependent manner (e.g., [16–19]). It is also established
that white matter macroglia express sodium-dependent glutamate transporters, which are especially
important to protect the tissue from glutamate-induced excitotoxicity [20–24]. In line with this, we
could recently demonstrate that application of glutamate results in sodium transients in astrocytes and
cells of the oligodendroglial lineage (representing mature oligodendrocytes as well as NG2 cells) in
tissue slices of corpus callosum of the mouse, which were strongly dampened upon pharmacological
inhibition of glutamate uptake in both groups [25]. Furthermore, we found that sodium not only
propagated intercellularly between gap-junction coupled astrocytes, but also from astrocytes to
oligodendrocytes and NG2 cells. This indicates that the different macroglia cell types in this white
matter area are directly functionally coupled [25].

In addition to glutamate transporters, white matter macroglia express a large repertoire of
receptors for different transmitters [26,27]. Their activation upon action potential (AP) propagation
triggers calcium signals in astrocytes in the optic nerve and corpus callosum, involving both glutamate
and purine receptors [19,28–30]. Axonal AP propagation and glutamate release moreover activate
α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) and N-methyl-D-aspartate (NMDA)
receptors expressed on the myelin sheath, inducing intracellular calcium signals in the myelin
compartment and stimulating oligodendrocyte glycolysis [27]. In NG2 cells, calcium signals are
generated upon opening of AMPA receptors [17,19,31–33].

While it is thus established that glial cells in white matter can undergo calcium signalling in response
to axonal AP firing [26,27], it is not known, if axonal activity does induce detectable increases in the
sodium concentration of surrounding macroglial cells. In the present study, we addressed this question
by performing quantitative ratiometric imaging with the fluorescent sodium indicator sodium-binding
benzofurane isophthalate (SBFI) in acute tissue slices of the juvenile mouse corpus callosum. Using
pharmacological tools, different genetically-modified mice, immunohistochemistry, and immunoblotting,
we investigated the cellular pathways of sodium influx into the main macroglial cell types, namely
astrocytes, oligodendrocytes, and NG2 glia.

2. Materials and Methods

2.1. Animals, Tissue Preparation, and Salines

The present study was carried out in strict accordance with the institutional guidelines of the
Heinrich Heine University Düsseldorf and the European Community Council Directive (86/609/EEC).
All experiments were communicated to and approved by the Animal Welfare Office at the Animal
Care and Use Facility of the Heinrich Heine University Düsseldorf (institutional act number: O50/05)
in accordance with the recommendations of the European Commission [34]. In accordance with the
German Animal Welfare Act (Tierschutzgesetz, Articles 4 and 7), no formal additional approval for the
post-mortem removal of brain tissue was necessary.

Coronal tissue slices (250 μm) were prepared from mouse corpus callosum (Mus musculus, Balb/C;
postnatal days (P) 15-20; both sexes). Moreover, the following transgenic animals were used (P15-20;
both sexes): NG2/EYFP knock-in mice, in which enhanced yellow fluorescent protein (EYFP) is
expressed under the control of the NG2 promoter [35]; connexin knock-out (Cx-k.o.) mice that
display astrocyte-directed conditional deletion of connexin43 as well as additional, unrestricted
deletion of connexin30 [36]; and GLAST-k.o. mice that feature inactivation of the gene for GLAST [37].
In accordance with the recommendations of the European Commission (published in “Euthanasia of
experimental animals,” Luxembourg: Office for Official Publications of the European Communities,
1997; ISBN 92-827-9694-9), mice were anaesthetized with CO2 before the animals were quickly
decapitated for slice preparation.
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For imaging experiments, corpus callosum slices were prepared in ice-cold saline composed of
(in mM): 125 NaCl, 2.5 KCl, 2 CaCl2, 1 MgCl2, 1.25 NaH2PO4, 26 NaHCO3, and 20 glucose, bubbled
with 95% O2 and 5% CO2, resulting in a pH of 7.4. After slice preparation, the tissue was kept at
34 ◦C for 20 min in saline containing 0.5–1 μM sulforhodamine 101 (SR101) for specific labelling of
astrocytes [38]. Afterwards, slices were incubated in SR101-free saline and kept at room temperature
(20–22 ◦C). Experiments were performed at room temperature as well.

2.2. Sodium Imaging and Electrophysiology

For intracellular sodium imaging, sodium-binding benzofuran isophthalate-acetoxymethyl ester
(SBFI-AM) (TEFLabs Inc., Austin, TX, USA), the membrane-permeant form of SBFI, was injected into
the corpus callosum, following a procedure reported before [39]. Ratiometric wide-field sodium imaging
was performed as described earlier in detail [4] using a variable scan digital imaging system (Nikon
NIS-Elements v4.3, Nikon GmbH Europe, Düsseldorf, Germany) attached to an upright microscope
(Nikon Eclipse FN-PT, Nikon GmbH Europe, Düsseldorf, Germany) equipped with 40×/N.A. 0.8
LUMPlanFI water immersion objective (Olympus Deutschland GmbH, Hamburg, Germany) and an
orca FLASH V2 camera (Hamamatsu Photonics Deutschland GmbH, Herrsching, Germany).

Excitation light was generated by a PolychromeV monochromator (TILL Photonics, Martinsried,
Germany). SBFI was alternately excited at 340 and 380 nm at 5 Hz and resulting emission was collected
>440 nm. Fluorescence was evaluated in regions of interest (ROI) positioned around SBFI-labelled cell
bodies. Signals were background-corrected as described before [4,40] and analysed using OriginPro
Software (OriginLab Corporation, Northampton, MA, USA). The fluorescence ratio was calculated
from the emission at single wavelengths (F340/F380). SBFI fluorescence was calibrated in situ as
described earlier [4,39].

Corpus callosum axons were electrically stimulated using a saline-filled glass pipette with a tip
diameter of around 1 μM connected to an isolated stimulator (A-M systems, Model 2100, Sequim, WA,
USA). A train of rectangular electrical pulses (250 μsec/50–80 V) was delivered at 50 Hz for 0.5 s to
evoke APs. Local field potentials were recorded using a glass electrode (1-3 MΩ resistance) connected to
a HEKA EPC10 patch amplifier and analysed with Patchmaster software (HEKA electronics, Lambrecht,
Germany).

In several sets of experiments, glutamate (1 mM) was focally ejected into the corpus callosum
through a fine glass micropipette attached to a pressure application device (PDES-02D, NPI Electronic
GmbH, Tamm, Germany). All other substances were applied with the bath perfusion. The following
blockers were used: tetrodotoxin, TTX (Biotrend, Köln, Germany); (3S)-3-[[3-[[4-(Trifluoromethyl)benzoyl]
amino]phenyl]methoxy]-L-aspartic acid, TFB-TBOA (Tocris, Bristol, UK), 2-amino-5-phosphonopentanoic
acid, AP5 (Cayman chemical, Hamburg, Germany); 2,3-Dihydroxy-6-nitro-7-sulfamoyl-benzo(F)
quinoxaline, NBQX (Biotrend, Köln, Germany); dihydrokainate, DHK (Tocris, Bristol, UK).

2.3. Immunohistochemistry

Balb/C mouse brains of both sexes (P15-17) were fixed in 0.1 M PBS (phosphate buffered saline)
containing 4% PFA (paraformaldehyde) at 4 ◦C for 24 h. Then, 30 μm coronal slices of the corpus callosum
were prepared with a vibratome. For indirect immunostainings, sections were first incubated in
blocking solution comprised of normal goat serum (Gibco/Life Technologies, Darmstadt, Germany;
5% in PBS, 1 h) and TritonX-100 (Sigma-Aldrich Chemical, Munich, Germany, 0.4%). Afterwards,
sections were incubated in blocking solution (overnight, 4 ◦C) containing primary antibodies guinea
pig anti-GLT1 (Merck Millipore, Darmstadt, Germany, 1:1000), mouse anti-GLAST (Miltenyi, Bergisch
Gladbach, Germany, 1:100), rabbit anti-GLAST (Tocris, Bristol, UK, 1:1000), rabbit anti-glial fibrillary
acidic protein (GFAP) (DAKO, Santa Clara, CA, USA, 1:1000), and mouse anti-CC1 (GeneTex, Irvine,
CA, USA, 1:250). Mouse anti-NG2 (Merck Millipore, Darmstadt, Germany, 1:100) was incubated for
19 h at room temperature.
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Finally, sections were incubated in secondary antibody solution (PBS with 0.4% TritonX-100, 1 h)
containing goat anti-mouse Alexa 488 or 594 (1:500), goat anti-rabbit Alexa 488 or 594 (1:500) and goat
anti-guinea pig Alexa 488 (1:500). In control sections, the primary antibodies were omitted from the
protocol. The sections were coverslipped in Mowiol (Calbiochem, Fluka, distributed by Sigma-Aldrich
Chemical, Munich, Germany).

Image z-stacks (10–20 optical sections, 0.3–0.5 μm each) were captured using a motorized confocal
laser scanning microscope (Nikon Eclipse C1, Nikon Instruments, Düsseldorf, Germany), equipped
with a Nikon 60×/1.4 oil objective. Adequate excitation was realized through argon (488 nm) and
helium-neon (543 nm) and 407 nm lasers. The parameters of image acquisition and processing were
identical for all stacks.

2.4. SDS-PAGE and Western Blot

For Western blotting, parts of the corpus callosum were excised from mouse brains of different
postnatal stages (P5, P10, P15, P25) and homogenized in radioimmunoprecipitation assay (RIPA) buffer
(pH 7.4) containing 1% deoxycholic acid (NP-40), 0.25% sodium deoxycholate, protease inhibitors
(CompleteMini, Roche, Germany), 150 mM NaCl and 50 mM Tris-HCL. The homogenate was centrifuged
at 13,200 g at 4 ◦C for 30 min and the supernatant was supplemented with 4× Laemmli sample buffer
(5% sodium dodecyl sulfate (SDS), 43.5% glycerol, 100 mM DL-dithiothreitol (DTT), 0.002% bromphenol
blue, 20% 2-mercaptoethanol, 125 mM Tris-HCl). Proteins were then separated on 5% (stacking) and
10% (separation) gels by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), with
a voltage of 60 V for 45 min and 120 V for 90 min, respectively. Proteins were then transferred to
polyvinylidenfluorid (PVDF)-membranes (Roth830.1, pore size 0.45 μm) for 70 min using the semi-dry
western blot procedure [41,42] with a constant current of 54 mA (one gel) or 108 mA (two gels).

Membranes were then incubated in a blocking solution comprised of PBS, 0.1% (v/v) tween
and 5% (w/v) milk powder for 1 h. Blocking solution containing primary antibodies guinea pig
anti-GLT1 (Merck Millipore, Darmstadt, Germany, 1:5000), rabbit anti-GLAST (Abcam, Cambridge,
UK, 1:1000) and rabbit anti-actin (Sigma-Aldrich Chemical, Munich, Germany, 1:2000) was added
overnight at 4 ◦C. Afterwards, membranes were incubated with a solution containing horseradish
peroxidase (HRP)-conjugated secondary antibodies goat anti-rabbit (Invitrogen, Carlsbad, CA, USA,
1:5000) and rabbit anti-guinea pig (Sigma-Aldrich Chemical, Munich, Germany, 1:5000) for 30 min at
room temperature.

Immunoreactive protein bands were visualized using the enhanced chemiluminescence technique
(ECL-kit, Amersham, Germany). Densitometric analysis was performed at a luminescent image
analyser ImageQuant LAS-4000 (Fujifilm Europe, Düsseldorf, Germany). Background corrected grey
values of the respective proteins were divided by the grey values of α-actin and normalized to the P25
bands of the separate blots.

2.5. Data Analysis and Presentation

Unless differently specified, data are presented as mean values ± standard error of mean (SEM)
and, depending on the experimental setup, analysed by Wilcoxon paired test or student’s t-test.
p represents error probability, * 0.01 ≤ p < 0.05, ** 0.001 ≤ p < 0.01, *** p < 0.001. “n” represents the
number of individual cells analysed, while “N” represents the number of individual experiments/slice
preparations. Each set of experiments was obtained from slices of at least three different animals.
Images were edited in ImageJ (NIH Image, Bethesda, MD, USA), and figures were prepared using
Adobe Illustrator (Adobe Systems Incorporated, San Jose, CA, USA).
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3. Results

3.1. Action Potentials Evoke Sodium Transients in Macroglial Cells of the Corpus Callosum

For imaging activity-related glial sodium transients in the corpus callosum, we first stained tissue slices
with the vital fluorescence marker SR101 to identify astrocytes (Figure 1A). Upon additional bolus-loading
of the membrane-permeant form of the sodium indicator SBFI, cell bodies of (SR101-positive) astrocytes
and SR101-negative cells could be distinguished (Figure 1A). In a recent study [25], we found that
SBFI-AM stains virtually the entire macroglial cell population, confirming that microglia do not take up
the dye [30]. SR101-negative, SBFI-loaded cells thus most likely represent oligodendrocytes and NG2
cells. No obvious differences in the baseline ratio levels were observed between the different types of
macroglial cells, indicating that their resting sodium concentrations are similar.

To evoke AP’s, a glass electrode was positioned in the fibre tract and axons were electrically
stimulated for 0.5 s at 50 Hz. The electrical stimulation induced a transient increase in the sodium
concentration of astrocytes and SR101-negative cells (N = 19) (Figure 1B). The average peak amplitude
of these sodium transients was similar in both cell types, amounting to 1.2 ± 0.1 mM in astrocytes
(n = 94) and to 1.4 ± 0.1 mM in SR101-negative cells (n = 171) (Figure 1C). Notably, recovery from
sodium transients was rather slow, and full recovery typically took several minutes (Figure 1B,C).
Sodium transients evoked by electrical stimulation were completely suppressed after perfusion of
slices with 0.5 μM TTX (n = 34 astrocytes and n = 66 SR101-negative cells; N = 5) (Figure 1C), indicating
that they were indeed related to axonal AP generation.

To test if AP-related sodium transients could be evoked repetitively, we performed experiments,
in which the electrical stimulation was repeated after 20 min (N = 4). Figure 1D illustrates that sodium
signals in astrocytes (n = 12) and SR101-negative cells (n = 29) exhibited similar amplitudes and kinetics
with four consecutive stimulations. Similarly, extracellular compound APs (CAPs) were stable with
three subsequent stimulations (N = 5; not shown). Perfusion with 0.5 μM TTX completely suppressed
CAPs (N = 3, not shown).

Taken together, our data show that electrical stimulation results in well-detectable transient sodium
increases in astrocytes as well as SR101-negative glial cells of the corpus callosum. These increases are
completely blocked during perfusion with TTX, showing that they are dependent on the opening of
voltage-gated sodium channels and the generation of APs, respectively.

Figure 1. Cont.
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Figure 1. Action potential-induced sodium signals in macroglial cells of the corpus callosum. (A) Images
of sodium-binding benzofurane isophthalate (SBFI) fluorescence (left) and sulforhodamine 101 (SR101)
fluorescence (centre) of a tissue slice. The dotted box indicates the region depicted in the merged
image on the right. Yellow arrowheads point to SBFI-loaded, SR101-positive cells (astrocytes), green
arrowheads show SBFI-loaded, SR101-negative cells (cells of the oligodendrocyte lineage). Scale bars:
50 μm (left and centre) and 10 μm (right). (B) Sodium transients evoked by electrical stimulation
(arrowheads) in an astrocyte and a SR101-negative cell. The measurement was interrupted for 18 min;
note that cells fully recovered to baseline sodium within this time. (C) Histogram showing average
peak amplitudes ± standard error of mean (SEM) of action potential (AP)-induced sodium signals
in astrocytes and SR101-negative cells in control and after perfusion with tetrodotoxin (TTX). n.s.:
not significant. (D) Transient AP-induced sodium changes in an astrocyte and a SR101-negative
cell with four consecutive stimulations (arrowheads). Right: Histograms showing average peak
amplitudes ± S.E.M. of AP-induced sodium signals in astrocytes and SR101-negative cells with four
consecutive stimulations.

3.2. Pharmacology of Action Potential-Induced Sodium Transients in Macroglial Cells

In grey matter astrocytes of the mouse hippocampus, activity-related sodium transients are mainly
due to activation of glutamate transport [4], while in cerebellar Bergman glial cells, an additional
contribution of AMPA receptors was described [6]. To study the relevance of glutamate transporter
versus glutamate receptor-mediated sodium influx into macroglial cells of the corpus callosum, we
performed experiments in which axons were stimulated repetitively while different blockers were
added successively (N = 12).

Addition of NBQX (10 μM) to block AMPA receptors reduced the peak amplitude of sodium
transients significantly to 70.8 ± 5.3% of control stimulation in astrocytes (n = 29) and to 66.8 ± 4.3%
in SR101-negative cells (n = 43) (Figure 2A,B). Subsequent addition of AP5 (50 μM) to additionally
block NMDA receptors did not alter the amplitude of sodium signals in astrocytes, while significantly
reducing them in SR101-negative cells to 47 ± 4.1% of control. Finally, addition of TFB-TBOA (1 μM),
which blocks high-affinity glutamate transporters, significantly reduced amplitudes to 32.1 ± 6.8% in
astrocytes and to 21.3 ± 4.2% in SR101-negative cells (Figure 2A,B).

SBFI-loaded, SR101-negative cells in corpus callosum slices mainly represent oligodendrocytes and
NG2 cells [25]. To further distinguish between these two cell types, we used tissue slices from transgenic
NG2/EYFP-reporter mice [35], in which NG2 cells can be identified based on their expression of
EYFP (and absence of SR101-staining), while oligodendrocytes are both SR101 and EYFP-negative
(Figure 3A).
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Figure 2. Pharmacology of AP-induced sodium transients. (A) Action potential-induced (arrowheads)
changes in sodium in an astrocyte and a SR101-negative cell with four consecutive stimulations under
control conditions and after addition of different blockers as indicated by the bars (for abbreviations
see text). (B) Histograms showing peak amplitudes ± SEM of AP-induced sodium signals in astrocytes
and SR101-negative cells in control and after perfusion with different blockers as indicated, normalized
to the respective controls. *** p < 0.001; n.s.: not significant.

Electrical fibre stimulation triggered intracellular sodium transients in both NG2 cells and
oligodendrocytes (N = 7) (Figure 3B). The peak amplitude of these sodium transients was not
significantly different between the two cell types (NG2-cells: 1.7 ± 0.2 mM, n = 37; oligodendrocytes:
1.5 ± 0.1 mM, n = 68; not shown). Moreover, the pharmacological profiles were similar in both cell
types, essentially recapitulating the results obtained before with “SR101-negative” cells (see Figure 2).
As compared to controls in the absence of blockers, NBQX reduced peak amplitudes to 57.4 ± 5.3%
in NG2 cells (n = 37) and to 63.2 ± 6.1% in oligodendrocytes (n = 68). AP5 additionally reduced
amplitudes to 45.6 ± 5.4% (NG2 cells) and 41.3 ± 4.4% (oligodendrocytes), while TFB-TBOA caused a
reduction to 22.1 ± 4.8% (NG2 cells) and 20 ± 2.5% (oligodendrocytes) (Figure 3C).

In summary, these experiments show that axonal AP generation induces transient sodium signals
in all three classes of macroglial cells of the corpus callosum, namely astrocytes, oligodendrocytes,
and NG2 glia. Action potential-induced sodium increases are strongly reduced by combined inhibition
of glutamate receptors and glutamate transport, indicating that they are largely related to axonal
release of glutamate. The exact pharmacological profile, however, slightly differs between the different
cell types. While high-affinity glutamate transport and opening of AMPA receptors contribute to
AP-related sodium influx into all three macroglia cell types, only oligodendrocytes and NG2 glia (but
not astrocytes) show an additional contribution of NMDA receptors.
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Figure 3. Pharmacology of AP-induced sodium transients in NG2 cells and oligodendrocytes.
(A) Images of SR101 (left), EYFP (middle), and SBFI fluorescence (right) of a tissue slice prepared
from a NG2/EYFP transgenic mouse. The pipette for electrical stimulation is indicated in the right
image. Areas encircled by dotted lines represent regions of interest in which sodium signals were
measured as depicted in (B) (regions of interest (ROI) 1: NG2-cell; ROI2: oligodendrocyte). Scale
bar: 50 μm. (B) AP-induced (arrowheads) changes in sodium in an NG2 cell and an oligodendrocyte
with four consecutive stimulations under control conditions and after addition of different blockers as
indicated by the bars (for abbreviations see text). (C) Histograms showing peak amplitudes ± SEM of
AP-induced sodium signals in NG2 cells and (EYFP/SR101-negative) oligodendrocytes in control and
after perfusion with blockers as indicated, normalized to the respective controls. ***: p < 0.001.

3.3. Relevance of Gap Junctional Coupling

The results presented so far show that electrical stimulation of axons and AP generation are
accompanied by transient elevations in the sodium concentration of astrocytes, oligodendrocytes, as
well as NG2 cells of the corpus callosum and that these signals are largely related to activation of glutamate
receptors and transporters. We have reported previously that sodium signals can spread through gap
junctions among astrocytes and from astrocytes to oligodendrocytes and NG2 cells in the corpus callosum [25],
suggesting that glutamate may not act directly on all macroglial cells. To analyse the involvement of sodium
spread through gap junctions in the generation of glutamate-related sodium transients, we prepared tissue
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slices from animals, which exhibit a conditional (cre-recombinase-dependent) deletion of connexin43 in
astrocytes as well as an unrestricted deletion of connexin30 [36] (“Cx-k.o. mice”). Cre-recombinase-negative
mice, featuring undisturbed gap junctional coupling, were used as controls.

Focal pressure application of glutamate (1 mM/250 ms) induced sodium transients in the majority
of astrocytes and SR101-negative cells in the field of view in control animals as well as in Cx-k.o.
mice (N = 5) (Figure 4A). In control, these amounted to 2.0 ± 0.1 mM in astrocytes (n = 51) and to
1.2 ± 0.1 mM in SR101-negative cells (n = 54) (Figure 4B). In Cx-k.o. mice, glutamate-evoked sodium
increases were significantly larger as compared to controls in both astrocytes (2.8 ± 0.4 mM; n = 40)
and SR101-negative cells (1.7 ± 0.2 mM; n = 64) (Figure 4A,B).

Figure 4. Relevance of gap junctional coupling for glutamate-induced sodium transients. (A) Sodium
increases evoked by pressure application of glutamate (1 mM/250 ms; arrowheads) in astrocytes (upper
traces) and SR101-negative cells (lower traces) in slices obtained from control mice (left) and Cx-k.o.
mice (right). (B) Histogram showing peak amplitudes ± SEM of glutamate-induced sodium signals in
astrocytes and SR101-negative cells in control and Cx-k.o. mice. *: 0.01 ≤ p < 0.05.

These experiments thus show that sodium signals induced by direct application of glutamate in
astrocytes and SR101-negative cells are augmented in animals lacking connexins 30 and 43 in astrocytes.
This indicates that sodium signals in the latter group are caused by direct action of glutamate onto
individual cells and not primarily caused by an intercellular spread of sodium from astrocytes to
SR101-negative cells through gap junctions.

3.4. Relevance of Different Glutamate Transporter Subtypes

Grey matter astrocytes express two different subtypes of sodium-dependent glutamate
transporters, GLT-1 and GLAST, with the former being dominant after the first postnatal week [8,9,43].
To address the specific involvement of GLAST and GLT-1 in the generation of sodium signals in
macroglia of the corpus callosum, we studied the effect of different pharmacological blockers on sodium
transients evoked by puff application of glutamate (1 mM/250 ms). Under control conditions (N = 15),
this caused transient increase in sodium by 4.5 ± 0.3 mM in astrocytes (n = 71) and by 1.8 ± 0.1 mM in
SR101-negative cells (n = 66) (Figure 5A–C).

We first applied the non-transported, competitive inhibitor TFB-TBOA (1 μM), which blocks both
transporter subtypes [44]. In the presence of this blocker, the amplitude of glutamate-induced sodium
transients in astrocytes was reduced to 24.1 ± 4.7% (n = 14, N = 4) as compared to control (Figure 5A,D).
In SR101-negative cells, TFB-TBOA reduced the amplitude of sodium signals to 42.3 ± 9.2% (n = 16,
N = 4) relative to control (Figure 5A,D). In another set of experiments, dihydrokainate (DHK, 100 μM),
a GLT1-specific antagonist, was applied (N = 7). Dihydrokainate reduced the peak amplitude of
sodium transients in astrocytes to 81.1 ± 8.1% (n = 30) of respective control. In SR101-negative cells,
sodium transients were reduced to 76.4 ± 6.2% (n = 28) of control (Figure 5B,D).
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Figure 5. Involvement of glutamate-aspartate-transporter (GLAST) and glutamate transporter 1 (GLT-1)
in the generation of sodium signals. (A) Sodium increase evoked by pressure application of glutamate
(1 mM/250 ms; arrowheads) in an astrocyte (left) and a SR101-negative cell (right) in control and
after application of (3S)-3-[[3-[[4-(Trifluoromethyl)benzoyl]amino]phenyl]methoxy]-L-aspartic acid
(TFB-TBOA). (B) Same as in (A), but with application of dihydrokainate (DHK). (C) Sodium increase
evoked by pressure application of glutamate (1 mM/250 ms; arrowheads) in a representative wild
type astrocyte and SR101-negative cell (left traces) and in cells from a GLAST-k.o. animal (right traces).
(D) Histograms showing peak amplitudes ± S.E.M. of glutamate-induced sodium signals in astrocytes
and SR101-negative cells in control and after perfusion with different blockers as well as in GLAST-k.o.
animals, normalized to the respective controls. n.s.: not significant, *: 0.01 ≤ p < 0.05, **: 0.001 ≤ p < 0.01,
***: p < 0.001.
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In addition, we performed experiments in brain slices taken from GLAST-k.o. animals [37] (N = 6).
Here, glutamate application induced sodium increases by 2.3 ± 0.3 mM in astrocytes (n = 20) and by
1.4 ± 0.3 mM (n = 33) in SR101-negative cells (Figure 5C,D). Compared to the mean peak amplitude
of control experiments performed in wild type astrocytes as presented above, amplitudes were thus
significantly reduced to 50.5 ± 6%. In SR101-negative cells, peak amplitudes were not significantly
different between wild type controls and GLAST-k.o. animals (Figure 5D).

Taken together, these results show that sodium-dependent glutamate transport is a major pathway
involved in the generation of glutamate-induced sodium signals in astrocytes as well as SR101-negative
macroglial cells of the corpus callosum. Moreover, our data suggest that both glial transporter subtypes,
GLT-1 and GLAST, contribute to glutamate-induced sodium influx.

3.5. Spatial and Developmental Expression Profile of Glutamate-Aspartate-Transporter and Glutamate
Transporter-1 in Corpus Callosum

Our results indicated that activation of the glutamate transporter subtypes GLT-1 and GLAST is
involved in sodium influx in response to AP generation in macroglial cells. To study GLT-1 and GLAST
expression at the protein level, we performed immunohistochemical stainings and immunoblotting of
corpus callosum tissue.

For immunohistochemistry, tissue slices of corpus callosum, taken from mice at postnatal day 15–17,
were labelled with antibodies targeting the astrocyte intermediate filament GFAP. Figure 6A,B illustrate
the typical staining pattern of GFAP in white matter tracts, consisting of elongated fibres presumably
running in parallel to axonal tracts. CC-1 antibodies were used to visualize the oligodendrocytic
protein adenomatous polyposis coli (APC). CC-1 immunoreactivity showed the typical labelling of
oligodendrocyte somata without labelling myelin (Figure 6C,D). Antibodies for NG2 proteoglycan
were used to label NG2 glia. NG2 immunoreactivity resulted in plasma membrane labelling as
shown in Figure 6E,F. Double labelling for GLT-1 (Figure 6A,C,E) or GLAST (Figure 6B,D,F) resulted
in punctate labelling patterns for both transporters, which partially co-localized with GFAP, CC-1,
and NG2-positive structures.

In addition, we performed SDS-PAGE and Western blots of tissue dissected from corpus callosum
of animals at different postnatal stages (P5, 10, 15, 25). For both GLT-1 and GLAST several distinct
bands (60, 130, 180 kd and 55, 130, 150, 190 kd, respectively) were detected in all age groups most
likely due to monomeric and multimeric fractions of the transporters (Figure 7A), confirming earlier
studies indicating that both exist as homomultimers [45,46]. Numerical analysis of GLT-1 expression
(60, 130, 180 kDa) revealed a steady increase in relative protein content during postnatal development
(N = 4 per age group) as shown before for mouse hippocampus [43]. At the neonatal stage (P5), GLT-1
expression was low (10.4%) compared to P25 (100%). Its expression increased significantly at P10
(40.7%) and again at P15 (52.7%). In contrast, relative GLAST expression (55, 130, 150, 190 kDa) at P5
was already about half (51.5%) that of P25. While the GLAST protein expression level significantly rose
from P5 to P10 (87.6%), there was no further significant increase at P15 (74.0%) as compared to P25
(N = 3 per age group) (Figure 7B). Again, this general expression profile was similar to that reported
from early postnatal hippocampus [43].

These experiments clearly indicate that both GLT-1 and GLAST are expressed at the protein levels
in the corpus callosum of mice during the first three weeks after birth. Both transporters show an
increase in relative protein content between P5 and P25 that is similar to what was reported from
hippocampus. However, the upregulation of GLT-1 expression appears to be slightly delayed when
compared to GLAST, which already shows high expression levels in the neonatal corpus callosum.
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Figure 6. Immunohistochemical analysis of glutamate transporter expression in macroglia of
corpus callosum at P15-17. (A) GFAP and GLT-1 immunoreactivity and merge. (B) GFAP and GLAST
immunoreactivity and merge. (C) CC-1 and GLT-1 immunoreactivity and merge. (D) CC-1 and GLAST
immunoreactivity and merge. (E) NG2 and GLT-1 immunoreactivity and merge. (F) NG2 and GLAST
immunoreactivity and merge. Yellow arrowheads point to structures with apparent co-labelling. Scale
bar: 5 μm.
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Figure 7. Quantitative analysis of glutamate transporter expression. (A) Western blots incubated
with anti-GLT-1/GLAST and α-actin from corpus callosum preparations taken from mice aged P5, P10,
P15 and P25. (B) Mean relative intensities of GLT-1 and GLAST bands normalized to P25. n.s.: not
significant, *: 0.01 ≤ p < 0.05, **: 0.001 ≤ p < 0.01, ***: p < 0.001.

4. Discussion

4.1. Action Potentials Induce Sodium Transients in White Matter Glial Cells That Are Related to Glutamate

In this study, we analysed activity-related intracellular sodium transients in mouse corpus callosum
after injection of the chemical sodium indicator SBFI-AM into acutely isolated tissue slices. According
to our previous work, this results in selective loading of the dye into macroglia, excluding microglial
cells [25,30]. To separate between different subtypes of macroglia, astrocytes were additionally stained
with the vital dye SR101 [38,47]. The population of SBFI-labelled SR101-negative cells, representing
cells of the oligodendrocyte lineage, was further distinguished employing NG2 reporter mice [35], in
which NG2 cells and mature oligodendrocytes of corpus callosum slices can be identified based on EYFP
fluorescence [25]. Using these tools, we could demonstrate that the generation of APs is accompanied
by sodium transients in all three main classes of macroglial cells, namely astrocytes, oligodendrocytes
as well as NG2 glia in the corpus callosum.

Activity-related sodium transients are well described from astrocytes of different grey matter
regions, including hippocampus, neocortex, cerebellar cortex and Calyx of Held [4–7,48,49]. They are
mainly caused by activation of sodium-dependent glutamate transporters in response to presynaptic
release of glutamate [10,12,50]. Knowledge on sodium signalling of cells of the oligodendrocyte lineage
is sparse. Studies performed on cultured oligodendrocytes reported that application of glutamate
or AMPA increases intracellular sodium [51,52]. In cultured NG2 cells, γ-aminobutyric acid (GABA)
induced an elevation of intracellular sodium probably by opening non-inactivating sodium channels in
response to GABA-mediated depolarization [53]. In addition, we recently described glutamate-induced
sodium increases in corpus callosum oligodendrocytes and NG2 glia [25].
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In our earlier study [25], we also showed that sodium can easily spread from astrocytes to both
oligodendrocytes and NG2 cells and that this panglial spread of sodium depends on the presence of
gap junctions composed of connexins 30 and 43. In the present study, application of glutamate in slices
obtained from animals lacking connexins 30 and 43 in astrocytes induced prominent sodium transients
in astrocytes and also in SR101-negative cells. This strongly suggests that glutamate directly acted on
both cell types, namely on astrocytes and cells of the oligodendrocyte lineage. Glutamate-induced
sodium signalling thus seems to be a widespread property of different macroglial cells of grey as well
as of white matter.

As mentioned above, activity-induced sodium transients, resulting from synaptic release of
glutamate and subsequent transporter-mediated uptake into glial cells, are well known from grey
matter. Our data now show that macroglial cells also undergo activity-related sodium transients in
the corpus callosum, that is in the absence of classical chemical synapses and presynaptic glutamate
release. In this context it is worth mentioning that our stimulation protocol was relatively moderate,
comprising only 25 pulses within 0.5 s. We thus assume that the stimulation resulted in a maximum
of 25 APs fired at 50 Hz. Action potential-induced sodium increases in corpus callosum macroglial
cells were strongly reduced by combined inhibition of glutamate receptors and glutamate transport,
indicating that they are largely related to release of glutamate. This is in line with numerous earlier
reports suggesting that active axons release glutamate into the periaxonal space (e.g., [16–19,26]).
In addition, there is evidence that glutamate is also released by astrocytes [19].

Interestingly, while AP-induced sodium signals were of similar amplitude in astrocytes and in
SR101-negative cells, sodium transients induced by direct pressure application of glutamate were
significantly larger in astrocytes as compared to SR101-negative macroglia. The latter observation
confirms data obtained in our earlier study [25]. A likely reason for this disparity is the different spatial
relationship between the sources of glutamate (axonal versus external pipette) and the distribution of
glutamate receptors/transporters on macroglial cells. Axonal glutamate release will most likely reach
receptors/transporters on the innermost layer of myelin facing the axonal membrane directly and
may less efficiently escape at nodes of Ranvier to activate receptors on nearby astrocytes. Applying
glutamate by a pipette will probably activate receptors/transporters on astrocytes efficiently, whereas
it may not fully reach those underneath the myelin sheath.

While our measurements enabled detection of activity-related sodium transients in white matter
astrocytes, oligodendrocytes as well as NG2 cells, axonal fibres were not visible with the experimental
approach employed. Action potential generation in axons obviously depends on the opening of
voltage-gated sodium channels and it was indeed shown that this results in prominent transient
elevation in intra-axonal sodium concentrations in different central neurons [54–57]. It is therefore
probably safe to assume that AP generation also caused sodium transients in axonal fibres of
corpus callosum. Finally, sodium influx into neuronal and glial compartments will most likely be
accompanied by a transient decrease in extracellular sodium as shown e.g., for cortex [58].

4.2. Relevance of Different Sodium Influx Pathways

In the present study, perfusing slices with NBQX reduced the peak amplitude of AP-induced
sodium transients by 30–40% in astrocytes, oligodendrocytes and NG2 cells. This indicates that
activation of AMPA receptors in response to AP-related release of glutamate provides a prominent
pathway for sodium influx into all three types of macroglial cells in corpus callosum. Moreover, sodium
influx into oligodendrocytes and NG2 glia was significantly reduced upon additional pharmacological
inhibition of NMDA receptors. This in in line with earlier reports describing expression of ionotropic
glutamate receptors in white matter glia [26,27]. White matter astrocytes, in addition to ionotropic
glutamate receptors, express a wide variety of different other transmitter receptors, most notably
ionotropic P2X7 purinoceptors [28,29]. The latter, activated by axonal release of ATP, might represent a
further influx pathway for sodium into astrocytes [28].
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Like astrocytes in white matter, cells of the oligodendrocytic lineage express different glutamate
receptors, including ionotropic AMPA and NMDA receptors, which are activated in response to
AP firing [59–63]. For example, it was shown that glutamate released by axons is sensed by
AMPA receptors on oligodendrocyte precursor (NG2) cells, which influences their proliferation and
differentiation [17,19,32,64–66]. There is also firm evidence that glutamate derived from active axons
is sensed by AMPA and NMDA receptors expressed on the surrounding myelin sheath, resulting
in calcium signals proposed to play a central role in coupling axonal activity and integrity with
oligodendrocyte metabolism and driving formation of myelin [67–72]. Metabolic support of axons
was moreover suggested to be provided by astrocytes, which break down glycogen and release
lactate into the extracellular space that can then be taken up by axons during periods of high energy
demand [73,74].

Our data in addition demonstrate a significant contribution of high-affinity glutamate uptake
to AP-related sodium signals in astrocytes, oligodendrocytes as well as NG2 cells, suggesting that
glutamate transporters are activated upon AP propagation in the corpus callosum. These results are thus
in line with earlier reports showing expression of different subtypes of glutamate transporters in white
matter [21–24,75,76]. To address the involvement of glutamate transporter subtypes GLT-1 and GLAST,
we performed immunohistochemical stainings and immunoblotting, demonstrating expression of
both transporters at the protein level during the first three weeks after birth in corpus callosum. Their
expression levels increased between P5 and P25, which is similar to hippocampus and neocortex [43,77].

We also tested the effect of DHK, a selective pharmacological inhibitor of GLT-1, on glutamate-induced
sodium signals. DHK resulted in a significant reduction of sodium increases in both astrocytes and cells
of the oligodendrocyte lineage, indicating that this subtype is functionally relevant for both groups.
Moreover, in GLAST-k.o. animals, glutamate-induced sodium signals were significantly altered in
astrocytes as compared to wild type controls. In contrast, sodium signals were unaltered in cells
of the oligodendrocyte lineage in animals lacking GLAST, suggesting that GLAST is not ultimately
required for efficient uptake of glutamate in SR101-negative cells. This in in agreement with studies
demonstrating that glutamate uptake in white matter oligodendrocytes additionally involves excitatory
amino acid carrier 1 (EAAC1) [24,76].

5. Conclusions

Our study establishes that the propagation of APs in the corpus callosum, a major white matter tract,
generates transient sodium elevations in macroglial cells. While many studies have demonstrated the
existence of glial calcium signalling in white matter [26,27], activity-related sodium signalling has, to
the best of our knowledge, not been reported so far. Interestingly, sodium transients in astrocytes and
cells of the oligodendrocyte lineage shared many characteristics. Their amplitudes and time courses
were rather similar, and the majority of sodium influx was mediated by glutamate-related pathways,
namely ionotropic receptors and high-affinity glutamate transport. The only essential differences
found were the apparent involvement of GLAST in astrocytes, but not in cells of the oligodendrocyte
lineage, and the contribution of NMDA receptors to sodium signals of the latter, but not the former
group of cells. Along with these considerations, it is important to keep in mind that measurements in
the present study were taken from somata and that signal properties as well as sodium influx pathways
might be different in cellular processes and in myelin compartments.

At present, we can only speculate about the possible functional relevance of macroglial sodium
signals in white matter. In general, it is of note that glial calcium and sodium signals share a common
influx pathway, namely inotropic glutamate receptors, emphasizing the involvement of the latter
in the communication between axons and surrounding glia. Sodium elevations are additionally
augmented by high-affinity glutamate uptake, which is not directly involved in the generation of
calcium signalling. In grey matter, activity-related sodium signals induced upon activation of glutamate
transport were suggested to stimulate astrocyte glycolysis and lactate release, thereby representing
important mediators of metabolic interaction between neurons and glial cells [10,11]. In analogy, they
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might also drive lactate production in white matter oligodendrocytes and astrocytes and thereby be
involved in metabolic support of axons by both cell types [74,78,79].

Several studies have correlated sodium elevations with migration, proliferation and differentiation
of oligodendrocyte precursor cells. Direct modulation of K+ channels by sodium influx resulting
from activation of AMPA receptors was shown to inhibit proliferation of oligodendrocyte precursor
cells [64,80–82]. In rat oligodendrocytes in culture, stimulating sodium-dependent glutamate uptake
was associated with intracellular calcium signals most likely based on reverse mode NCX activity,
which promoted their morphological differentiation [83]. Increased sodium and resulting reverse
NCX activity were also found to promote synthesis of myelin basic protein in mouse oligodendrocyte
precursor cells in culture [84]. Finally, NCX-mediated calcium signalling promoted by a persistent
sodium current was involved in the migration of NG2 cells during early brain development [53].

Sodium transients induced in astrocytes and cells of the oligodendrocyte lineage by propagating
APs along axonal fibre tracts might thus exert a role in the metabolic support of axons. In addition,
they might promote the establishment of a compact myelin sheath. Activity-related sodium signalling
in white matter macroglia is therefore likely to represent an essential component in the communication
between axons and surrounding glia.
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Abstract: Astrocytes are involved in many diseases of the central nervous system, not only as reactive
cells to neuronal damage but also as primary actors in the pathological process. Astrogliopathy is
a term used to designate the involvement of astrocytes as key elements in the pathogenesis and
pathology of diseases and injuries of the central nervous system. Astrocytopathy is utilized to name
non-reactive astrogliosis covering hypertrophy, atrophy and astroglial degeneration with loss of
function in astrocytes and pathological remodeling, as well as senescent changes. Astrogliopathy
and astrocytopathy are hallmarks of tauopathies—neurodegenerative diseases with abnormal
hyper-phosphorylated tau aggregates in neurons and glial cells. The involvement of astrocytes
covers different disease-specific types such as tufted astrocytes, astrocytic plaques, thorn-shaped
astrocytes, granular/fuzzy astrocytes, ramified astrocytes and astrocytes with globular inclusions, as
well as others which are unnamed but not uncommon in familial frontotemporal degeneration linked
to mutations in the tau gene. Knowledge of molecular differences among tau-containing astrocytes is
only beginning, and their distinct functional implications remain rather poorly understood. However,
tau-containing astrocytes in certain conditions have deleterious effects on neuronal function and
nervous system integrity. Moreover, recent studies have shown that tau-containing astrocytes
obtained from human brain tauopathies have a capacity for abnormal tau seeding and spreading in
wild type mice. Inclusive conceptions include a complex scenario involving neurons, glial cells and
local environmental factors that potentiate each other and promote disease progression in tauopathies.

Keywords: astrocytes; tau; seeding; spreading; tauopathies; progressive supranuclear palsy;
corticobasal degeneration; Pick’s disease; aging-related tau astrogliopathy; primary age-related
tauopathy; frontotemporal degeneration-tau; astrocytopathy

1. Introduction

Tauopathies are adult-age clinically, biochemically and anatomically heterogeneous neurodegenerative
diseases, defined by the depositing of excessively phosphorylated tau protein, which is abnormally
folded and eventually forms aggregates in nerve cells. Tau deposits in nerve cells form neurofibrillary
tangles (NFT, neurofibrillary degeneration) and pre-tangle deposits, aggregates in neuronal and glial
cell processes form neuropil threads, inclusions in astrocytes give rise to different morphological
types, and inclusions in oligodendrocytes mainly form coiled bodies and, rarely, globular inclusions.
Certain regions of the brain, and certain cell populations, are vulnerable to the pathology of tau,
although the mechanisms of regional vulnerability and selective cellular vulnerability in tauopathies
are poorly understood. Tau proteins are encoded by the microtubule-associated protein tau gene
MAPT, the transcription of which, by alternative splicing, produces six isoforms in the brain. Some
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tauopathies are identified as 4R-tauopathies (4Rtau) and others as 3R-tauopathies (3Rtau) depending
on the axon 10 splicing.

2. Human Tauopathies

The clinical and pathological phenotype of human tauopathies is, in part, determined by (a) the
types of tau deposits (3Rtau or 4Rtau); (b) the specific regional and cellular vulnerability to each
tauopathy; (c) the involvement of neurons and/or glial cells (astrocytes and oligodendrocytes); (d) the
type of mutation in MAPT in familial tauopathy; and (e) the accompanying presence of extracellular
amyloids, as in Alzheimer’s disease (AD) (in which the tauopathy is associated with extracellular
deposits of amyloid β (Aβ) giving rise to β-amyloid plaques), but also in British familial dementia (FBD)
and Danish familial dementia (FDD) linked to distinct mutations in BRI2 (or ITMM2B) and producing
amyloids ABri and ADan, respectively. Certain families with Gerstmann–Straüssler–Scheinker
syndrome (GSS) linked to mutations in PRNP (which encodes the prion protein) are associated
with prionopathy and tauopathy.

The most frequent human sporadic tauopathy, in addition to sporadic AD, are primary age-related
tauopathy (PART), a neuronal 4Rtau + 3Rtau similar to AD but without the Aβ component;
aging-related tau astrogliopathy (ARTAG), a selective astrocyte 4Rtau; argyrophilic grain disease
(AGD), a 4Rtau with predominant pre-tangles in neurons, protrusions in dendrites (grains) and
inclusions in astrocytes and oligodendrocytes; Pick’s disease (PiD), a 3Rtau with mainly neuronal
involvement (Pick bodies) but also with tau deposits in astrocytes and oligodendrocytes; progressive
supranuclear palsy (PSP) and corticobasal degeneration (CBD), both 4R-tauopathies with the
involvement of neurons and oligodendrocytes, and with disease-specific tau deposits in astrocytes;
and globular glial tauopathy (GGT), a 4Rtau with neuronal involvement and unique tau inclusions in
astrocytes and globular tau deposits in oligodendrocytes [1–29].

The most common pure hereditary tauopathy is frontotemporal lobar degeneration linked to
MAPT mutations (FTLD-tau). Clinically, FTLD-tau is manifested by frontal dementia (FTD) and
parkinsonism; tau deposits are composed of 4Rtau, 3Rtau or 4Rtau + 3Rtau depending on the site
of the mutation [30–34]. Globular glial tauopathy is mostly sporadic but certain tauopathies linked
to MAPT mutations show variable amounts of globular inclusions in oligodendrocytes and bizarre
astrocytic inclusions resembling sporadic GGT [35–38].

The most frequent combined tauopathy and amyloidopathy is familial AD linked to mutations
in amyloid β precursor protein (APP)-related genes: APP, presenilin1 (PSEN1), or presenilin 2
(PSEN2). British familial dementia, FDD and GSS with tauopathy are extremely rare [21,39–41].
Other tauopathies can be reviewed elsewhere [25].

A combination of different tauopathies is not rare in old-age individuals [28,42,43]. The combination
of AD, AGD and ARTAG is frequent in old-age individuals. The association of PSP or CBD and
ARTAG and AGD is usual.

3. Non-Human Primate Tauopathies in Old Age

Tauopathy also occurs in aged non-human primates. Major research is focused on AD-related
changes (Aβ deposits and tau deposits) in old-age animals. Interestingly, AD-like pathology is not rare
in non-human primates, although there are marked species differences.

In cynomologous monkey (Macaca fascicularis), intraneuronal and oligodendroglial tau
accumulation is found in the temporal cortex and hippocampus before the age of 20 years and
before the presence of amyloid deposits; at advanced ages, NFTs and tau accumulate in dystrophic
neurites [44]. An age-related increase of Aβ deposits in the form of plaques and around blood vessels
is frequent, with gender differences, in the neocortex and hippocampus of western lowland gorilla
(Gorilla gorilla gorilla), housed in American zoos and aquarium-accredited facilities. Neurons stained
for the tau marker Alz50 are found in the neocortex and hippocampus of gorillas at all ages. Occasional
Alz50-, MC1- and AT8-immunoreactive astrocyte and oligodendrocyte coiled bodies and neuritic
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clusters are seen in the neocortex and hippocampus of the oldest gorillas [45]. Aged wild mountain
gorillas (Gorilla beringei beringei) which spent their entire lives in their natural habitat also display an
age-related increase in APP and/or Aβ-immunoreactive blood vessels and plaques, but very limited
tau pathology, in the frontal cortex [46]. In contrast, old-age baboons (Papio hamadryas) show NFTs in
the hippocampus and limbic system, and tau-positive inclusions in astrocytes located in subependymal,
subpial and perivascular locations, as well as in oligodendrocytes [47]. The first description of AD-like
neuropathology in an aged chimpanzee (Pan troglodytes) included tau deposits in neurons, neuropil
threads and plaque-like clusters throughout the neocortex with moderate Aβ deposition in blood
vessels and rarely in plaques [48]. Subsequent studies in a larger series of chimpanzees revealed Aβ

plaques, Aβ-angiopathy, and neurons with pre-tangles, NFTs and neuritic clusters [49].
Cerebral Aβ deposition is found in aged cotton-top tamarins (Saguinus oedipus), lemurs

(Lemuroidae), marmosets, cynomologous monkeys, rhesus monkeys (Macaca mulatta), vervets
(Chlorocebus pygerythrus), squirrel monkeys (Saimiri sp.), baboons, orangutans (Pongo sp.), gorillas and
chimpanzees [50]. The amyloid precursor protein and its shorter fragment, Aβ, are homologous in
humans and non-human primates. However, MAPT sequence varies among primates, with differences
being minimal between human and chimpanzees. This may account for differences between humans
and non-human primates regarding tau pathology in old-age and related tauopathies [51]. Further
studies are needed to elucidate possibly overlooked tau deposition in glial cells, and additional
abnormal tau-containing deposits such as grains in aged non-human primates.

4. Main Types of Tau-Containing Astrocytes

Astrocytes containing hyper-phosphorylated tau have disease-specific traits in the majority of
tauopathies: tufted astrocytes in PSP, astrocytic plaques in CBD, thorn-shaped astrocytes (TSAs) and
granular/fuzzy astrocytes (GFAs) in ARTAG, ramified astrocytes in PiD and astrocytes with globular
inclusions in GGT [4,17,18,20,24,25,52–66]. (Figures 1–3).

Figure 1. Double-labeling immunofluorescence to glial fibrillary acidic protein (GFAP) (green) and
phospho-tau AT8 (red) showing the morphology of thorn-shaped astrocytes in the white matter of the
temporal cortex, subependymal region and subpial region. Long arrow: cells with double staining;
short arrow: cells only stained green; arrowhead: cells only stained red. Hyper-phosphorylated
tau-containing astrocytes have reduced GFAP immunoreactivity. Paraffin sections; nuclei (blue) are
stained with DRAQ5 (Biostatus, Leicestershire, UK); WM: withe matter; bar = 50 μm.

122



Neuroglia 2018, 1

Figure 2. Tau-containing astrocytes in progressive supernuclear palsy (PSP). Typical tufted astrocytes
are seen in the lower row. A perivascular astrocyte with a podocyte (arrowhead) in the vicinity of a
capillary (C), and a reactive astrocyte also contain hyper-phosphorylated tau (upper row). Paraffin
section, AT8 immunohistochemistry, slightly counterstained with hematoxylin, bar = 10 μm.

Figure 3. Astrocytic plaques in corticobasal degeneration (CBD), stained with 4Rtau, P-tauThr181, AT8
(P-tau Ser202-Thr205) and antibody PHF1 (P-tauSer396-Ser404). Paraffin sections slightly counterstained
with hematoxilin, bar = 25 μm.

However, some tau-containing astrocytes are found in different tauopathies—for example, TSAs
occur in aging, AGD, AD, PSP and CBD [14,19,67–72], and in traumatic chronic encephalopathy [73].
Granular/fuzzy astrocytes are seen in the elderly and ARTAG [26,70], but also in other tauopathies
such as in PSP [37].

Interestingly, tau-containing astrocytes are early lesions in PSP, CBD and FTLD-tau [28,74–76].
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Various types of astrocytic inclusions are generated in familial FTLD-tau linked to mutations in
exons 1 and 10 and in introns following exons 9 and 10, the morphology of which largely depends on
the MAPT mutation. Intracytoplasmic tau-immunoreactive inclusions in FTLD-tau are represented by
tufted-like astrocytes, astrocytic plaques, ramified astrocytes, TSAs, astrocytes with globular inclusions
and other types with no specific names [17,33,34,36,37,66,77–86]. Tufted astrocytes and astrocytic
plaques practically do not co-exist in PSP and CBD [57], but these lesions appear in combination in
FTLD-tau [29] (Figure 4).

 
Figure 4. Frontotemporal lobar degeneration linked to MAPT mutations (FTLD-tau) K317M stained
with antibody AT8 showing tufted-like astrocytes (reminiscent of tau-containing astrocytes in globular
glial tauopathy (GGT)), astrocytic plaques and globular inclusion in an oligodendrocyte. Paraffin
sections, slightly counterstained with hematoxylin, bar = 25 μm.

Extensive astrocyte-predominant tauopathy involving brain astrocytes and Bergmann glia has been
reported in familial behavioral variant frontotemporal dementia associated with astrocyte-predominant
tauopathy; the morphology of abnormal astrocytes, including deposits in Bergmann glia, differs from
all other tauopathies [87].

The localization of tau-containing astrocytes does not always match that of tau-containing neurons
in tauopathies [14,19,28,76,88–92]. Curiously, tufted astrocytes and astrocytic plaques are often located
near the blood vessels [93], and perivascular distribution is overwhelming in a rare familial behavioral
variant frontotemporal dementia associated with astrocyte-predominant tauopathy [87]. Regarding
ARTAG, TSAs are found in regions proximal to the CSF and blood vessels [72].

Hyper-phosphorylated tau intracytoplasmic filamentous inclusions are common in transgenic
mouse models of tauopathies both in animals over-expressing human tau and those bearing different
tau mutations which are causative of human familial FTLD-tau. Tau pathology in glial cells has been
generated in transgenic mice over-expressing human tau in neurons and glial cells. In these animals,
a tau pathology resembling astrocytic plaques and coiled bodies in oligodendrocytes is found in old
mice; these changes are associated with glial and axonal degeneration [94].

Transgenic mice bearing P301L tau develop cytoplasmic neuronal inclusions, and oligodendroglial
and astrocytic filamentous inclusions composed of abnormal hyper-phosphorylated tau aggregates [95].
Similar neuronal and glial tau-immunoreactive inclusions occur in the P301S transgenic mouse
(Figure 5).
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Figure 5. P301S transgenic mice aged 10 months. Double-labeling immunofluorescence to GFAP (green)
and AT8 (red) showing cells with double staining (long arrow), cells only stained green (short arrow)
and cells only stained red (arrowhead). Some astrocytes contain hyper-phosphorylated tau deposits.
Paraffin sections; nuclei stained with DRAQ5 (Biostatus) (blue); bar = 40 μm.

5. Post-Translational Tau Modifications and Tau Kinases in Tau-Containing Astrocytes in
Tauopathies

Tau in astrocytes is hyper-phosphorylated at different sites including Thr181, Ser199, Thr231,
Ser262, Ser422, Ser202-Thr205 (antibody AT8), Ser396-Ser404 (antibody PHF1) and Thr212/Ser214
(tau-100), and it has an altered conformation as revealed with the antibodies Alz50 (amino acids
5–15) and MC-1 (amino acids 312–322) [37]. All these astrocytic inclusions in sporadic tauopathies
are composed of 4Rtau isoforms, but certain astrocytes in PiD and PSP contain 3Rtau [37]. Astrocytic
inclusions in FTLD-tau depend on the mutation, but they are largely composed of 4Rtau [33,37,66].

Astrocytes containing hyper-phosphorylated tau inclusions co-express phosphorylated tau
kinases: mitogen-activated protein kinase/extracellular signal-regulated kinase (MAPK/ERK),
p-38 kinase, stress-activated kinase/c-Jun N-terminal kinase (SAPK/JNK) and glycogen synthase
kinase-3 [14,82,96–100]. Co-expression in astrocytes suggests active phosphorylation of tau by
specific kinases; such co-localization also occurs in neurons with pre-tangles and tangles in the
same tauopathies.

The presence of truncated forms of tau in tau-containing astrocytes is not documented in detail. Most
tau-containing astrocytes in tauopathies are not stained with the antibody tau-C3 which recognizes
tau truncated at aspartic acid 421 [37]. Only small tau-C3 immunoreactive dots are occasionally
seen in TSAs [71]. Exceptions are astrocytes with globular inclusions in GGT, astrocytes in certain
FTLD-tau (as in the familial tauopathy linked to MAPT K317M), and astrocytes in familial behavioral
variant frontotemporal dementia associated with astrocyte-predominant tauopathy [37,87]. In such
cases, tau-containing astrocytes are always ubiquitinated [37]. In contrast, tufted astrocytes, astrocytic
plaques, TSAs and ramified astrocytes only very rarely contain ubiquitin-immunoreactive deposits [37]
(Figure 6).
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Figure 6. Globular glial tauopathy (GGT) showing abnormal tau-containing astrocytes with distinctive
features stained with antibodies against 4Rtau, clone AT8 (directed against P-tau Ser202-Thr205), tau22
(anti-oligomeric tau), tau-C3 (against tau truncation at aspartic acid 421), ubiquitin and p62. One neuron
is also observed in the section stained with anti-4Rtau. Paraffin sections slightly counterstained with
hematoxylin, bar = 25 μm.

Tau phosphorylation, conformation and truncation in astrocytes have characteristics similar to
their neuronal counterparts in tauopathies with equivalents to pre-tangles and tangle stages [37].
However, this must be interpreted with caution as knowledge is still limited. For example, a lack of
epitopes derived from alternatively spliced exon 2 and 3 has been reported in glial tau when compared
with neuronal tau in certain tauopathies [56,101]. Tau acetylation is rarer in astrocytes when compared
to neurons in tauopathies [102]. Tau is acetylated in glial inclusions in FTLD-tau [102] but apparently
not in AGD [103]. This is an important point, as tau acetylation inhibits tau function and promotes tau
aggregation [104,105].

Finally, tau truncation may occur at different sites of tau; western blots of total brain homogenates
show bands of low molecular weight in most tauopathies, but the method does not discriminate
between neurons and glial cells. Immunohistochemistry utilizing tau antibodies directed against
specific amino acids of tau (amino-terminal, carboxyl-terminal, middle segments) can be useful to
uncover possible sites of tau truncation in astrocytes in tauopathies in addition to the characteristic
truncation at aspartic acid 421 in astrocytes in minority tauopathies. Thorn-shaped astrocytes (TSAs)
are stained with antibody 394 (amino acids 394–398, corresponding to the carboxyl-terminal); antibody
229 (against amino acids 229–233, middle region) and antibody 499 (directed against amino acids
14–26, amino-terminal) [106]. Tau-containing astrocytes in FTLD-tau 301T are stained with antibodies
tau 7 (directed against amino acids 426–441), 394, 229 and 499 (Figure 7A). However, tufted astrocytes
in PSP and astrocytic plaques in CBD are decorated with antibodies tau 7, 229 and 394 but barely or
not at all with antibody 499, thus suggesting the reduction or absence of tau species containing the
amino terminal of tau protein in tufted astrocytes and astrocytic plaques (Figure 7B,C).
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(C) 

Figure 7. Double-labeling immunofluorescence and confocal microscopy using antibodies tau 7
(directed against amino acids 426–441), 394 (amino acids 394–398, corresponding to the carboxyl
terminal), 229 (against amino acids 229–233, middle region), and 499 (directed against amino acids
14–26, amino terminal) (green); and P-tauThr181 or AT8 (depending on the mouse or rabbit origin of
the first anti-tau antibodies) (red) in FTLD-tau linked to 301T mutation (A); PSP (B) and CBD (C). Tau 7,
229 and 394 co-localize with phospho-tau deposits in astrocytes in FTLD-tau 301T, tufted astrocytes
and astrocytic plaques; antibody 499 also co-localizes with phospho-tau in FTLD-tau 301T, but tufted
astrocytes and astrocytic plaques almost lack 499 tau immunostaining, thus suggesting tau amino
terminal truncation. Paraffin sections; nuclei (blue) are stained with DRAQ5 (Biostatus); A, bar= 20 μm;
B, bar = 25 μm C; bar = 30 μm.

6. Cytoarchitectonic Changes Linked to Tau Deposits in Astrocytes

Not all astrocytes are immunoreactive to glial fibrillary acidic protein (GFAP) [107–110]. However,
GFAP is currently used as a marker of astrocytes, mainly for reactive astrocytes.

Even considering these limitations, double-labeling immunofluorescence and confocal microscopy
have been used to learn about cytoskeletal anomalies in astrocytes containing hyper-phosphorylated
tau. Glial fibrillary acidic protein has been reported to be absent in tufted astrocytes in PSP [58,111].
However, small amounts of GFAP are commonly redistributed around the nucleus in tufted astrocytes
in PSP and FTLD-tau. GFAP is disrupted by short segments or dots of hyper-phosphorylated tau
throughout the astrocytic processes in astrocytic plaques in CBD, and in astrocytes with proximal
granular inclusions in FTLD-tau/P301L. Glial fibrillary acidic protein immunoreactivity is also
displaced by hyper-phosphorylated tau deposits in ramified astrocytes in PiD, TSAs in ARTAG,
tau-containing astrocytes in GGT, and astrocytes in familial behavioral variant frontotemporal dementia
associated with astrocyte-predominant tauopathy [37,87,92] (Figure 8).
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Figure 8. Double-labeling immunofluorescence and confocal microscopy to phospho-tau clone AT8
(green) and glial fibrillary acidic protein (red) in the cerebral cortex (upper row) and cerebellum (lower
row) in familial behavioral variant frontotemporal dementia associated with astrocyte-predominant
tauopathy. Variable distortion of the glial cytoskeleton is found mainly in Bergmann glia. Nuclei are
stained with DRAQ5 (Biostatus) (blue). Upper row, bar = 20 μm; lower row, bar = 8 μm.

7. Astrogliopathy

This term refers to alterations of astrocytes occurring in diseases of the nervous system, implying
the involvement of astrocytes as key elements in the pathogenesis and pathology of diseases and in
injuries of the central nervous system [112–122].

Reactive astrogliosis is a reaction secondary to neuronal damage in various injuries such as
trauma and ischemia, external toxins, metabolic disorders and neurodegenerative diseases. The term
astrocytopathy is used for non-reactive astrogliosis including hypertrophy, atrophy and astroglial
degeneration with loss of function manifested by variable and distinct molecular changes in astrocytes,
and pathological remodeling [112,117]. Senescent astrocytes are a particular form of astrocytophathy
linked to old age which is manifested by modifications in the morphology of the nucleus and cytoplasm,
cytoskeletal changes, oxidative damage, reduced energy production and secretory phenotype including
production of inflammatory cytokines [92].

8. Reactive Astrogliosis

Reactive astrogliosis is common to all tauopathies and its distribution correlates with the
degree of regional vulnerability to neuronal degeneration and neuronal loss [17,123,124]. However,
tau-containing astrocytes do not match reactive astrocytes and they represent different although
occasionally co-existent lesions [17,18,92,124].

Reactive astrogliosis also occurs in transgenic mouse models; the hippocampus is mainly affected
in mice bearing the P301S mutation [125].

The expression of small heat shock proteins (HSP25/27 and αB-crystallin) is a characteristic
response of reactive astrocytes in most tauopathies. However, HSPs are rarely co-expressed in
astrocytes containing hyper-phosphorylated tau [126–129] (Figure 9). This suggests that generalized
stress, rather than the restricted response in glial cells with abnormal protein aggregates, induces HSP
expression [129]. Alternatively, it may be postulated that stress responses are directed to correcting
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protein misfolding, and that they succeed to a certain extent, in that aggregates are not formed in many
glial cells [92].

Figure 9. αB-crystallin-immunoreactive astrocytes in PSP, CBD, argyrophilic gain disease (AGD),
FTLD-tau K317M and familial behavioral variant frontotemporal dementia associated with
astrocyte-predominant tauopathy. Paraffin sections visualized with diaminobenzidine, NH4NiSO4 and
H2O2 without hematoxylin counterstaining; bar = 50 μm.

Additionally, it has been reported that intraneuronal accumulation of misfolded tau protein
induces over-expression of Hsp27 in activated astrocytes [130].

9. Astrocytopathy

In spite of the evident astrocytopathy characterized by disease-dependent stereotyped tau
deposits, little is known about the functional effects of hyper-phosphorylated tau in tau-containing
astrocytes in tauopathies [131]. This is due to several factors: the diversity of astrocytes, diversity of
functions and gene expression profiles under various conditions and regions, as well as the lack of
studies considering these variables in tauopathies.

Astrocytes are not homogeneous cells. They can be classified into protoplasmic astrocytes of the
grey matter, interlaminar astrocytes of the cerebral cortex, subpial astrocytes of the cerebral cortex,
fibrous astrocytes of the white matter, perivascular astrocytes, Bergmann glia, stem astrocytes of
subventricular zones, radial glia of the developing brain, tanycytes of the hypothalamus, pituicytes
and Müller glia of the retina [116]. Moreover, they are heterogeneous with respect to their coverage
domains, ion channels, calcium responses, glutamate transporters and expression of neurotransmitter
receptors [92,132].

Gene expression studies of neurons and glial cells have contributed to our understanding of the
variety of gene expression profiles that advance distinct functions in different cell types [133–140].
Microarray analyses of isolated astrocytes have identified particular transcription profiles in AD and
related animal models [141,142].

Unfortunately, this approach has not been utilized in human tauopathies, and we are still in the
dark concerning gene expression differences among TSAs, tufted astrocytes, astrocytic plaques and
astrocytes with globular inclusions, to name just some examples.

Moreover, we do not know about similarities and differences among tau-containing astrocytes in
the same disease but located in different regions; for example, subependymal, subpial, clusters in the
frontal and temporal white matter, basal forebrain and perivascular TSAs in ARTAG.
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These aspects are important in the present context as we do not know whether different tau
inclusions affect different astrocyte types with particular vulnerability to tau species, or even if
different tau species modify the morphology and function of the same type of astrocyte.

The over-expression of tau in cultured astrocytes produces degeneration of the cytoskeleton and
Golgi complex, eventually leading to cell death [143]. Altered nuclear function and DNA transcription
has also been posited for tau-containing neurons in tauopathies and fly models [144–147].

The expression of solute carrier family 1 member 2 (SLC1A2 or GLT-1) is markedly reduced
in most astrocytes bearing hyper-phosphorylated tau in familial behavioral variant frontotemporal
dementia associated with astrocyte-predominant tauopathy [87]. Decreased expression of GLT-1
and solute carrier family 1 member 3 (SLC1A3 or GLAST) also occurs in transgenic mice selectively
expressing hyper-phosphorylated tau in astrocytes [148,149].

Whether tau-containing astrocytes have deleterious effects on neurons is an important
question, as decreased GLT-1 expression alters glutamate metabolism and enhances excitoxicity.
Hyper-phosphorylated tau deposits also have effects on the redistribution of organelles and reactive
responses, but their functional effects are not known (Figure 10).

 

Figure 10. Double-labeling immunofluorescence and confocal microscopy of tufted astrocytes in PSP
to AT8 and voltage-dependent anion-selective channel 1: VDAC1 (upper row), AT8 and superoxide
dismutase 2: MnSOD, SOD2 (middle row), and serial sections of P-tauThr181 and αB-crystallin (lower
row). VDAC1 is concentrated at the center of the cell due to the displacement of peripheral tau whereas
SOD2 immunoreactivity is intermingled with phospho-tau deposits. αB-crystallin is found around the
nucleus and surrounded by hyper-phosphorylated tufts. Paraffin sections; nuclei (blue) are stained
with DRAQ5 (Biostatus); upper row, bar =20 μm; middle and lower row, bar =8μm.

Moreover, extracellular tau oligomers rapidly accumulate in astrocytes and reduce the release of
gliotransmitters, thus impairing neuronal function [150].

Furthermore, FTLD-N279K MAPT astrocytes derived from neural stem cells increase oxidative
stress and produce marked modifications in the genomic expression of co-cultured healthy
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neurons [151]. Finally, P301S-derived astrocytes significantly decrease pre-synaptic and post-synaptic
protein expression in cortical neuron cultures, whereas normal astrocytes enhance these markers,
thereby suggesting that mutant astrocytes have reduced neuroprotective capacities [152].

10. Disease Progression: Seeding and Spreading; Role of Astrocytes

Tauopathies are progressive biological processes with a preclinical phase, prodromal phases and
phases with clinical manifestations. The stages of NFT progression (stages I–VI of Braak) in AD are
well known [153,154]. The stages of NFT pathology in PART are the same as those proposed for
AD; whether PART is part of AD is a matter of discussion [155,156]. The majority of cases formerly
classified as early stages of sporadic AD lack Aβ plaques [157,158] and are now considered PART,
whereas the majority of cases with advanced Braak NFT stages are considered AD because of the
presence of abundant Aβ deposits. Whatever the name, early stages of NFT are very common in old
people as they occur in about 85% of individuals aged 65 years [157,159].

Different stages have also been proposed to categorize disease progression in AGD [14,160].
In contrast, only short series of incidental and early stages of PSP and CBD are available [74–76,161,162]
to permit a validation of the several proposed sequences of events in disease progression.

The progression of AD and tauopathies is thought to occur by trans-cellular and trans-regional
propagation of the abnormal protein in a similar way to what happens in prion diseases [163].
The exact mechanism of transmission is not known. Release and trans-synaptic transmission of
tau [164,165], tau uptake via exosomes [166–168] or nanotubules [169] and free uptake of fibrillar
proteins [170,171] have all been suggested as putative mechanisms using cultured neurons. Although
astrocyte-to-neuron intercellular transfer mediated by cell-to-cell contact has been postulated for
prions [172], no information is available concerning astrocyte-to-neuron transfer in tauopathies.

Transgenic mice with human tau over-expression or with tau mutations have been used to
facilitate the mechanism of seeding and progression. Seeding and spreading of abnormal tau occurs
after inoculation of brain homogenates from AD and other tauopathies into the brain of transgenic
mice over-expressing human tau or mutated tau [163,173–175]. The type of deposits in the inoculated
animals seems to be disease-dependent in the few tauopathies so far studied, which suggests the
occurrence of different species or strains of tau depending on the disease [176–178]. However, these
models have a natural substrate of abnormal tau production that makes it difficult to separate the
propagation itself from what is induced.

Seeding of human tau from homogenates of AD and tauopathies with neuronal and glial components
is also observed after inoculation into the brain of wild-type mice [178,179].

Additionally, the inoculation effect of recombinant tau is different from the effects using human
brain homogenates enriched with tau fibrils from brains with tauopathy [178]. This suggests that
different species (‘strains’) of tau have different properties and produce different effects. Another
difference between the inoculation of recombinant tau fibrils and inoculation of tau from human brain
homogenates is the accompanying inoculation, in the latter, of a number of associated proteins and
enzymes which represents a probably disease-specific environment with unexplored properties.

All these experiments have been performed using brain samples of tauopathies with tau pathology
only in neurons or with tau pathology in neurons and in glial cells. Abnormal tau in these paradigms
can spread to resident neurons, astrocytes and oligodendroglia [176–178]. In other words, certain tau
prion strains have the capacity to induce tauopathy not only in neurons but also in glial cells [180]
(Figure 11).
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Figure 11. Wild-type (WT) mice inoculated with primary age-related tauopathy (PART) in the hippocampus
at the age of 7 months and killed at the age of 10 months. Double-labeling immunofluorescence to
neuronal nuclear protein (NeuN), GFAP and Olig-2 (green) and P-tauThr181 or clone AT8 (red).
Subpopulations of neurons, astrocytes and oligodendrocytes contain hyper-phosphorylated tau
(arrows). Paraffin sections, nuclei stained with DRAQ5 (Biostatus) (blue), bar, upper and middle
row, bar = 30 μm; lower row, bar = 40 μm.

Whether astrocytic tau alone is able to induce tauopathy has recently been assessed. Tau-enriched
fractions of brain homogenates from pure ARTAG (with no associated tauopathy) inoculated into the
hippocampus (dentate gyrus and cornu ammonis (CA1) of wild-type mice generate intracytoplasmic
hyper-phosphorylated tau inclusions in astrocytes, oligodendrocytes and neurons near the site
of injection, and in nerve fiber tracts in the fimbria and corpus callosum [106] (Figure 12). These
observations indicate that astrocytes containing hyper-phosphorylated tau have the capability of
seeding tau to neurons and glial cells, thus highlighting the putatively cardinal role of astrocytopathy
in the pathogenesis of tauopathies [106]. Moreover, inoculation of ARTAG, containing 4Rtau astrocytes,
produces 3Rtau seeding in neurons and glial cells in addition to 4Rtau deposition [106]. This also
points to the likely involvement of astrocytes in the development of tau-containing neuronal processes
in the aged brain [181].
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Figure 12. Wild-type mice inoculated with aging-related tau astrogliopathy (ARTAG) in the
hippocampus at the age of 12 months and killed at the age of 19 months. The upper row corresponds
to one mouse in which a hyper-phosphorylated tau-containing neuron is seen in CA1 region of the
hippocampus (left) and several glial cells and fibers in the corpus callosum radiation of the ipsilateral
side (middle) and contralateral side of injection (right). The lower row corresponds to another mouse
showing hyper-phosphorylated tau fibers and glial cells in the corpus callosum radiation of the ipsilateral
side (left), middle region of the corpus callosum (middle) and contralateral radiation of the corpus
callosum (right). Paraffin sections immunostained with the AT8 antibody and slightly counterstained
with hematoxylin, bar = 25 μm.

The fact that a neuronal tauopathy such as PART (only containing NFTs and threads) or pure forms
of ARTAG (only containing TSAs) can produce seeding in neurons, astrocytes and oligodendrocytes in
WT mice is an unexpected observation. This may be in part because different murine tau isoforms
can be distinguished by the carboxyl terminal domains, and murine tau differs from human tau in a
number of ways, including the absence of residues which are involved in tubulin binding [182].

Finally, environmental factors may influence tau pathology and seeding in astrocytes (and other
cell types). Phosphoproteomics using bi-dimensional gel electrophoresis and mass spectrometry
have shown a large number of phosphorylated proteins in addition to tau and related molecules
in AD [183–185]. Other studies have identified GFAP phosphorylation in AD and in many other
tauopathies [186,187]. More precise methods in several regions and different stages of disease have
demonstrated the occurrence of very large numbers of phosphorylated proteins including kinases and
synaptic proteins in areas with no relationship to β-amyloid deposits and NFTs [188]. Similar studies
have recognized a number of phosphorylated proteins including phospho-kinases, neurofilaments, and
synaptic and other neuronal proteins, in addition to phospho-GFAP and phosphorylated aquaporine-4
in the white matter in pure cases of ARTAG [106]. Although similar studies are not available in
other tauopathies, these observations suggest that tau pathology in astrocytes should be interpreted
not as an isolated process but in the context of a very particular environment which is hospitable to
tau phosphorylation.
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Abstract: Neuron-glia antigen 2-expressing glial cells (NG2 glia) serve as oligodendrocyte progenitors
during development and adulthood. However, recent studies have shown that these cells represent
not only a transitional stage along the oligodendroglial lineage, but also constitute a specific cell type
endowed with typical properties and functions. Namely, NG2 glia (or subsets of NG2 glia) establish
physical and functional interactions with neurons and other central nervous system (CNS) cell types,
that allow them to constantly monitor the surrounding neuropil. In addition to operating as sensors,
NG2 glia have features that are expected for active modulators of neuronal activity, including the
expression and release of a battery of neuromodulatory and neuroprotective factors. Consistently, cell
ablation strategies targeting NG2 glia demonstrate that, beyond their role in myelination, these cells
contribute to CNS homeostasis and development. In this review, we summarize and discuss the
advancements achieved over recent years toward the understanding of such functions, and propose
novel approaches for further investigations aimed at elucidating the multifaceted roles of NG2 glia.

Keywords: NG2 glia; oligodendrocyte progenitor cells; synapses; neuromodulation; neuroprotection;
cell ablation

1. Introduction

During central nervous system (CNS) ontogenesis, myelinating oligodendrocytes (OLs)
originate from parenchymal precursors expressing the neuron-glia antigen 2 (NG2) chondroitin
sulfate proteoglycan, and therefore, commonly referred to as oligodendrocyte precursor cells or
NG2-expressing glia (NG2 glia) [1]. These cells persist in the adult CNS parenchyma, where they
comprise about 5% of all CNS cells [2], and can serve as a rapidly responding reservoir for new
OLs in case of demyelination [1,3,4]. In intact adult nervous tissue, NG2 glia can also be engaged
in proliferation and maturation to sustain a certain degree of oligodendrogenesis [5,6] and myelin
plasticity [7–11]. Notably, recent in vivo longitudinal two-photon imaging studies showed that, in the
murine cortex, OL density continues to increase until two years of age [10], and more than half of
the OLs present in middle aged mice are produced during adult life (i.e., after fourmonths of age [9]).
The generation of such adult-born OLs is required to maintain proper axonal functions [12], and is
involved in the production of new myelin segments [9] and changes of the circuit properties subserving
experience-dependent plasticity (i.e., motor skills learning [7,8]). However, in both adult human and
rodent CNS, the density, distribution and proliferative rate of NG2 glia seem to be independent of
the presence/density of myelinated fibres. NG2 glia distribute homogenously throughout grey and
white matter parenchyma. Further, although gray matter cells have a longer cell cycle length than their
white matter counterparts [13], NG2 glia proliferative fractions do not differ in highly myelinated vs.
non-/poorly myelinated brain regions (i.e., the granular and the molecular layers of the cerebellum,
respectively; our unpublished observations). In intact conditions, most NG2 glia appear as “quiescent”
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cells (i.e., neither progressing along the lineage, nor re-entering the cell cycle), and overall, the fraction
of NG2 glia actively engaged in oligodendrogenesis is minimal [14,15]. These observations suggest
that in basal conditions such an abundant pool of resident NG2 glia may exert additional roles beyond
their functions in oligodendrogenesis and myelin production.

Although the molecular aspects of NG2 glia response to injury are far from being completely
understood, data accumulated so far indicate that, phenotypically, NG2 glia provide a stereotypic
reaction (i.e., increased NG2 expression, retraction of cell processes, cell body swelling, cell proliferation
and migration toward the lesion site) to almost all kind of injury, independently of the extent of
myelin loss [14,16–19]. Further, upon experimental demyelination in the subcortical white matter,
transient populations of NG2 glia coming from the subventricular zone (SVZ) of the lateral ventricles
immediately amplify and invade the lesion site, but ultimately seem not to contribute to myelin repair,
and are lost [20–22]. This indicates that the reactivity and amplification of NG2 glia (or at least of some
NG2 glia subsets) per se does not simply reflect a regenerative event. The post-injury emergence of
transient NG2 glia populations is reminiscent of the developmental scenario, where three waves of
NG2 glia are sequentially produced in the forebrain, and the first embryonically-generated cells are
entirely replaced during the first week of life [23]. The generation of such cell populations that do
not contribute to myelination suggests again that NG2 glia/glial subsets exert additional/alternative
functions in specific developmental/post-injury phases.

In line with this view, a subpopulation of NG2 glia has been observed to serve as multipotent
progenitors, producing protoplasmic astrocytes as well OLs in the embryonic ventral forebrain or
following some kinds of CNS injury [19,24–27]. It has also been proposed that adult NG2 glia may
activate spontaneous neurogenic events within restricted brain areas [28]. In view of achieving
neuronal replacement in the adult CNS, the idea that NG2 glia can be the source for new neurons
is particularly attractive because of their abundance and ubiquitous distribution. However, this has
been proven true in vivo only upon specific cell reprogramming approaches, and clear evidence
that adult NG2 glia spontaneously contribute to parenchymal neurogenesis or astrogliogenesis is
lacking [4,28–30].

Based on these and other findings, four years ago we proposed that, beyond sustaining
re-/myelination, NG2 glia may participate in the nervous tissue homeostasis, neuromodulation,
developmental and post-injury events [28]. Such a view has recently been substantiated by a growing
body of evidence, including descriptive observations and results of functional in vivo/in vitro studies.
Here, we summarize and discuss the advancements obtained in the field in the last years and propose
novel approaches for further investigations aimed at understanding the multifaceted roles of NG2 glia.

2. NG2 Glia Distribution, Self-Maintenance and Anatomical Relationships with Central Nervous
System Cells

Recent studies showed that NG2 glia distribution and density are tightly and homeostatically
regulated in adult CNS tissue. In vivo two-photon imaging analyses showed that NG2 glia processes
constantly survey their local environment with highly motile filopodia and growth cone-like structures
that retract upon contact with other NG2 cells [31,32]. As a result, NG2 glia are arranged in a
grid-like manner, where cells are equally spaced and, similar to astrocytes, occupy tridimensional
non-overlapping domains. In the mammalian and zebrafish CNS, NG2 glia division and short
distance migration are the mechanisms by which these cells maintain their uniform density in
space and time: once an individual NG2-expressing cell is “lost” because of maturation (i.e., loss of
progenitor features including expression of cell surface signal molecules) or experimental ablation, a
neighboring NG2 cell enters the cell cycle and migrate to fill the unoccupied space (Figure 1A) [31–34].
Notably, similar to stem cells, NG2 glia can divide asymmetrically in vivo and give rise to a mixed
progeny, either keeping a progenitor phenotype or proceeding to differentiation (Figure 1B) [5,6,35].
This mechanism may allow the generation of OLs, while preventing the progressive exhaustion of NG2
glia during adulthood. NG2 glia maintenance is also regulated by specific synapse-mediated signals
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received from γ-aminobutyric acid (GABA)-ergic neurons (see also below), as demonstrated by the
progressive depletion of the NG2 glia pool lacking the GABA-A receptor subunit γ2 [36]. The discovery
of such efficient—and somehow redundant—regulation mechanisms by which a constant population
of NG2 glia is homeostatically maintained in time and space, even in non-/poorly-myelinated CNS
regions, challenges the assumption that NG2 glia exclusively serve as progenitors for new OLs, and
suggests functions related to the surveillance and modulation of the activity of the surrounding
neuropil, as formerly assessed for astrocytes and microglia [37–40].

Figure 1. Schematic representation of the mechanisms assuring NG2 glia maintenance and of their
physical interactions with neurons and other central nervous system (CNS) cell types (A) NG2 glia
are distributed in a grid-like manner and occupy non-overlapping domains. When an individual
NG2-expressing cell is lost, a neighboring NG2 cell divide and migrate to fill the unoccupied space.
(B) In the adult and juvenile cortex, NG2 glia can divide asymmetrically and give rise to a mixed
progeny either keeping a progenitor phenotype or proceeding to differentiation. (C) NG2 glia establish
physical contacts with neuronal dendrites, somata, nodes of Ranvier and synapses. NG2 glia and
astrocytes often contact the same node of Ranvier or synapse, but the relative processes show distinct
localization. NG2 glia also receive functional synaptic contacts from unmyelinated axons and axonal
terminals. In the adult CNS, NG2 glia display a perivascular distribution or extend some processes to
physically interact with pericytes and blood vessels. NT: Neurotransmitter; OL: Oligodendrocyte.
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In line with this view, confocal and electron microscopy studies showed that NG2 glia
establish physical contacts with functionally relevant neuronal domains, including dendrites [41,42],
somata [14,41,43,44], nodes of Ranvier [45,46] and synapses [47,48] (Figure 1C). About 30–50% of the
nodes are contacted by both NG2 glia and astrocyte processes in the optic nerve, corpus callosum,
and spinal cord of young adult rodents. Ultrastructural analyses revealed that NG2 glia processes
extend fine, finger-like projections that contact the nodal membrane at discrete points, while astrocytes
had broader processes that surround the entire nodes [46] (Figure 1C). Similarly, NG2 glia and
astrocytes often contact the same axon terminals, with NG2 glia thin processes interdigitating between
the pre- and post-synaptic elements and large astrocytic processes ensheating the entire synapses [41,47]
(Figure 1C). These observations suggest different roles of the contacts established by the two glial cell
types at nodes and synaptic sites.

What makes NG2 glia unique among the glial cells is their connections with neurons through
unidirectional neuron-to-NG2 glia synapses. Most, if not all NG2 glia in the grey and white
matter receive functional glutamatergic and/or GABAergic synaptic contacts, whose machinery
and ultrastructure is remarkably similar to that of conventional neuron-to-neuron synapses.
Such organization includes the tight alignment of neuron and NG2 glia cell membranes, the presence
of an active zone with accumulation of synaptic vesicles on the neuronal side, and an electron dense
postsynaptic density on the NG2 cell side. Notably, neuron-to-NG2 glia synapses are established
in parallel with neuronal synaptogenesis [14,49], and are lost during NG2 glia progression in
maturation [48,49]; this is in line with a specific role of this form of communication in undifferentiated
NG2 glia. Remarkably, while glutamatergic neuron-to-NG2 glia synapses usually derive from
long-range axons impinging almost exclusively on NG2 glia processes [50–52], GABAergic synapses
derive from local interneurons [49,53] with a specific distribution of the synaptic contacts from
fast spiking (located at NG2 glia somata and proximal parts of the processes) and non-fast spiking
interneurons (located at the distal parts of NG2 glia processes) [49]. Although both glutamatergic and
GABAergic neuron-to-NG2 glia synaptic inputs induce depolarization (since the measured chloride
reversal potential in these cells is around −30/−40 mV), such well-defined arrangement suggests
distinct roles for the different types of synapses impinging onto NG2 glia. In line with this idea,
while the glutamatergic inputs onto NG2 glia increase in frequency and amplitude during CNS
maturation [54], at least in the cerebral cortex, GABAergic neuron-to-NG2 glia synaptic transmission is
a phenomenon restricted to developmental stages [49,55].

Intimate physical interactions also occur between NG2 glia and astrocytes [56,57], microglia [58],
and myelinating OLs. Notably, while NG2 glia are never coupled via gap-junctions [59,60], some of them
express connexin 32 [61] and partly couple to mature OLs [62]. Further, electron microscopy analysis
showed that NG2 glia processes often contact the paranodal loops of myelin [46]. These data suggest a
privileged communication between NG2 glia and other elements in the oligodendroglial lineage.

In the embryonic mouse and human brain, NG2 glia are closely associated with the developing
blood vessels, by being either positioned at the sprouting tip or tethered along the abluminal surface
of the endothelium via the basal lamina [63,64]. Some populations of NG2 glia maintain a perivascular
distribution also in the mouse neonatal brain and adult white matter [65–68]. In such perivascular
niche, NG2 glia establish direct interactions through their processes or somata with both endothelial
cells and pericytes. Beside these perivascular NG2 glia, a large fraction of parenchymal NG2 cells,
whose somata are located away from blood vessels, extend some processes to physically interact with
pericytes and microvessels [41,46] (Figure 1C). Such a distribution suggests some form of crosstalk
among NG2 glia, endothelial cells and pericytes (see below).

3. NG2 Glia as Sensors of Neuronal Activity

NG2 glia contacts/contiguity with functionally relevant neuronal domains put them in a strategic
position to monitor the activity of neuronal circuitries, integrate distinct inputs, and possibly respond to
changes of the firing patterns of the surrounding neurons [69]. Indeed, a number of studies have shown
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that NG2 glia dynamically react to alterations in neurotransmission [70]. Pioneer experiments have
shown that suppression of neural activity due to intraocular injection of tetrodotoxin (TTX) remarkably
reduces NG2 glia proliferation in the optic nerve [71]. Consistently, deprivation of sensory experience
(i.e., whisker removal at developmental stages) negatively affects NG2 glia proliferation and survival,
and alters their distribution in the somatosensory cortex [6,52]. In contrast, electrical stimulation of the
corticospinal tract promotes NG2 cell proliferation and differentiation in the adult rat [72]. Similarly,
neuronal activity induced by optogenetic stimulation in Thy1-channelrhodopsin-2 transgenic mice,
elicits a mitogenic response in NG2 glia and increases their differentiation [73]. Again in line with
an activity-dependent regulation of the number of NG2 glia and OLs, increased rates of NG2 glia
proliferation have been observed in response to wheel running and environmental enrichment [74].
However, in later studies, voluntary physical exercise has instead been reported as being accompanied
by a reduction of the proliferation rate, premature differentiation, and changes in NG2 glia division
modality in the adult mouse brain [5,75,76]. Indeed, a recent study showed that the pattern of neuronal
activity, rather than just the presence or absence of activity, determines the activity-dependent behavior
of NG2 glia in vivo. By implanting an electrode array into the corpus callosum of adult mice, Nagy
and colleagues [77] showed that NG2 glia respond differently when callosal axons are stimulated at 5,
25 or 300 hertz (Hz). Namely, stimulation at 5 Hz promoted NG2 glia maturation, while stimulation at
25 or 300 Hz stimulated NG2 glia proliferation. These findings are particularly noteworthy, because the
rate and timing of neuronal firing are the main carriers of information about the features of a task or
stimulus, and also because they imply that NG2 glia are somehow capable of discriminating between
different patterns of neuronal firing (see below).

How do NG2 glia sense neuronal activity? Indeed, another feature that makes NG2 glia unique
among glial cells is the expression of a large repertoire of typically “neuronal” proteins, including
ion channels and neurotransmitter receptors. These comprise Ca2+-permeable and impermeable
α-amino-3-hydroxy-5-methyl-4-isoxazolepropionicacid (AMPA) and N-methyl-D-aspartate (NMDA)
ionotropic glutamate receptors; group I (mGluR1 and mGluR5), group II (mGluR3) and group
III (mGluR4) metabotropic glutamate receptors; ionotropic and metabotropic GABA receptors;
Ca2+-permeable and impermeable nicotinic acetylcholine receptors (nAChRs); muscarinic acetylcholine
receptors (mAChRs); ionotropic glycine receptors (GlyRs); adrenergic, dopamine, serotonin and
purinergic receptors [78]. The expression of these receptors is not universal in NG2 cell populations
(e.g., only 60% of the callosal NG2 cells are able to respond to NMDA [79]), indicating a certain
degree of heterogeneity within NG2 glia as regards their potential to sense and respond to changes in
neurotransmission. Despite the fact that some of these neurotransmitter receptors (i.e., AMPA and
ionotropic GABA receptors) have been shown to mediate neuron-to-NG2 glia synaptic communication,
activation of most of them is thought to occur through extrasynaptic mechanisms [48], and is associated
with large, widespread intracellular Ca2+ elevations [78].

Beside such activity-dependent “paracrine” interactions with neurons, studies show that NG2
cells are particularly well-suited for exerting a more tight and precise monitoring of the surrounding
neuropil. First, NG2 glia are physically integrated in neuronal circuitries, since they receive
synapses from collaterals of axons simultaneously impinging on nearby excitatory or inhibitory
neurons [50,51,54]. Thus, by receiving paired/synchronous synaptic signals, NG2 glia can operate
a real-time control of the incoming inputs onto surrounding neurons. Further, the expression of
high levels of “leak” potassium channels and the connection with neurons through conventional
synapses make NG2 glia able to sense even small changes in neuronal activity with an extremely
high temporal and spatial resolution. Of note, NG2 glia have been reported to detect fine changes of
extracellular potassium concentration due to the discharge of a single neuron via the inward-rectifier
Kir4.1 potassium channels [78,80]. Similarly, by employing two-photon-based glutamate uncaging to
produce very localized and brief release of glutamate onto NG2 glia processes segments, Sun et al. [81]
showed that small neurotransmitter release events at neuron-to-NG2 cell synapses can be sensed via
the generation of local depolarizations and, consequentially, local Ca2+ signals in NG2 glia processes.
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The incoming electrical synaptic inputs are temporally and spatially summed and integrated by NG2
glia, by using Ca2+ levels to proportionally encode the number of the active synapses [81]. Interestingly,
by analysing the properties of ionic currents elicited by repetitive axonal stimulation at glutamatergic
neuron-to-NG2 glia synapses, Nagy et al. [77] recently demonstrated that, similar to neurons, NG2
glia are also able to discriminate different patterns of presynaptic axonal activity (i.e., stimulation
trains with distinct frequency of pulses). Since in neurons different patterns of incoming inputs induce
Ca2+ signals with distinct temporal and spatial distribution and the activation of diverse signaling
pathways, such discriminative ability is thought to subserve the engagement of NG2 glia in either
proliferation or differentiation following stimulation at different frequencies [77].

On the whole, these findings indicate that NG2 glia are specialized “listeners and integrators” of
neuronal activity, and adjust their behavior in response to its changes. In this context, intracellular
Ca2+ transients—generated in different spatial domains of NG2 glia depending on the pattern/type of
incoming activity (including synaptic and extrasynaptic inputs)—likely serve distinct roles. Namely,
large Ca2+ signals involving the entire cell arborization and soma are particularly apt to induce
gene expression changes and global cellular actions such as cell division, differentiation, survival or
motility [78]. Conversely, beyond allowing the integration of the synaptic activity received by distinct
axons, Ca2+ transients restricted to specific segments of individual processes may be implicated in
more compartmentalized functions, such as the stabilization of contacts between NG2 glia processes
and axons [82,83], process motility [31], local protein synthesis [84,85], or secretion. Indeed, NG2 glia
produce a wide range of “neuroactive” factors, and the release of some of them is activity-dependent
(see below). This suggests that the integration of NG2 glia in neuronal circuitries and their exquisite
ability to perceive activity changes/patterns may be instrumental for a neuron-to-NG2 glia-to-neuron
communication loop contributing to homeostasis and/or plasticity.

4. Maintenance of NG2 Glia Is Required for Central Nervous System Homeostasis and
Development

To unveil the specific contribution of NG2 glia to CNS functions/ontogeny, a wide range of
approaches have been developed to study the consequences of their selective ablation from the adult or
developing brain. Pioneer studies have exploited the exposure to high-doses of X-rays or the infusion
of mitotic blockers (such as Arabinofuranosyl cytidine (AraC)) to ablate cycling cells, including NG2
glia. These approaches lacked cell-type specificity and suffered from side-effects, making it difficult
to attribute a phenotype exclusively to NG2 glia loss. Thus, in the most recent studies, NG2 glia
ablation has been achieved by the generation of mouse lines expressing a “suicide” gene under a NG2
glia specific promoter. Suicide genes typically encode for an essential protein, for a toxin, or for an
enzyme that converts an exogenous drug into a toxic agent [86]. Of note, in all cases the effectiveness
of the control mechanisms by which NG2 glia density/distribution are maintained in space and time
hampered a long-lasting NG2 glia ablation. Even in the most efficient systems, cells escaping the
ablation immediately reacted, entering the cell cycle and replacing the lost cells. Thus, no study has
succeeded so far in ablating NG2 glia for long periods, and available data only refer to phenotypes
emerging from transient NG2 glia loss. However, despite this limitation, ablation strategies provided
important evidence for a NG2 glia specific contribution in CNS physiology and development, beyond
their role as OL progenitors.

By using a transgenic mouse model expressing the diphtheria toxin receptor (DTR) under the
control of the NG2 promoter (NG2Cre-R26DTR mice), Birey and colleagues [87] showed that the
selective ablation of about 50% of NG2 glia in adult mice caused deficits in the glutamatergic
neurotransmission (i.e., decreased amplitude and increased decay of the miniature excitatory
postsynaptic currents (mEPSC), and an altered postsynaptic glutamate receptor trafficking in pyramidal
excitatory neurons), negatively affected the astrocytic extracellular glutamate uptake, and induced
depressive-like behaviors in mice. Of note, these effects could be observed only in the prefrontal cortex.
No changes were observed in the dorsal striatum, while different electrophysiological phenotypes have
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been found in the somatosensory cortex (where both mEPSC frequency and decay were increased),
indicating a differential contribution of NG2 glia in the regulation of glutamatergic neurotransmission
in distinct brain regions. By using this ablation strategy, NG2 glia loss did not result in brain vasculature
alterations, inflammation, microglia activation, or neurodegeneration [87].

Conversely, in a transgenic rat model expressing thymidine kinase (TK) (that converts the prodrug
ganciclovir into a toxic triphosphate molecule that can be incorporated into the genome during
DNA synthesis, leading to the selective ablation of proliferative cells) under the NG2 promoter,
Nakano et al. [88] found that NG2 glia loss induced neurodegeneration, microglia activation and
neuroinflammation in the adult hippocampus. Reduced levels of the immunomodulatory factor
hepatocyte growth factor (HGF) have been proposed to mediate such effects. The different outcomes of
NG2 glia ablation in the two studies may be interpreted again as the result of the loss of region-specific
functions exerted by NG2 glia, or may be related to the different extent and timing of cell ablation
(about 50% of NG2 glia in the cortex after seven days in [87]; about 80% in the hippocampus after
one day in [88]). Milder effects reported in Birey et al. [87] may be indicative of the persistence of
a sufficient number of NG2 glia contributing to neuronal support in the mouse cortex. However,
even in those regions where NG2 ablation reached higher percentages (i.e., 80% in the subcortical
white matter and 90% in the striatum after seven days), no sign of neurodegeneration was detected
in NG2Cre-R26DTR mice. An alternative explanation could be that the huge mass of NG2 glia
simultaneously undergoing cell death in [88] may have triggered a robust microglia response that
eventually impacted on hippocampal neuron survival per se (i.e., independently of the possible effects
of NG2 glia loss); further studies will clarify this issue. In any case, the inconsistency of the results of
these two studies points to the intrinsic limitations of all cell ablation approaches, that must be taken
into account in the interpretation of the results obtained by these experimental strategies.

A third recent study [42] used three different methods (i.e., X-irradiation, AraC infusion into the
third ventricle and a novel mouse line where Esco2, a protein necessary for cell cycle progression,
could be deleted in NG2 glia, inducing cell death in cycling NG2 cells; see also [12]) to ablate NG2
glia in the adult mouse median eminence. Here, NG2 glia ablation caused the degeneration of the
dendrites of hypothalamic neurons expressing the leptin receptor. This led to the loss of neuronal
responsiveness to leptin, and consequentially, to mouse overeating and obesity. These data showed
a specific NG2 glia contribution to the body weight control, likely exerted by providing trophic or
structural support to neuronal dendrites.

Cell ablation strategies have also been used to investigate NG2 glia roles during CNS ontogenesis.
Recently, Minocha et al. [63] developed two Cre-mouse lines expressing a ’floxed’ diphtheria toxin gene
under either the Nkx2.1 (Nkx2.1-Cre -R26DTA) or the NG2 (Cspg4-Cre-R26DTA) promoter to ablate
the first wave of NG2 glia produced in the forebrain during the embryonic life. In the mouse, these cells
originate at E12.5 from Nkx2.1-expressing progenitors of the medial ganglionic eminence and anterior
entopeduncular area, and transiently populate the entire telencephalon by E14.5 before disappearing
at around postnatal day eight (P8) [84,89,90]. Thus, they do not contribute to myelination and their
transient nature raises numerous questions about their possible role/s during CNS development.
Interestingly, the ablation of such first wave of NG2 glia severely affected the formation of the blood
vessel network by reducing vascular ramifications and connections during the embryonic life. Of note,
analyses at postnatal stages did not reveal any such defects, indicating compensatory proangiogenic
actions of later appearing NG2 glia or other cell types.

In another study, the ablation of NG2 glia in a transgenic myelin basic protein (MBP)-TK mouse
line during the early phases of postnatal development (i.e., at P1) resulted in a rapid increase of
axonal sprouting in the cerebellum, changes in the expression of molecules involved in axon plasticity
and guidance (i.e., increased levels of the growth-associated protein GAP43, reduced expression of
Semaphorin 3a and Netrin 1), and altered localization and function of ionotropic glutamate receptors
in Purkinje neurons [91]. These studies showed that during the postnatal and embryonic life, NG2 glia
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populations are engaged in developmental events well before the onset of myelination, and indicated
their active participation in shaping neuronal circuits and blood vessel networks.

5. NG2 Glia-Derived Signals Can Modulate Neuronal and Non-Neuronal Cell Functions in the
Central Nervous System

Traditionally, NG2 glia have been considered only as a target for factors produced by neighboring
cells: a large repertoire of paracrine signals produced by neurons, astrocytes, microglia, and endothelial
cells has been shown to influence NG2 glia during myelination and after injury [68,92]. However,
accumulating evidence shows that, depending on the context, NG2 glia can serve as a source for a
plethora of secreted molecules which are able to support or interfere with the functions of other CNS
cell types. Namely, Sypecka and Sarnowska [93] reported a neuroprotective effect of rat NG2 glia
conditioned medium (CM) on organotypic hippocampal slices subjected to oxygen-glucose deprivation.
Consistently, rat embryonic cortical neurons showed a marked increase in survival when co-cultured
with NG2 glia or exposed to their CM [94,95]. Further, the CM of NG2 glia displayed remarkable
pro-angiogenic effects by stimulating proliferation, tip sprouting, tube formation, and expressions
of tight-junctions proteins in endothelial cells [65,96,97] and promoting proliferation/survival of
pericytes [66]. In contrast, the CM obtained from NG2 glia exposed to inflammatory cytokines
weakened endothelial barrier tightness in vitro [67]. These findings indicated that, overall, NG2 glia
can provide functionally relevant paracrine signals. However, mechanistic insights about (i) their
molecular identity, (ii) the spatio-temporal regulation of their production/release, and (iii) their
targeting and relevance in vivo, started to be unveiled only very recently. Indeed, the physical
apposition of the tiny NG2 glia processes at specific sites of neuronal and non-neuronal CNS cells
suggests a focal release and a precise targeting of NG2 glia-derived signals. Synaptophysin-positive
clusters indicative of a ‘classical’ secretory vesicle accumulation and release machinery have been
observed at defined sites along the NG2 glia processes [41]. Other mechanisms of signal transfer have
been also reported, including cleavage of fragments of membrane-bound molecules [98] or exosome
shedding [99]. Signal transfer through exosomes allows cell-specific targeting by receptor-ligand
interactions [100] and assures that a well defined concentration of the signal may be delivered to the
target. Thus, this latter form of communication again suggests a specific control of the distribution and
intensity of the biological effects elicited by NG2-derived signals.

As regards the molecular identity of NG2 glia secreted factors, in vitro/in vivo analyses of
gene expression or of NG2 glia CM showed that they include growth factors, neurotrophins,
neuromodulatory and neurosupportive signals, cell adhesion and extracellular matrix (ECM) molecules,
matrix metalloproteases and metalloprotease inhibitors, inflammatory cytokines/immunomodulatory
factors, morphogens (Table 1).
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It is noteworthy that NG2 glia express and secrete a large repertoire of ‘neuroactive’ factors,
that can contribute to regulate neuronal survival, maturation and functions. The bioactivity and
functional relevance of some these signals have been validated by in vitro or in vivo approaches.
Namely, the neutralization of either brain derived growth factor (BDNF) or interleukin (Il)-10 in NG2
glia CM showed that these factors contribute to NG2 glia neuroprotective function in vitro [93].
Birey and colleagues showed that the specific knock-down of fibroblast growth factor 2 (FGF2)
in the NG2 glia of the prefrontal cortex suffices to induce depressive-like behaviors in mice,
and suggested that the loss of this signal mediates the effects of NG2 cell ablation on glutamatergic
transmission [87]. Similarly, by pharmacological and lentiviral inhibition of the retinoic acid
(RA) synthesis, Goncalves et al., showed that NG2 glia support axon growth and regeneration by
contributing to the conversion of retinal to RA [99].

The enrichment of ECM components and matrix metalloproteases (Table 1) suggests unique
interactions of NG2 glia with the ECM compared with other CNS cell types, and specific roles in
tissue maintenance and remodeling. Beside this, the regulation of ECM integrity and composition
is important for neurotransmitter receptor clustering at synapses [200,201]. Of note, a relatively
large repertoire of cell adhesion and ECM-associated molecules expressed by NG2 glia are well
known secreted pro-synaptogenic factors and synaptic organizers (e.g., thrombospondins, cerebellin 1,
olfactomedin 2, neurexophilin 1, neuronal pentraxin 2). These components may be instrumental to
build and maintain neuron-to-NG2 glia synaptic contacts. However, since NG2 glia processes have
been observed in close apposition to neuronal dendrites and somata or interdigitating within the
synaptic cleft of neuron-to-neuron synapses, this enrichment may be also related to a role of NG2
glia in neuronal synaptogenesis and synaptic plasticity. Similarly, ECM molecules expressed by NG2
glia (i.e., brevican, versican, tenascin R) importantly contribute to the assembly, maintenance and
function of the nodes of Ranvier [46], thereby suggesting a specific NG2 glia contribution to neuronal
maturation and action potential transmission.

In this context, recent data indicated that the NG2 chondroitin sulfate proteoglycan, whose
expression is restricted to NG2 glia among the neural cell types, can serve as a polyvalent regulator
of neuronal synaptic activity and action potential conduction. Sakry et al. [98] showed that the
ectodomain of the NG2 protein, constitutively released from the NG2 glia surface into the ECM by
the ADAM10 secretase, influences AMPA receptor currents and kinetics at glutamatergic synapses of
cortical pyramidal neurons. Moreover, the pharmacological inhibition of NG2 cleavage and release
from NG2 glia resulted in a large reduction of NMDAR-dependent, long-term potentiation (LTP) at
these synapses, indicating a specific role of NG2 in synaptic plasticity [98]. A further neuromodulatory
function of NG2 has been attributed to its intracellular domain that regulates the expression of
prostaglandin D2 synthase, a secreted enzyme that catalyzes the conversion of prostaglandin H2 to the
neuromodulatory form prostaglandin D2 [154]. Finally, in the injured spinal cord, secreted NG2 has
been observed to block action potential conduction at the nodes of Ranvier [202].

Transforming growth factor β (TGF-β) and Wingless-type MMTV integration site family 7 (Wnt7)
have recently been shown to mediate NG2 glia pro-angiogenetic effects in vivo. The pharmacological
inhibition of TGF-b signaling abolished the effect of NG2 glia CM on endothelial cell expression of tight
junction proteins in vitro. Consistently, the specific ablation of TGF-b1 in NG2 glia resulted in cerebral
hemorrhage and loss of blood brain barrier integrity in neonatal mice [65]. Similar approaches have
been used by Yuen et al. [96] to demonstrate that NG2 glia-derived Wnt7 mediates their pro-angiogenic
effects in vitro.

Notably, as a part of their plastic nature, NG2 glia dynamically modulate the expression/secretion
of specific signals in response to external factors. Importantly, signals inducing NG2 glia depolarization
reportedly affected their secretion. Exposure to GABA largely increased the production and secretion
of BDNF from adult rat NG2 glia [113]. Consistently, the application of a moderate intensity static
magnetic field, with its associated electric field, on human NG2 glia cultures resulted in increased
secretion of BDNF and neurotrophin 3 (NT-3) [114]. The release of the NG2 ectodomain from NG2
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glia was augmented by treatments with depolarizing agents or glutamate in vitro [98]. Along this
line, the expression of the neuromodulatory/neuroprotective peptide galanin significantly increased
in NG2 glia upon experimental cortical spreading depression [169]. These observations suggest that
activity dependent/synapse-mediated signals converging on NG2 glia may dynamically regulate their
secretory activity and homeostatic functions.

In conclusion, although the repertoire of factors expressed/secreted by NG2 glia has not yet been
explored in depth, these findings clearly indicate that they can serve as providers of relevant signals
for neighboring cells—in particular for neurons—in a context-dependent manner.

6. NG2 Glia Upon Central Nervous System Injury and Stress

The cellular roles of NG2 glia upon pathological conditions remain largely unclear. Notably,
in vivo/in vitro exposure to different kinds of stresses or injury-related signals remarkably affects
NG2 glia expression profile and secretion. Some of these changes can be interpreted as compensatory
attempts aimed at sustaining cell survival/functions and restoring the homeostasis. For example,
early after an acute brain injury, such as an ischemic event, BDNF protein expression largely
increased in NG2 glia, likely amplifying their neuroprotective potential [113]. However, when the
exposure to danger signals or stresses takes place over longer periods, gene expression/secretion
alterations in NG2 glia make them sustain or even worsen the pathological condition. In vivo
exposure to chronic stress induces profound transcriptional alterations in NG2 glia in specific brain
regions (i.e., prefrontal cortex and nucleus accumbens [87,203]), and largely reduces the levels
of growth factors (i.e., FGF2) and neurotrophins (i.e., NGF and NT4/5) [87]. After prolonged
cerebral hypoperfusion stress, perivascular NG2 glia in the adult white matter increased matrix
metalloprotease 9 (MMP9) expression and contributed to blood brain barrier opening [67]. Treatment
with sublethal concentrations of the inflammatory cytokine Il-1β also increased MMP9 secretion by
cultured NG2 glia [67]. Similarly, exposure to Il-17 or Tnf increased MMP9 and MMP3 expression
and elicited a robust inflammatory response in cultured NG2 glia [158]. Consistently, sustained Il-17
signaling in NG2 glia incorporated these cells in the inflammatory pathogenesis of experimental
autoimmune encephalomyelitis (EAE) [158]. Complementarily, experimental attenuation of NG2 glia
proliferative response after spinal cord lesion was associated with reduced accumulation of activated
microglia/macrophages, diminished astrocyte hypertrophy, and eventually with the establishment of
a post-injury environment more supportive for tissue repair [204]. This suggests a role for NG2 cells in
orchestrating reactive gliosis.

Thus, beyond their role in myelin repair and glial scar formation [205], depending on the
circumstances, NG2 glia have been observed either to limit CNS damage or to actively contribute
to neuroinflammation/neurotoxicity, as also shown in Amyotrophic Lateral Sclerosis models [206].
To further increase the complexity of this scenario, consistent with previous findings [207,208], in vivo
two-photon imaging analyses revealed an assortment of distinct NG2 glia reactions to injury, with some
cells starting migration toward the lesion site, others entering cell cycle, and others displaying only
hypertrophy and morphological changes [31,86]. Single-cell messenger-RNA (mRNA) profiling
of NG2 glia after focal cerebral ischemia also identified at least three subpopulations of cells that
could be distinguished according to changes in their expression patterns [19]. Such behavioral and
molecular heterogeneity suggests the existence of diverse NG2 glia subsets which respond differently
to CNS injury.

7. Concluding Remarks and Open Issues

In this review, we have summarized the advancements obtained over recent years toward the
understanding of the roles of NG2 glia in CNS homeostasis and development. Though it is widely
accepted that these cells act as precursors for OLs in the developing and mature CNS, accumulating
evidence indicates that NG2 glia (or subsets of NG2 glia) can exert additional/alternative functions.
Recent studies have shown that NG2 glia establish physical interactions with the other CNS cell types,
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are integrated in neuronal networks, and possess a repertoire of ion channels and neurotransmitter
receptors apt to constantly monitor the activity of the surrounding neurons. In addition to operating
as sensors, NG2 glia have features that are expected for active modulators of the neuronal activity,
including the expression and release of a complex array of neuromodulatory and neuroprotective
factors. Consistently, cell ablation strategies targeting NG2 glia demonstrate that the maintenance of
their density contributes to the normal function and development of different CNS regions, beyond
their role in myelination.

Although showing some similarities with astrocytes—as regards their physical/functional
relationships with neurons and blood vessels, and to a certain extent, gene expression—data available
so far point to a distinct contribution of these two glial cell types in CNS homeostasis. NG2 glia
specificity relies on the ability to monitor, and perhaps modulate, the activity of the neuronal networks
with a resolution in time, space and intensity that cannot be achieved by astroglia. This appears to be
related to NG2 glia typical morphology (with fine processes establishing contacts at well defined sites
onto neurons) and functional properties (including the ability to sense neuronal activity at the quantal
level through neuron-to-NG2 glia synapses). Further, since the roles/features of NG2 glia described
above do not emerge as the by-product of the metabolic/gene expression control of typical progenitor
functions (i.e., proliferation and differentiation in myelin-producing cells), they cannot simply be
interpreted as epiphenomena (i.e., secondary functions) of the role of NG2 glia as OL precursors.
Thus, NG2 glia not only represent a transitional stage along the oligodendroglial lineage, but rather,
a specific glial cell type endowed with typical properties and functions.

However, this field of research is still in its infancy and the mechanistic nature of NG2 glia
functions beyond re-/myelination remains still unclear. Further efforts are needed to overcome the
limitations of the experimental strategies employed so far, and to identify the molecular and cellular
processes subserving NG2 glia participation in CNS homeostasis, ontogeny, and disease. Namely,
the in vivo NG2 glia ablation approaches showed important intrinsic caveats, e.g., the achievement
of a partial and transient cell ablation due to the fast repopulation of NG2 glia; region-specific
differences in the ablation efficiency due to different cell cycle dynamics and repopulation efficiency
of NG2 glia in distinct CNS areas [87]; selective/predominant ablation of specific NG2 glia subsets
(i.e., those that are more prone to enter cell cycle; [42,88]); possible interference/superimposition
of the reactions of other CNS cell types responding to NG2 glia loss [88]. Such limitations
restrict the time window/extent/types of phenotypes that could be attributed to NG2 glia loss,
and may also hamper investigation into the underlying molecular mechanisms. Recent studies have
started to unveil the cellular processes through which NG2 glia can transfer functionally relevant
signals (i.e., conventional vesicle release, exosome shedding, cleavage of extracellular fragments of
membrane-bound proteins). Targeting such processes (e.g., by a genetic-based deletion of specific
components of the secretory/shedding/cleavage machineries in NG2 glia) may provide an alternative
experimental setting to unveil the impact and relevance of NG2 glia to other cell types communication.
Further, validation, perhaps using cell type-specific subtractive/deletion approaches (as in [87]), of
the effects exerted by NG2 glia-derived factors in vivo is required to define the regulatory signals
that are truly unique in mediating NG2 glia functions. The identification of such factors has recently
taken advantage of RNA sequencing technologies [131]. The progresses of these strategies will make
it possible to study the transcriptomic landscape at the single cell level, thereby possibly unveiling
also the heterogeneous nature of NG2 glia [209]. Moreover, since these cells establish contacts with
neurons and other cell types at specific sites along processes and somata, and local mRNA localization
and translation may be instrumental for their crosstalk (as recently shown for astrocytes, [210]),
we envisage that novel approaches of spatial transcriptomics may be also fruitfully exploited to
perform high-throughput quantifications while preserving spatial information about the subcellular
localization of the analysed transcripts [211].

Indeed, such studies may also open translational perspectives for the implementation of the
endogenous neurosupportive/neuroprotective potential of the CNS. In this context, more research is
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also needed to fully understand NG2 glia participation in pathology. A detailed and comprehensive
examination of NG2 glia behaviors/molecular changes upon lesion will likely unveil some elements
of cell heterogeneity (see above). Indeed, diverse NG2 glia subpopulations have also been described in
the intact CNS based on their origin, proliferative activity, division modality, differentiation potential,
expression of diverse transcription factors, Ca2+-binding molecules, neurotransmitter receptors,
and ionic currents [5,23,48,69,212]. Thus, it is conceivable that subsets of functionally specialized
NG2 glia may be differentially tailored to contribute to distinct aspects of CNS homeostasis, including
oligodendrogenesis and additional/alternative functions. This issue deserves to be the focus of future
investigations, and adds a further element of complexity on the functioning of this fascinating cell type.
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Abstract: Inward rectifying potassium (Kir) channels comprise a large family with diverse biophysical
properties. A predominant feature of central nervous system (CNS) glia is their expression of
Kir4.1, which as homomers are weakly rectifying channels, but form strongly rectifying channels as
heteromers with Kir2.1. However, the extent of Kir2.1 expression and their association with Kir4.1 in
glia throughout the CNS is unclear. We have examined this in astrocytes and oligodendrocytes of
the mouse optic nerve, a typical CNS white matter tract. Western blot and immunocytochemistry
demonstrates that optic nerve astrocytes and oligodendrocytes express Kir2.1 and that it co-localises
with Kir4.1. Co-immunoprecipitation analysis provided further evidence that Kir2.1 associate with
Kir4.1 and, moreover, Kir2.1 expression was significantly reduced in optic nerves and brains from
Kir4.1 knock-out mice. In addition, optic nerve glia express Kir5.1, which may associate with Kir2.1
to form silent channels. Immunocytochemical and co-immunoprecipitation analyses indicate that
Kir2.1 associate with Kir5.1 in optic nerve glia, but not in the brain. The results provide evidence that
astrocytes and oligodendrocytes may express heteromeric Kir2.1/Kir4.1 and Kir2.1/Kir5.1 channels,
together with homomeric Kir2.1 and Kir4.1 channels. In astrocytes, expression of multiple Kir
channels is the biophysical substrate for the uptake and redistribution of K+ released during neuronal
electrical activity known as ‘potassium spatial buffering’. Our findings suggest a similar potential role
for the diverse Kir channels expressed by oligodendrocytes, which by way of their myelin sheaths
are intimately associated with the sites of action potential propagation and axonal K+ release.

Keywords: inward rectifying potassium channel; glia; astrocyte; oligodendrocyte; white matter;
potassium regulation

1. Introduction

Inward rectifying potassium (Kir) channels comprise of several well-defined subfamilies,
including weakly rectifying Kir4.1 channels and strongly voltage-dependent Kir2.1 channels,
which play key roles in setting the membrane potential in central nervous system (CNS) glia and
regulating their key functions [1]. In particular, the Kir4.1 subtype plays a central role in the astrocyte
function of potassium spatial buffering, which is essential for maintaining extracellular [K+] in the face
of continuous K+ release from electrically active neurons [2]. Oligodendrocytes are the myelin-forming
cells of the CNS and also express Kir4.1 [3–5], although expression appears to be heterogeneous [3,6],
and is most highly expressed in certain white matter regions, including the optic nerve [4,5]; genomic
analysis by the Barres group confirms that Kir4.1 (Kcnj10) is expressed throughout the oligodendroglial
lineage, although at a lower level than in astrocytes (https://web.stanford.edu/group/barres_lab/cgi-
bin/igv_cgi_2.py?lname=Kcnj10). Astrocytes and oligodendrocytes have also been shown to express
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strongly rectifying Kir2.1 [7–10], although in situ hybridization analyses failed to detect significant
glial expression of Kir2.1 in rat brain [11], consistent with genomic analyses that, overall, Kir2.1
(Kcnj2) is expressed by astrocytes and myelinating oligodendrocytes to a much lesser extent than
Kir4.1 (https://web.stanford.edu/group/barres_lab/cgi-bin/igv_cgi_2.py?lname=kcnj2). In Müller
glia of the retina, Kir2.1 expression is highly localized in processes that contact neurons, and their
strong rectifying properties indicate they have a specific role in K+ uptake during neuronal activity [12].
In hippocampal astrocytes, Kir2.1 are dramatically increased by kainic acid-induced seizure, suggesting
a key role in protecting against K+ accumulation caused by neuronal hyperexcitability [8].

The functional diversity of Kir is increased by the formation of heteromeric channels [1,13]. Kir2.1
and Kir4.1 are co-localized in Müller glia [12], and changes in Kir2.1 and Kir4.1 during pathophysiology
suggest common mechanisms of regulation and co-assembly [8,14]. In addition, multiple lines of
evidence indicate widespread astroglial expression of Kir5.1 [12,15–21], which on their own do not
form functional channels, but by co-assembly with Kir4.1 form highly pH sensitive channels [22,23] that
are important for astrocyte-driven central chemoreception [18]. Recently, we also provided evidence
that oligodendrocytes express Kir4.1/Kir5.1 channels [5]; genomic analysis indicates Kir5.1 (Kcnj16)
is expressed at similar levels as Kir2.1 (Kcnj2) and more highly in immature oligodendrocytes than
myelinating oligodendrocytes (https://web.stanford.edu/group/barres_lab/cgi-bin/igv_cgi_2.py?
lname=kcnj2). Here, we have examined the expression of Kir2.1 and its association with Kir4.1 and
Kir5.1 in white matter astrocytes and oligodendrocytes of the mouse optic nerve. The results show
that oligodendrocytes, like astrocytes, express Kir2.1, although to a far lesser extent than Kir4.1,
and co-immunolabeling and co-immunoprecipitation analyses support the possibility that Kir2.1 may
co-assemble with Kir4.1 and Kir5.1. The distinct properties of homomeric Kir2.1 and heteromeric
Kir2.1/Kir4.1 and Kir2.1/Kir5.1 channels provide a biophysical basis for efficient K+ spatial buffering
in oligodendrocytes, as well as astrocytes, during the large shifts in K+ to which they are exposed
during action potential propagation.

2. Materials and Methods

2.1. Animals and Optic Nerve Explant Cultures

The mice used were of the C57 strain, or transgenic mice in which the oligodendroglial myelin
gene proteolipid protein (PLP) drives expression of Discosoma sp. red fluorescent protein (DsRed)
(PLP-DsRed; from Prof. Frank Kirchhoff, University of Saarland, Homburg, Germany), or Kir4.1
knock-out (KO) mice (from Prof. Christian Steinhäuser, University of Bonn, Germany; originally
generated by Kofuji et al.) [24]. Mice were killed humanely by cervical dislocation, approved by the
Home Office of the United Kingdom under the Animals (Scientific Procedures) Act, 1986, licence
number 70/7733.

2.2. Optic Nerve Explant Cultures

Mice aged postnatal day (P)7–11 were used to prepare mixed glial cultures from optic nerve
explants [25]. Optic nerves were carefully removed to dissecting media, comprised of Dulbecco’s
Modified Eagle Medium (DMEM) (Sigma-Aldrich, Irvine, UK), supplemented with 4 mM L-glutamate,
10% fetal bovine serum (FBS; Invitrogen, Paisley, UK) and 0.1% gentamicin (Invitrogen). Nerves were
cut into 1–2 mm fragments prior to trituration and transference onto poly-L-lysine (Sigma-Aldrich)
coated coverslips and incubated at 37 ◦C in 5% CO2. After 24 h, cultures were placed in low serum
(0.5%) modified Bottenstein and Sato (B&S) culture medium, supplemented with 10 ng/ml recombinant
human platelet-derived growth factor (PDGF)-AA (R&D Systems, Abingdon, UK) and 0.1% gentamicin.
After 3–4 days in vitro (DIV), the medium was changed to B&S supplemented with 0.5 mM dibutyryl
cAMP for up to 10 DIV, to promote oligodendrocyte differentiation, then B&S media with 0.1%
gentamicin for up to 15 DIV, changing media every 3–5 days.
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2.3. Immunocytochemistry

After 11–15 DIV, optic nerve explant cultures were fixed in 1% paraformaldehyde in phosphate
buffered saline (PBS, pH 7.4) for 10 min at room temperature (RT). Following washes in PBS, coverslips
were incubated in blocking solution (5% normal goat serum, NGS, in PBS) for 1 h at RT and then
permeabilized in 5% NGS in PBS with 0.2% Triton for 15–30 min, prior to incubation overnight at
4 ◦C in primary antibodies diluted in PBS (chicken anti-GFAP, 1:500, Chemicon, UK; in-house rabbit
anti-Kir4.1, 1:400 [4,5]; rabbit anti-Kir5.1, 1:300, Alomone Labs Ltd., Jerusalem, Israel; goat anti-Kir2.1,
1:100, (Santa Cruz Biotechnology, TX, USA). Following washes, coverslips were incubated for 1 h at
RT in secondary antibodies diluted in PBS (goat-anti rabbit Alexafluor 488, 1:400, Molecular Probes;
donkey anti-goat 488, Molecular Probes; donkey anti-chicken Alexafluor 568, Molecular Probes UK;
donkey anti-chicken Dylight 405, 1:400, Stratech, Ely, UK; donkey anti-rabbit Dylight 647, 1:200,
Stratech). Finally, coverslips were washed and mounted on slides with Vectasheild® (VectorLabs,
Peterborough, UK). Negative controls were carried out for all antibodies, using pre-incubation with
appropriate antigens for Kir2.1 and Kir5.1, according to manufacturer’s recommendations, and for
Kir4.1 specificity was confirmed using tissue from Kir4.1 knock-out mice.

2.4. Image Capture and Analysis

Immunolabelled coverslips were imaged on a Zeiss LSM 710 confocal microscope (Zeiss,
Oberkochen, Germany), using the ×40, ×63, or ×100 oil immersion objectives. Fluorescence was
detected using excitation wavelengths of 488 nm (green), 568 nm (red), 633 nm (far red) and 405 nm
(blue), with argon, HeNe1 and diode lasers, respectively. Images were captured using optimal settings
for pinhole diameter (0.13–0.3 μm), detector gain and offset acquisition to detect the positive signal
with minimal background, and multi-track capture of separate channels was used to prevent ‘bleed’.
Z-stacks comprising 4–15 optical sections (1024 × 1024 pixels) were used to generate three-dimensional
images (voxel size 43–76 nm xy/76–283 nm z), using Zen 2009 Light software version x (Zeiss).
Identical settings were used to image negative controls. Co-localization analysis was carried out using
Volocity 6.1 software (PerkinElmer, USA), by measuring signal overlap from the degree of separation
between pixels from the red and green channels in single z-sections, as described by Barlow et al. and
used in our previous studies [5,26]. Images were thresholded to separate the positive signal (positive
immunolabelling) from background, by measuring the background intensity value for each channel
in negative control sections and setting the threshold as the mean background intensity plus three
standard deviations (averaged from a minimum of six images). The thresholded Pearson’s correlation
coefficient (PCC) was used to measure the degree of overlap between the red and green channels,
to generate a co-localization channel in three-dimensions and the number of voxels in which the two
channels overlap with the same intensity.

2.5. Western Blot and Co-Immunoprecipitation

Whole brains or optic nerves dissected from young adult mice aged 20–30 days old were
homogenized in buffer containing 12.5 mM NaCl, pH ~8, 2 mM Tris/HCl, 0.2 mM phenyl-methyl
sulphonyl fluoride (PMSF), distilled water and 1× complete mini protease inhibitor cocktail (Roche,
Basel, Switzerland), on ice. Samples were centrifuged at 12,000 rpm for 5 min at 4 ◦C and the aspirated
supernatant was placed in a fresh tube on ice. Quantification of protein concentration was carried
out with bicinchoninic acid assay (Sigma-Aldrich) with a standard bovine serum albumin (BSA)
concentration curve and ultraviolet (UV) spectrophotometer absorbance readings at 550 nm. Samples
were used either as whole lysates or subcellular fractions were prepared, as described below.

Western blot was performed on whole tissue lysates, prepared as above, or subcellular fractions
prepared, as detailed previously [5]. In brief, whole brains and optic nerves of wild type and Kir4.1
KO animals were homogenized in subcellular fractionation buffer (250 mM sucrose, 20 mM HEPES,
10 mM KCl, 1.5 mM MgCl2, 1 mM ethylenediaminetetraacetic acid (EDTA), 1 mM EGTA, 1 DTT
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and 1× protease inhibitor cocktail), then centrifuged at 4 ◦C with 750× g for 10 min to remove the
nuclear fraction; the supernatant was then placed in a new centrifuge tube and centrifuged with
10,000× g at 4 ◦C two times to remove the mitochondrial fraction and the supernatant was placed in
an ultracentrifuge tube and centrifuged with 40,000× g at 4 ◦C for 1 h to leave the pellet containing
the crude plasma membrane fraction, which was re-suspended in 400 μL fractionation buffer using a
25× g needle and centrifuged at 40,000× g at 4 ◦C for 45 min and then the pellet was re-suspended in
lysis buffer. Subsequently, total lysates and subcellular fractions were treated the same and prepared
for sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE); samples were mixed
with Laemmli sample buffer and heated at 95 ◦C for 5 min with β-mercaptoethanol and loaded for
10% acrylamide SDS-PAGE, submerged in electrophoresis buffer pH ~8 containing of 25 mM Tris
base 190 mM glycine 0.1%. Proteins were then electrophoretically transferred to a polyvinyllidene
difluoride membrane (Amersham) that had been incubated for 1 h in blocking solution of 5% dried
milk in Tris buffered saline (TBS; 150 mM NaCl 10 mM Tris pH 7.4) with 0.05% Tween 20, and incubated
in primary overnight at 4 ◦C in antibodies diluted in 5% dried milk and Tris buffered saline: rabbit
anti-Kir4.1, 1:1000 [4], rabbit anti-Kir2.1, 1:300 (Alomone Labs Ltd.), goat anti-Kir2.1, 1:300 (Santa
Cruz Biotechnology). Following washes, incubation in horseradish peroxidase-conjugated secondary
antibodies diluted in 5% dried milk and Tris buffered saline was carried out for 1 h at RT: rabbit
anti-goat, 1:3000 (Dako,), goat anti-mouse, 1:10,000 (Dako), swine anti-rabbit 1:2000 (Dako). Extensive
washing of the membranes in TBS with ice cold 0.05% Tween20 was performed after each incubation
and immunocomplexes were visualized using an enhanced chemiluminescence method (Amersham).

Co-immunoprecipitation analysis was performed on whole tissue lysates prepared as above, using
μMACS™ Protein A/G MicroBead kits (Miltenyi Biotec, Bergisch Gladbach, Germany) according to
the manufacturers recommendations [25]. In brief, lysates were centrifuged at 4 ◦C with 10,000× g
2 times to remove cell debris and 3 μg polyclonal or 2 μg monoclonal antibody was added to the
proteins and incubated overnight at 4 ◦C; for negative controls, proteins were mixed with pre-absorbed
antibodies for Kir2.1 and Kir5.1 and Kir4.1 KO tissue was used to confirm the specificity of Kir4.1
antibodies. Then, Protein G MicroBeads were added to the samples to form magnetically labeled
immune complexes (50 μL for monoclonal antibody or 100 μL for polyclonal antibody was used for
the precipation) for 30 min on ice. Homogenates were then run through a μ Column placed in the
magnetic field of the μMACS™ separator and the immune complex was eluted by applying pre-heated
(95 ◦C) 1× Laemelli sample buffer to the column. The drop on the column tip containing the eluted
immunoprecipitate was collected and stored on ice or at −80 ◦C until it was analyzed by SDS-PAGE.

3. Results

Optic nerve explants cultures from P7–11 mice [5,25] were examined after 15 DIV to determine
the expression of Kir2.1 in oligodendrocytes, identified by their expression of the PLP-DsRed reporter
(Figure 1A), and astrocytes, identified by co-immunostaining for glial fibrillary acidic protein (GFAP)
(Figure 1B). Immunostaining for Kir2.1 was punctate (Figure 1Ai,Bi) and in oligodendrocytes was
localized to the tips of their processes (Figure 1Aiii), whereas in astrocytes immunostaining was
localized to the cell somata and primary processes (Figure 1Biii). No immunostaining was observed
in negative controls pre-incubated in the blocking peptides (Figure 1C) and as a further test of the
specificity, in the absence of Kir2.1 knock-out tissue, we used two separate antibodies [27], namely a
rabbit polyclonal anti-Kir2.1 antibody (Alomone Labs Ltd.) raised against amino acid sequence 393-411
(Accession AAI37842.1), and a goat polyclonal anti-Kir2.1 antibody (C-20, Santa Cruz Biotechnology,
Dallas, TX, USA) raised against amino acid sequence 378-427 (Accession P63252); immunostaining
was equivalent for the two antibodies in both oligodendrocytes and astrocytes (not illustrated).
Furthermore, Western blot analysis of Kir2.1 in brain and optic nerve lysates using either antibody
detected a predicted band at ~45 kDa, the molecular weight (MW) of Kir2.1, with an additional band
at ~60 kDa, which is considered to be the fully glycosylated plasma membrane bound Kir2.1 protein
(Figure 1D). In support of this, 60 kDa Kir2.1 was enriched in the optic nerve plasma membrane
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fraction (Figure 1D), which also demonstrates that Kir2.1 is localized to glial cell membranes, where it
can form functional channels.

Figure 1. Expression of Kir2.1 (inward rectifying potassium channel 2.1) in optic nerve glia.
(A–C) Optic nerves from P7-11 mice were maintained in explant culture for 15 days in vitro (DIV)
and immunolabelled for Kir2.1 ((Ai,Bi), green) in oligodendrocytes, identified by expression of
the proteolipid protein, Discosoma sp. red fluorescent protein (PLP-DsRed) reporter ((Aii), red),
and astrocytes, identified by glial fibrillary acidic protein (GFAP) immunolabelling ((Bii), red); merged
images show co-localisation ((Aiii,Biii), co-expression appears yellow) and no signal was detected in
negative controls (C). Scale bars = 20 μm. (D) Western blot analyses for Kir2.1 in lysates of whole brain
(left-hand panel) and optic nerve (middle panel), together with optic nerve plasma membrane fraction
(right-hand panel), from young adult mice aged P2-30; bands were detected at ~45 kDa as predicted
from the molecular weight of the Kir2.1 protein, together with a band at ~60 kDa that was more
enriched in the plasma membrane fraction and is considered to be the fully glycosylated Kir2.1 protein.

Next, we used double immunofluorescence in optic nerve explants cultures to demonstrate
that Kir2.1 are co-expressed with Kir4.1 in oligodendrocytes (Figure 2Ai–Aiii) and astrocytes
(Figure 2Bi–Biii); immunostaining was not observed in negative controls (Figure 2Bix,Bx). To determine
the extent of co-localization of Kir2.1 and Kir4.1, we used the technique of Barlow and colleagues [26],
as previously described [5,28], to generate a co-localization channel of the voxels in which
fluorescence is at equal intensity from the green (Kir2.1) and red (Kir4.1) channels (Figure 2Aiv,Biv).
The results demonstrate a high degree of co-localization in oligodendrocytes (Figure 2Aiv–Avi) and
astrocytes (Figure 2Biv–Bvi), predominantly on the processes of both cell types (Figure 2Avii–Aix,
Bvii–Bviii). Quantification demonstrated greater overall expression of Kir2.1 in astrocytes compared
to oligodendrocytes, and markedly less than Kir4.1 in both cell types (Figure 2C,D); ~50% of
immunostaining for Kir2.1 was co-localized with Kir4.1 in both cell types (astrocytes: 24,839 ± 11,445
Kir2.1+/Kir4.1+ voxels per cell, compared to 47,152 ± 22,079 Kir2.1+ voxels and 149,541 ± 58,462
Kir4.1+ voxels per cell (n = 13); oligodendrocytes: 32,755 ± 15,080 Kir4.1+/Kir2.1+ voxels per
cell, compared to 68,294 ± 34,663 Kir2.1+ voxels and 189,959 ± 100,143 Kir4.1+ voxels per cell
(n = 12). Co-immunoprecipitation analyses of total lysates from brain and optic nerve of P20-30
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mice provides further evidence that Kir2.1 associate with Kir4.1 (Figure 2F–H). The 45 kDa protein
immunoprecipitated with the Kir2.1 antibody (Figure 2F) co-immunoprecipated with Kir4.1 antibody
specifically at ~42 kDa, the MW for Kir4.1 (Figure 2G), and the reverse co-immunopreciptation
gave equivalent results (Figure 2H); this was confirmed in four experiments, all unequivocally
demonstrating the same result, and no co-immunoprecipitation was detected in negative controls.
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Figure 2. Co-expression of Kir2.1 and Kir4.1 in optic nerve glia. (A,B) Double immunofluorescence
labeling in optic nerve glia isolated from P11 optic nerve cultured for 11 DIV: (A) Kir4.1 (far red, appears
white) and Kir2.1 (green) in oligodendrocytes identified by expression of the PLP-DsRed reporter
(red); (B) Kir4.1 (red) and Kir2.1 (green) in astrocytes identified by immunolabelling for GFAP (blue).
Co-localization channels for Kir2.1/Kir4.1 are illustrated (Aiv,Biv), together with high magnification
merged images indicating co-localization in processes (Avii–Aix,Bvii–Bvii); no signal was detected
in negative controls (Bix–Bx). Scale bars = 20 μm. (C–E) Kir4.1/Kir2.1 co-localization analysis in
oligodendrocytes (C), astrocytes (D) and astrocyte processes (E); data are means + standard error of the
mean (SEM), n = 13). (F–H) Co-immunoprecipitation analysis of Kir2.1 and Kir4.1 from lysates of whole
brain and optic nerve from mice aged P20–30 detected predicted bands at ~45 kDa for the anti-Kir2.1
antibody (F) and at ~42 kDa when co-immunprecipated with anti-Kir4.1 antibody (G), with equivalent
results when immunoprecipated first with the anti-Kir4.1 antibody and then co-immunoprecipated
with the anti-Kir2.1 antibody (H); no bands were detected in negative controls.

The results indicate that Kir4.1 and Kir2.1 subunits co-assemble in optic nerve glia and to further
investigate this, we determined whether Kir2.1 expression is altered in Kir4.1 knock-out mice, in which
we and others have previously demonstrated Kir4.1 to be absent in the brain and optic nerve [5,29,30].
Comparison of whole lysates from brain and optic nerve in controls (Figure 3A) and Kir4.1 KO mice
(Figure 3B) demonstrates a significant decrease in expression of the 45 kDa Kir2.1 protein in the absence
of Kir4.1 (unpaired t-tests, p values indicated on graph). Conversely, the 60 kDa glycosalted band in
the plasma membrane fraction was significantly increased in Kir4.1 KO brain to 1.47 ± 0.52 compared
to 0.95 ± 0.098 in wild-type (Figure 3B; p < 0.01, unpaired t-test). These data suggest that mechanisms
of regulation for Kir2.1 and Kir4.1 are closely inter-related.
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Figure 3. Kir2.1 protein levels are altered in the absence of Kir4.1. (A) Western blot analysis of Kir2.1 in
total brain lysate (lanes 1, 2), brain plasma membrane fraction (lanes 3, 4) and total optic nerve lysate
(lanes 5, 6), from P19 wild-type (WT) and (lanes 1, 3, 5) and Kir4.1 knock-out (KO) mice (lanes 2, 4, 6);
predicted bands were detected at ~45 kDa in whole lysates (lanes 1, 2, 5, 6) and a ~60 kDa band for the
fully glycosylated plasmalemmal channel enriched in the plasma membrane fraction (PMF) (lanes 3,
4). (B) Mean (±SEM, n = 3) density of the 45 kDa band for brain and optic nerve, and 60 kDa band
for brain plasma membrane fraction, normalized against β-actin; * p < 0.05, ** p < 0.01, *** p < 0.001,
unpaired t-tests.

Finally, we investigated the possibility of an association between Kir2.1 and Kir5.1, since it has
been reported they may form heteromers [31] and we recently showed optic nerve glia express Kir5.1
that did not entirely co-localize with Kir4.1 [5], with which Kir5.1 preferentially form heteromers [23].
Double immunofluorescence labeling of optic nerve explant cultures demonstrates Kir2.1 and Kir5.1
are co-expressed in oligodendrocytes (Figure 4A) and astrocytes (Figure 4B), with a high degree
of co-localization in both cell types (Figure 4Aiv–Avi,Biv–Bvi); ~40% of Kir2.1 voxels co-localised
with Kir5.1 (Figure 4C,D), whereas conversely only 25% of Kir5.1 were co-localized with Kir2.1 in
oligodendrocytes and 16% in astrocytes, consistent with Kir5.1 mainly associating with Kir4.1 [5,23].
Immunoprecipitation of whole brain and optic nerve lysates from P23-27 mice with anti-Kir5.1 antibody
identified a specific ~48 kDa protein, the MW of Kir5.1, and co-immunoprecipitation with anti-Kir2.1
antibody identified the predicted 45 kDa protein in the optic nerve, but in the brain (Figure 4F); results
were confirmed in four experiments, all unequivocally demonstrating the same result, and no bands
were detected in negative controls. The data suggest Kir2.1 may co-assemble with Kir5.1 in optic
nerve glia.
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Figure 4. Co-expression of Kir2.1 and Kir5.1 in optic nerve glia. (A,B) Double immunofluorescence
labeling in optic nerve glia from P11 optic nerve cultured for 11 DIV: (A) Kir5.1 (far red, appears
white) and Kir2.1 (green) in oligodendrocytes identified by expression of the PLP-DsRed reporter
(red); (B) Kir5.1 (red) and Kir2.1 (green) in astrocytes identified by immunolabelling for GFAP (blue).
Co-localisation channels for Kir5.1/Kir2.1 are illustrated (Aiv,Biv), together with high magnification
merged images indicating co-localization in processes (Avii–Aix,Bvii–Bvii); no signal was detected
in negative controls (Bix–Bx). Scale bars = 20 μm. (C–E) Kir5.1/Kir2.1 co-localization analysis in
oligodendrocytes (C) and astrocytes (D); data are means ± SEM, n = 13). (E,F) Co-immunoprecipitation
analysis of Kir5.1 with Kir2.1 from lysates of whole brain and optic nerve from mice aged P20-30
detected predicted bands at ~48 kDa for the anti-Kir5.1 antibody (E) and at ~45 kDa when
co-immunoprecipated with anti-Kir2.1 antibody in optic nerve, but not brain (G). No bands were
detected in negative controls.

4. Discussion

In glia, Kir2.1 are considered to have an important role in the astroglial function of K+ clearance,
due to their strong rectifying properties and cellular expression on processes of Müller glia and
Schwann cells that contact neurons and axons [12,32]. Here, we demonstrate that in CNS white matter
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of the mouse optic nerve, both oligodendrocytes and astrocytes express Kir2.1 and provide evidence
they exist alone and in association with Kir4.1 and Kir5.1. The results support the possibility that
in CNS white matter homomeric Kir2.1 and heteromeric Kir2.1/Kir4.1 and Kir2.1/Kir5.1 channels
interact to play an important role in K+ regulation in astrocytes and oligodendrocytes.

Expression of Kir2.1 in optic nerve glia supports studies in other CNS regions [7–10]. Compared to
Kir4.1 expression, Kir2.1 immunostaining was weak, which is consistent with retinal astrocytes, where
Kir2.1 expression is 12 times lower than Kir4.1 [14], and with genomic analyses that Kir2.1 (Kcnj2) is
expressed by astrocytes and myelinating oligodendrocytes to a much lesser extent than Kir4.1 (Kcnj10)
(https://web.stanford.edu/group/barres_lab/cgi-bin/igv_cgi_2.py?lname=kcnj2). The relatively low
expression of Kir2.1 in glia may also help explain why in situ hybridization analyses failed to detect
significant glial expression of Kir2.1 in rat brain [11]. Due to technical reasons, immunoblot analyses
were performed on tissue from P20-30 mice and immunocytochemical analyses were performed
on optic nerve explant cultures from P7-11 mice after 11–15 DIV, hence the ages were compatible.
It remains a possibility that the relative expression levels of different Kir subunits may change with age,
but the immunocytochemistry and immunoblot data are in accord that in the brain and optic nerve
Kir2.1 is strongly associated with Kir4.1, which is almost exclusively glial in the CNS [1,6], providing
strong supporting evidence that glia express Kir2.1.

It is known that Kir2.1 channels form functional heteromeric channels with Kir4.1, changing
the latter from weak rectifying to strongly rectifying channels [33]. Our results support other studies
showing co-localization of Kir2.1 and Kir4.1 in astrocytes and Müller glia [8,12,14], and for the first time
demonstrate Kir2.1/Kir4.1 co-localization in oligodendrocytes. Expression of Kir2.1 was significantly
decreased in Kir4.1 KO mice, suggesting a high degree of inter-dependence and common mechanisms
of regulation and function. Moreover, plasmalemmal Kir2.1 was relatively greater in the absence of
Kir4.1, suggesting a role for Kir4.1 in the cellular localization of Kir2.1. Previous studies confirmed the
expression of Kir2.1 subunit in the retina from Kir4.1 KO mice, although they did not detect significant
changes in the expression of Kir2.1 in Müller glia from Kir4.1 KO mice [12]. In the condition termed
proliferative vitreoretinopathy that is associated with proliferative gliosis, Kir4.1 and Kir2.1 were found
to be inactivated by mislocalisation in retinal Müller cells [14]. In hippocampal astrocytes, where Kir4.1
is the predominant K+ channel subunit [34], the accumulation of extracellular K+ caused by neuronal
hyperexcitability results in the loss of the perivascular weak inward rectifying Kir4.1 channels [35]
and an elevation of strong inward rectifying Kir2.1 [8]. Together, these studies demonstrate an
inter-dependence of Kir4.1 and Kir2.1 expression in glial cells.

An association between Kir2.1 and Kir5.1 was also demonstrated in optic nerve glia. Co-assembly
of Kir2.1 and Kir5.1 subunits has been demonstrated in Xenopus oocytes [31], but another study did
not find that Kir5.1 can associate with Kir2.1 [23]. We did not find evidence that Kir2.1 associated with
Kir5.1 in the brain, but only in the optic nerve. In contrast, here and in a recent study [5], evidence
of Kir2.1/Kir4.1 and Kir4.1/Kir5.1 was found in both brain and optic nerve. Overall, the results
are consistent with co-assembly of Kir2.1 and Kir5.1 being a special feature of optic nerve glia.
In contrast, Kir2.1/Kir4.1 and Kir4.1/Kir5.1 channels appear to be widely expressed throughout the
brain [5,8,12,14–21] and respectively form strongly rectifying and highly pH sensitive channels [22,23].
Notably, co-assembly of Kir2.1 with Kir5.1 results in the formation of an electrically silent channel [31].
Thus, Kir5.1 potentially have a major regulatory role in glia, by silencing Kir2.1 and removing them
from forming strongly rectifying channels, as homers or heteromers with Kir4.1, which in the absence
of Kir2.1 would otherwise form weakly rectifying channels. Interestingly, we previously showed
that plasmalemmal Kir5.1 persist in the absence of Kir4.1 [5] and now show the same is true for
plasmalemmal Kir2.1. Since Kir5.1 cannot form functional homomeric channels, these results suggest
that in the absence of Kir4.1, Kir2.1 may co-assemble with Kir5.1 to form electrically silent channels.
This possibility is supported by the almost complete loss of inward rectifying potassium currents in
astrocytes and oligodendrocytes upon the genetic deletion of Kir4.1 gene [29,30,36,37], despite our
evidence of continued expression of strongly rectifying Kir2.1 in the absence of Kir4.1. The absence of
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co-immunoprecipitation for Kir2.1 and Kir5.1 in brain lysates, comprising mainly cortex, suggests that
Kir5.1 may not have an equivalent regulatory function in cortical glia, where Kir4.1 have been shown
to the dominant potassium channel, although our analyses may not be sufficiently sensitive to detect
low levels of co-expression. Together, the results indicate close interactions between Kir2.1, Kir4.1 and
Kir5.1 that determine their localization and function in optic nerve glia.

In summary, this study identifies expression of Kir2.1 and Kir2.1/Kir4.1 channels in
oligodendrocytes as well as astrocytes, and provides the first evidence of an association between Kir2.1
and Kir5.1, which may be a special feature of optic nerve glia, although further studies are required
to determine whether these may be features of white matter glia throughout the CNS. Interestingly,
co-assembly of Kir2.1 with Kir4.1 forms a strongly rectifying channel, whereas co-assembly with
Kir5.1 results in the formation of an electrically silent channel. Thus, the plasmalemmal expression of
Kir2.1 and Kir4.1 as homomeric channels or as heteromeric channels with each other or with Kir5.1
would determine glial membrane properties and their capacity for K+ uptake and provide a potential
mechanism for K+ spatial buffering. At sites of high neuronal activity, K+ released into the extracellular
space would be taken up via strongly rectifying Kir2.1 and Kir2.1/Kir4.1 channels, whereas K+ would
be released back into the extracellular space at sites of low K+; for example, during low neuronal
activity or at blood vessels, via weakly rectifying Kir4.1 channels combined with silencing of Kir2.1
channels by their co-assembly with Kir5.1.
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Abstract: In the field of neuroscience and, more specifically glial cell biology, one of the most
fundamentally intriguing and enduring questions has been “how many neuronal cells—neurones
and glia—are there in the human brain?”. From the outset, the driving force behind this question was
undoubtedly the scientific quest for knowledge of why humans are more intelligent than even our
nearest relatives; the ‘neuronal doctrine’ dictated we must have more neurones than other animals.
The early histological studies indicated a vast space between neurones that was filled by ‘nervenkitt’,
later identified as neuroglia; arguably, this was the origin of the myth that glia massively outnumber
neurones in the human brain. The myth eventually became embedded in ideology when later studies
seemed to confirm that glia outnumber neurones in the human cortex—the seat of humanity—and
that there was an inevitable rise in the glia-to-neurone ratio (GNR) as we climbed the evolutionary
tree. This could be described as the ‘glial doctrine’—that the rise of intelligence and the rise of glia go
hand-in-hand. In many ways, the GNR became a mantra for working on glial cells at a time when
the neuronal doctrine ruled the world. However, the work of Suzana Herculano-Houzel which she
reviews in this first volume of Neuroglia has led the way in demonstrating that neurones and glia are
almost equal in number in the human cortex and there is no inexorable phylogenetic rise in the GNR.
In this commentary we chart the fall and decline of the mythology of the GNR.

Keywords: neuroglia; glia to neurone ratio; human brain; astrocytes

“The various models of worship which prevailed
. . . were all considered by the people as equally
true; by the philosopher as equally false”

Edward Gibbon (1776), The Decline and Fall of the
Roman Empire Volume 1, Chapter 2.

One of the most enduring and fundamentally important misconceptions in neuroscience is the
number of glial cells in the human brain, purportedly outnumbering neurones by a factor of 10 or
even 50 [1–4]. Unfortunately, the notion of a glia-to-neurone ratio (GNR) in the human brain of 10
or more became ‘general knowledge’ and commonplace in glial literature over several decades. In a
way, this myth became a cornerstone of glial research, and, regrettably, the authors of this commentary
used the same statement in our textbook in 2007 [5]. Like other glial cell biologists before us, we fell
into the trap of blind belief of the accepted doctrine. In our defence, we amended this error in
our second, more comprehensive book on glial cell physiology and pathology [6]. What was most
surprising to us was that the perception of the high GNR of the human brain was not based on
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direct counts and experimental observations; rather, it was the result of several conjectures based on
limited observation. Interestingly, the very first calculation of GNR made in 1936 defined it as 1.5 [7],
which is very far from subsequent speculations and very close to the numbers accepted today. The
GNR legend was challenged only about a decade ago by the efforts of the Brazilian neuroanatomist
Suzana Herculano-Houzel, who was armed with a powerful cell counting tool known as the ‘isotropic
fractionator’ [8–11]. This technique counts numbers of cell nuclei from homogenised nervous tissue
and was initially developed in the middle of 20th century [12–14], and subsequently greatly improved
by Suzana Herculano-Houzel; she recalls seeing a paper from the 1970s on attempts to isolate DNA
from whole brains and thought “don’t count DNA, count nuclei!” This issue of Neuroglia contains a
personal account of the dramatic history of glial numbers written by Suzana Herculano-Houzel [15].

The early concept of a high glial content of the human brain had wide repercussions. First and
foremost, the high GNR of the human brain has been widely believed to reflect the evolutionary
progress of the nervous system (this idea was initially suggested by Franz Nissl [16]), whereby the
advance in glial numbers was considered to be directly linked to the rise in intelligence [17–19].
These ideas led to even further extremes, when some neuroscientists comprehended glia as the main
element of information processing. The most outspoken was Robert Galambos who was convinced
that neuroglia represent the primary seat of intelligence, and by extension ‘humanity’:

Glia is . . . conceived as genetically charged to organize and program neuron activity so
that the best interests of the organism will be served; the essential product of glia action is
visualized to be what we call innate and acquired behavioural responses. In this scheme,
neurons in large part merely execute the instructions glia give them. [20]

Galambos also authored the most popular misquote of Fritjof Nancen, “glia is the seat of
intelligence as it increases in size from the lower to the higher forms of animal”, which never occurred
in Nancen’s original book [21].

The evolutionary advance of glia is far more complicated, and humans are by no means in
possession of the largest GNR (Figure 1). The number of glia varies substantially between different
species and the GNR does not simply increase with increasing brain size. The nervous system of
invertebrates has, as a rule, relatively smaller numbers of glial cells, with a GNR between 0.001 and
0.1 (56 glia per 302 neurones in Caenorhabditis elegans [22,23]; 10 glial cells per 400–700 neurones in
every ganglion of the leech [24]; ~9000 glial cells per 90,000 neurones in the central nervous system
(CNS) of Drosophila [25,26]). At the same time, the buccal ganglia of the great ramshorn snail Planorbis
corneus contains 298 neurones and 391 glial cells [27], thus having a GNR of 1.3, very similar to that
of humans. Similarly, in vertebrates there is no hard-and-fast increase in the GNR with increasing
brain size; for example, in the cortex, the GNR is about 0.3–0.4 in rodents, ~1.1 in cat; ~1.2 in horse,
0.5–1.0 in rhesus monkey, 2.2 in Göttingen minipig, ~1.5 in humans, and as high as 4–8 in elephants
and the fin whale [28–34]. The largest absolute number of glial cells has been counted in the neocortex
of whales [31,35]); sterological cell counts in the neocortex of the long-finned pilot whale (Globicephala
melas) brain determined there are approximately 37.2 × 109 neurons and 127 × 109 glial cells [35],
and this gives a high GNR of 3.4 which is as expected from neuronal density [36]. In the human
brain, the total number of glia is comparable (or even slightly less) with the number of neurones—i.e.,
the neuronal counts are in a range of ~80 billions—whereas neuroglia are ~60 billions with substantial
regional differences. However, it should be noted that the variance in numbers is remarkably high, with
numbers of neurones in the neocortex, for example, varying between 20 and 30 billions in cognitively
preserved individuals [37]. Remarkably, when compared to the evolutionary new brain, the more
primitive parts of the human brain have a higher proportion of neuroglia, with a GNR approaching
7–10 in the brainstem, or even more according to some studies [10,38]; very recent observations,
using both stereology and isotropic fractionation, gave a GNR of ~5 in the spinal cord of cynomolgus
monkey and almost 7 in humans [39]. These trends argue against the concept that a high GNR
reflects evolutionary advance and increased intelligence. Nonetheless, it is important to be aware that
evolution brought with it substantial changes in the morphology and complexity of astroglia in the
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human cortex, which also contains several idiosyncratic types of glial cell [40–42]. However, astrocyte
three-dimensional morphology has been systematically studied in too few species so far and none in
brains larger than humans. How large and complex astrocytes of whales might be remains unknown.
Possibly (though not necessarily), the differences between astrocytes are related to brain size, not clade,
but that is a different story.

 

Figure 1. Glia-to-neurone ratio in invertebrates and vertebrates. The glia-to-neurone ratio (GNR) is
not clearly related to phylogeny; the great ramshorn snail has a GNR equivalent to the human cortex,
and the GNR is over five-times greater in the Minke whale.

Another unexpected consequence of the erroneous perceptions arising from the GNR in the
human brain concerns the relative number of the main glial cell types—astrocytes, oligodendrocytes
and microglia. Again, the numerical prevalence of astroglia is repeatedly stated in many papers,
but this appears to be based on no observations whatsoever (see Table 6 in [10]). Seemingly the most
numerous glia are oligodendrocytes (40–60%), with astrocytes accounting for 20–40% and microglia
for ~10%, although there is of course considerable variability between brain regions, developmental
stage and species. For example, in area 17 of young monkeys, astrocytes account for 40% of total glia,
oligodendrocytes for 53% and microglia for ~7%. In cortical layers 1 to 3 of adult monkey astrocytes
were calculated at 57%, oligodendrocytes at 36% and microglia at 7%, whereas in the layer 4 (which has
higher degree of myelination) 30% of glia are astrocytes, 62% are oligodendroglia and the remaining
8% are microglia [43].

In conclusion, legends, myths and superstitions are arguably the most long-lasting and resilient
forms of conserving and passing on false knowledge. Without doubt, this has greatly affected the
evolution of humanity and continues to shape the progress of natural science. It is hoped that the
work highlighted in this commentary and Suzana Herculano-Houzel’s review article [15] will help
reverse one of the most enduring misconceptions that glial cells massively outnumber neurones in
the human brain. We opened this commentary with a quote from Gibbon’s The Decline and Fall of the
Roman Empire; we think it is fitting to end with a quote from Darwin on the vicissitudes of ignorance
and false knowledge.
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“Ignorance more frequently begets confidence than does knowledge: it is those who know
little, and not those who know much, who so positively assert that this or that problem will
never be solved by science.”.

Charles Darwin (1871), The Descent of Man, Volume 1 (Introduction)
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Abstract: Vertebrate neurons are enormously variable in morphology and distribution. While different
glial cell types do exist, they are much less diverse than neurons. Over the last decade, we have conducted
quantitative studies of the absolute numbers, densities, and proportions at which non-neuronal cells occur
in relation to neurons. These studies have advanced the notion that glial cells are much more constrained
than neurons in how much they can vary in both development and evolution. Recent evidence from
studies on gene expression profiles that characterize glial cells—in the context of progressive epigenetic
changes in chromatin during morphogenesis—supports the notion of constrained variation of glial cells
in development and evolution, and points to the possibility that this constraint is related to the late
differentiation of the various glial cell types. Whether restricted variation is a biological given (a simple
consequence of late glial cell differentiation) or a physiological constraint (because, well, you do not
mess with the glia without consequences that compromise brain function to the point of rendering those
changes unviable), we predict that the restricted variation in size and distribution of glial cells has important
consequences for neural tissue function that is aligned with their many fundamental roles being uncovered.

Keywords: evolution; glia/neuron ratio; glial density; cell size

1. Introduction

The glue that keeps together the tendinous strings that permeate the body: that is a loose but
literal translation of the term Neuroglia. Virchow’s original reference to connecting material
(Nervenkitt), which he considered to be a true connective tissue (Zwischenmasse), is now known to be
an underrepresentation of the role of these cells in nervous tissue [1,2]. To be fair, nerve cells have also
kept their designation as “neurons”, even though both terms—one from the Latin, nervus, the other
from the Greek, neuron—also grossly misrepresent what these cells actually are or do, for they literally
mean tendon, cable, or sinew.

That both neurons and glia are still named after things they are not is a useful reminder of the
achievements of scientific research. Persistence and inquisitiveness did bring the field a long way in
understanding the actual roles of neurons and glial cells in animals. However, one simple, repeated
observation could, or should, have raised much earlier suspicions of a fundamental role of glial cells
in the nervous system: that every animal known to have neurons that are well differentiated from the
ectoderm also has glial cells of some sort [3]. No matter what criteria are used to define glia, whatever their
evolutionary or developmental origins, whether conserved across all animal clades, the fact remains that
neurons do not come alone.

The developmental mechanisms that originate glial cells do appear to be shared and conserved
across vertebrates, or even invertebrates, going back at least 500 million years [3–7]. Moreover, across
a wide range of mammalian species, new evidence indicates that the mechanisms that regulate glial
cell diversity and how they are added to brain tissue are indeed highly conserved in evolution.
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This conservation is the focus of this review: the remarkable constancy in some key characteristics
regarding mammalian glial cells points to either strict biological constraints or the fundamental
physical properties of these cells. In the face of abundant neuronal diversity, it becomes clear that,
whatever the source of glial constancy, nature has not been able to mess with the glia.

1.1. The More Some Things Change, the More Others Stay the Same

In its simplest definition, biological evolution means change in the characteristics of life over
geological time. Whereas it was once proposed that all nervous systems were derived by multiple,
independent alterations starting from a single ancestral form [8–10], it now appears more likely
that nervous systems organized multiple times independently during animal evolution [11,12].
A consequence of great relevance to comparative studies of brain tissue organization is that the
two most widely used animal models for research—the fruit fly and the lab mouse—do not share
homologous nervous systems derived from a common urbilaterian ancestor [12]. The lack of homology
is the case even if many similar genes are expressed during the development of both vertebrates and
invertebrates, which is to be expected given that the basic genetic toolkit of all animals appears to be
shared from Cambrian ancestors [12].

If there is not a universal layout of the nervous system from which all versions derived, could they
all still share homologous cell types? That is, are glia and neurons ancient cell types that predate
animal diversity, and are they formed via the same, conserved developmental pathways in the various
vertebrate and invertebrate species? Phylogenetic comparisons indicate that the machinery that
allows synaptic transmission and gliotransmission did appear before the differentiation of specialized
excitable cells in animals that employ them in particular ways [13]. Glial cells, and also neurons,
do express similar markers across multiple vertebrate and invertebrate species, and radial glia-like
cells are found in both protostomes and deuterostomes [14]. However, until phylogenomic analyses
are performed systematically in a large enough number of species covering all major phyla, it is too
early to draw a conclusion on whether all neurons, all radial glial types, and all myelinating cells share
a conserved developmental program.

All vertebrates, however, do share a common ancestor exclusive to all of them [15–19], and, therefore,
their nervous systems can be safely considered homologous in their organization and in the origin of
the cell types that compose them, especially amongst amniotes (mammals and reptiles, including birds).
That does not mean that the nervous systems of amniotes are identical; although most glutamatergic
neurons are generated from radial progenitors through similar cascades of gene expression in all species
examined, comparative studies of the composition of brain tissue across vertebrate species indicate that
some neuronal phenotypes are particular to some clades [20]. Sauropsids (avian and non-avian reptiles),
for instance, do not have commissural neurons in their cortex or pallium; those neurons are characteristic of
placental mammals [21]. Callosal neurons, like other upper-layer neurons, presumably appeared during
mammalian evolution with the diversification of transcription factors expressed in newly differentiated
neurons in development [20].

Neuronal cell types are, indeed, enormously diverse across brain structures and species in
vertebrates, as illustrated in Figure 1. The much wider variation of neuronal compared to glial cell
phenotypes is evident in a basic feature of nervous tissue: neurons are not distributed evenly in the
tissue, instead agglomerated in clumps (nuclei), layers (cortices), or lattices (reticular formations),
in which they form directional circuits. On the other hand, glial cells of different types are distributed
much more homogeneously in nervous tissue and generate signals that remain local or spread little and
concentrically through gap junctions [22]. Examples of clustering of neuronal, but not glial, cells are
shown in Figure 2. Within glial networks, the component cells are considered equivalent in form
and function; within neuronal networks, the component cells typically differ in chemical phenotype,
electrophysiological properties, and connectivity patterns, endowing each part of the network with
a different function.
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Figure 1. Morphological neuronal types are more numerous than morphological glial cell types. Non-
exhaustive representations of some morphological neuronal types in shades of yellow-orange (top three
rows) and glial cells (bottom row) in purple, green, and red. First row, left to right: bipolar cell, short
axon cell, pyramidal cell, Purkinje cell. Second row, left to right: amacrine cell, multipolar/motor cell,
granule cell. Third row, left to right: basket cell, unipolar cell. Bottom row, left to right: protoplasmic
astrocyte, like those found in grey matter; fibrous astrocyte, like those found in white matter; microglia;
oligodendrocyte. Drawings inspired by those of Ramon y Cajal and del Rio-Hortega [23–26].

Indeed, neurons can express multiple combinations of excitatory, inhibitory, or modulatory
transmitters, whereas astrocyte cells appear to use mostly glutamate, purines, and D-serine [27].
It remains possible that interest in gliotransmission has been so recent that not many substances
have been identified as mediators (just like there once were only two known neurotransmitters,
acetylcholine and noradrenaline), but given the wide range of tools and resources available now
to glia-minded researchers, a much greater degree of diversity should have been unveiled by
now, if it existed. Similarly, while neurons may be large and highly branched with specifically
targeted or widely diffuse projections, small with only local projections, or anything between those
extremes, with both dendrites and axons highly intertwined with those of other neurons, glial cells,
whether astrocytes, oligodendrocytes, or microglial in type, tend to have many, but only local, branches
that form bricks that subdivide the parenchyma into mostly non-overlapping territories or tiles [28]
(Figure 1). Such territories are consistent with known contact-mediated inhibition of proliferation of
glial cell precursors [29].

Although cell type classification is currently a much-debated issue, recent gene expression-based
studies of the cell types found in brain tissue confirm that neuronal cell type diversity, gauged
by unsupervised clustering analysis of single-cell transcriptomics, is much greater than that of
non-neuronal cell types [30]. Using single-cell RNA sequencing (RNAseq), such studies have found
that individual neurons in the mouse cerebral cortex and hippocampus express on average 4-fold more
RNA and almost twice as many different genes than non-neuronal cells [31]. These studies have also
identified various classes of neuronal cell types based on the clusters of co-expressed genes, which have
been uncovered across thousands of cells examined. While the number of brain structures analyzed
is still small, and so far, has been restricted to mouse, human, and zebrafish [32–34], a clear pattern
already emerges of many more neuronal than non-neuronal cell types. Whereas neurons in mouse
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primary visual cortex can be subdivided into 42 subtypes, grouped as either excitatory (19 subtypes)
or inhibitory neurons (23 subtypes), the number of non-neuronal cell subtypes in the same cortex
is only seven, comprising a single type of astrocyte, a single type of oligodendrocyte (which may
be subdivided in three stages of differentiation), a single type of microglial cell, and two types of
vasculature-associated cells [31] (Figure 3). While that study was biased towards neurons, an unbiased
single-cell RNAseq study in mouse somatosensory cortex and hippocampus found similar results:
13 subtypes of pyramidal neurons, 16 subtypes of interneurons, but only 2 subtypes of astrocytes,
1 subtype of microglia, and 6 subtypes of oligodendrocytes that actually correspond to different
maturation stages, so are not true cell subtypes [32]. That study confirmed the finding that individual
neurons contain more RNA than glia, and a larger number of detectable genes [32]. Even in the juvenile
zebrafish brain, as many as 45 neuronal subtypes were identified, but only 3 oligodendrocyte and
1 microglial subtype(s) [34]. Having highly diverse neuronal cell types but very few glial cell types is
thus a feature of both fish and mammals.

Figure 2. Homogeneous distribution of glial cells, but not neurons, across the cerebral cortex. (A) Neuronal
nuclei (NeuN) and aldehyde dehydrogenase 1 family member L1 (Aldh1l1) immunoreactivity in the mouse
cerebral cortex are shown at 63× magnification with all cells stained with 4′,6-diamidino-2-phenylindole
(DAPI) (c,f), neurons stained for NeuN in red (d,g), astrocytes stained for Aldh1l1 in green (e,h), and both
labels merged in (a,b). Inserts in (a) are enlarged in (b) and (f) and illustrate a portion of the grey matter
(b–e) and of the white matter (f–h); (B) NeuN and ionized calcium-binding adapter molecule 1 (Iba1)
immunoreactivity in the mouse cerebral cortex are shown at 63× magnification with all cells stained with
DAPI (c,f), neurons stained for NeuN in red (d,g), microglia stained for Iba1 in green (e,h), and both labels
merged in (a,b). Inserts in (a) are enlarged in (b–e) and (f–h) and illustrate a portion of the grey and white
matter, respectively. Scale bars: 150 μm (a in A and B), 50 μm (b–h in A and B).
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Figure 3. Single-cell transcriptomics identify many clusters of interneurons and of excitatory neurons,
but only a few glial cell subtypes. Numbers of cell subtypes in each cluster are indicated in parentheses.
Oligodendrocyte subtypes appear to be different maturation stages along the same lineage. A non-exhaustive
list of specific cytoplasmic and nuclear markers is provided for neurons and each glial cell type.
Data from [31,32,35–40]. Snap25: Synaptosomal-associated protein 25; Vip: Vasoactive intestinal peptide;
Sst: Neuropeptide somatostatin; Pvalb: Parvalbumin; ALDH1L1: Aldehyde dehydrogenase 1 family member
L1; Aqp4: Aquaporin-4; GFAP: Glial fibrillary acidic protein; Cx3cr1: Chemokine (C-X3-C motif) receptor 1;
Itgam: Integrin subunit alpha M; Ctss: Cathepsin S; Plp1: Proteolipid protein 1; Mog: Myelin oligodendrocyte
glycoprotein; Opalin: Oligodendrocytic myelin paranodal and inner loop protein; NeuN: Neuronal nuclei;
Tceal5: Transcription elongation factor A like 5; Snurf: SNRPN upstream reading frame; MFGE8: Milk fat
globule-EGF factor 8 protein; Megf10: Multiple EGF like domains 10; S100b: S100 calcium binding protein B;
Sox9: SRY (sex determining region Y)- box 9; Irf8: Interferon regulatory factor 8; Nlrp3: NLR family pyrin
domain containing 3; Irf5: Interferon regulatory factor 5; Hcls1: Hematopoietic cell-specific Lyn substrate
1; Spi1: Spi-1 proto-oncogene; Iba1: Ionized calcium binding adaptor molecule 1; Olig1: Oligodendrocyte
transcription factor 1; Olig2: : Oligodendrocyte transcription factor 2; Nkx6-2: NK6 homeobox 2; Sox10: SRY
(sex determining region Y)- box 10; St18: Suppression of tumorigenicity 18.

Gene expression-based estimates of the high diversity of neuronal cell types have been confirmed
by more complete analyses of combined morphological, functional, and biochemical types of
interneurons [41]. Although some studies have preferentially targeted neuronal cell types [31,33],
others have aimed at being at least semiquantitative, capturing the proportions of cells found in the
tissue examined, as discussed below [32,34]. While these studies are powerful in the depth and breadth
of single-cell transcriptomic analysis, they will probably remain limited to mouse, rat, zebrafish,
or human brains, for practical reasons, since the current requirement for fresh, unfixed tissue means
that the tissue donor must be alive during tissue collection (but see below). Still, the rising evidence
already indicates that, at least across vertebrates, neurons must have been free to change and diverge
into multiple phenotypes as brains evolved, whereas glial cells have been more restricted.

1.2. Quantitative Neuroanatomy: Counting Cells by Turning Brains into Soup

Maybe neuronal cell types were most numerous, but non-neuronal cells still outnumbered neurons as
a whole—or so it was long stated in the literature [42]. For a couple of decades, scientists and journalists could
get away with unreferenced claims, typically in the opening lines of original papers and reviews, that glial
cells as a whole, or astrocytes in particular, are the most common cell type in the brain [43–47]. That those
claims made it through peer review and editorial processes is a testament to how widely they were believed to
represent actual facts—or to extoll the virtues of the underestimated other cells of the nervous system. The view
that glial cells far outnumbered neurons was found in one of the most important and influential modern
textbooks [48] and maintained, in a toned-down but still incorrect version, in the most recent 5th edition [49].

The underlying problem was that, in a scientific game of telephone, glia/neuron ratios in a few
brain structures had been mistaken as representative of the whole human brain [42]. While quantitative
data to the contrary were not abundant for a long time, they certainly existed, and not just in the
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human brain. For instance, a compilation of estimates of neuronal and glial cell density available in
the cerebral cortex of mammalian species showed that those densities were clearly in the same range, with no
obvious preponderance of glial cells [50], and that glial cell densities were quite stable across species [51].
Even Reinhard Friede’s first (incorrect) description that there were more glial cells per neuron in more
advanced species still listed only fewer than two glial cells per neuron in the human cerebral cortex [52].

Over the last 12 years, we and our collaborators have generated a wealth of data on the numbers
of neuronal and non-neuronal cells that compose brain structures in over 50 species of mammals [53–64].
Our systematic approach to determine the cellular composition of brain structures in a manner that was
readily comparable across species, using reproducible dissection criteria, employed a quantitative technique
that we developed—the isotropic fractionator [65]. This method consists in first dissolving dissected, fixed
regions of interest into a soup of free-floating cell nuclei, whose density can be quickly determined in
a cell-counting chamber under a fluorescence microscope. Multiplying the density of nuclei in suspension
by the volume of the suspension yields the total number of nuclei in the original structure, and, therefore,
the total number of cells (assuming that mammalian brain cells have one and only one nucleus per cell).
Finally, morphological criteria or immunocytochemical markers, such as the universal neuronal nuclear
marker NeuN [35], can be used to determine the proportion of nuclei that belong to particular cell types.
Importantly, this cell quantification technique has been found by three independent groups to yield results
that are comparable to those obtained with unbiased stereology, but are much faster to obtain and far less
prone to user error and undersampling [66–68]. The consistency of the approach and technique across
studies allowed us to collect data that could be compared systematically across structures in individual
brains; across individuals of the same species; across species within a clade; across mammalian clades
(Figure 4); and even across mammals, birds, and non-avian reptiles [53–64,69–71]. While published results
have so far been limited to numbers of neuronal and non-neuronal cells, one advantage of the isotropic
fractionator is that, because all tissue heterogeneities in cell distribution are literally dissolved, only very
small samples are required for counting, which allows for storage of the remaining suspension at −20 ◦C
for later studies employing new markers or morphological criteria [65]. Because the cell cytoplasm is lost,
counting specific cell types in this way requires markers expressed in the cell nucleus. However, the growing
wealth of single-cell transcriptomic data has been rapidly providing cell type-specific markers that can be
used for this purpose in our stored collection of processed brain samples, which will be used as we are able
to validate them as reliable, cell type-specific, and universal markers across species and clades (see below).

So far, we have defined neurons as nuclei (confirmed by compatible size, shape, and presence of
4′,6-diamidino-2-phenylindole (DAPI)-stained DNA) that express NeuN [72], and non-neuronal or
other cells as all remaining nuclei, by exclusion of the NeuN-expressing fraction. This procedure leaves
no cell unaccounted for, that is, the sum of NeuN-positive and -negative nuclei is the total number of
nuclei, and therefore of cells, in the tissue of origin. While a few neuronal cell subtypes are known
to not express NeuN, such as photoreceptors, Purkinje cells, mitral cells, and some hypothalamic
neurons [35], those are such a small minority amongst all cells that, for the purposes herein of
reporting and comparing total numbers in different structures and species, any misrepresentation of
NeuN-negative neurons as non-neuronal cells can be considered negligible.

Dividing the total number of neuronal and other cells by the mass of the dissected structure of origin
yields densities of neurons and other cells, respectively, expressed as number of cells per milligram of tissue.
If brain tissue were made of a single type of cell, then cell density, even though calculated as number of
nuclei per volume or mass, would mathematically equal the inverse of average cell size (including soma,
all dendrites, all axonal arbors, and the enveloping extracellular space). The advantage of using cell densities
over cell sizes is that the former are much more tractable experimentally, because even if cell integrity is,
by definition, lost in our method, the number of nuclei per mass of original tissue amounts to the density
of cells that composed that tissue. In contrast, measuring full three-dimensional (3D) cell size directly is
a much more complicated and still impractical endeavor.

With tissue defined as being composed of neuronal and non-neuronal cells, the relationship
between density and average cell size for each of the two classes of cells depends on the proportion

192



Neuroglia 2018, 1

of tissue mass that is occupied by each. Using a simple mathematical model of how densities relate
to masses in this case, and building on the finding that densities of non-neuronal cells are much
less variable than neuronal densities (see below), we were able to estimate that the average volume
of non-neuronal cells indeed is proportional to the inverse of non-neuronal cell densities across
mammalian brain structures and species [73] (see below).

Figure 4. Phylogeny of the mammalian species for which numbers of neuronal and non-neuronal cells
presented in this review have been reported. Clades are color-coded similarly in all figures. Drawings
by Lorena Kaz.

2. Neurons Are Highly Variable in Density; Other Cells, Not So Much

Although several other groups have published independent, isolated estimates of cell densities using
other methods in the same period, all data reported heretofore are limited to those acquired by our
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group and collaborators using the isotropic fractionator and consistent anatomical criteria, which ensure
that all data are directly comparable across brain structures in all species indicated in Figure 4. In all
of our studies, cerebral cortex includes the hippocampus, all cortex lateral to the rhinal sulcus, and the
underlying subcortical white matter; in a growing number of studies, gray and white matter have been
examined separately, and that is mentioned explicitly in this review, where applicable. Cerebellum includes
the cerebellar peduncles, subcortical white matter, and deep nuclei; rest of brain is the ensemble of
hindbrain-midbrain-striatum-diencephalon (not including the cerebellum) [74]. The olfactory bulbs are
counted separately, when available, which they often are not due to the difficulty of collecting them intact.

To put non-neuronal cell densities into context: we find that neuronal density varies by about 1000-fold
across brain structures and species, from as few as a couple thousand neurons/mg in cerebral cortex or rest of
brain structures to as many as one million neurons/mg in the cerebellum (Figure 5A). Within each structure,
neuronal densities may or may not vary systematically across species: for instance, neuronal densities in the
cerebellum of eulipotyphlans are consistently high (Figure 5A, orange squares) and are equally constant,
albeit at lower values, across primate species (Figure 5A, red squares), whereas neuronal densities decrease
systematically with increasing numbers of neurons in the cerebellum of species of other mammalian clades
(Figure 5A, other squares). In the cerebral cortex, neuronal densities decrease systematically with increasing
numbers of neurons across non-primate species but fail to do so across primates [75] (Figure 5A, red and
other circles).

Figure 5. Density of non-neuronal cells is much less variable then neuronal densities in the mammalian
brain. (A) Neuronal densities per milligram of tissue are enormously variable across brain structures
and mammalian species. Each point represents the neuronal density in one structure (cerebral cortex,
circles; cerebellum, squares; or rest of brain, triangles) in one of 60 mammalian species belonging
to 8 different clades, as indicated, plotted against the total number of neurons found in that brain
structure. (B) Other cell densities per milligram of tissue vary little across the same brain structures
and species. Each point represents the neuronal density in the brain structures and species as shown in
the left, plotted as a function of the total number of non-neuronal cells found in that structure. All data
obtained with the isotropic fractionator. Data from [53–57,59–64].

In contrast, the density of other cells varies by not even 10-fold across the same structures and species as
their numbers of other cells increase, mostly concentrating around 50,000–90,000 cells/mg (Figure 5B, shown
in the same scale as A). The much smaller variation in the density of other cells is not due to lack of variation
in total numbers of non-neuronal cells in the brain across species; as seen in Figure 5B, absolute numbers of
other cells are exactly as variable across mammalian species and brain structures as the absolute numbers of
neurons in those structures, by a factor of 100,000. Thus, regardless of how many neurons are found in 1 mg of
brain tissue, a similar number of non-neuronal cells are found in that same 1 mg, in any brain tissue (including
white matter; see below), in any mammalian species. Intuitively, the most likely scenario that accounts for
this finding is that, in 1 mg of any brain tissue in any mammalian species, non-neuronal cells have a similar
overall average size (defined as cell body plus any and all ramifications), while neuronal cells can range
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from very small (as in the cerebellum) to very large (as in the cerebral cortex and rest of brain). The simple
mathematical model described above confirmed that the average neuronal and non-neuronal cell size can
indeed be estimated as the inverse of neuronal and non-neuronal cell densities, respectively, as detailed below.

Across mammalian species, direct examination of neuronal and non-neuronal densities in different
brain structures shows how the former span three orders of magnitude, whereas the latter are
concentrated within a single order of magnitude, whether in the cerebellum, cerebral cortex, or rest of
brain (Figure 6A). Within a single species (Swiss mouse), neuronal and non-neuronal densities vary
together (as assumed in our model that estimates average cell volume from density [69]), such that those
individuals with higher neuronal densities in a given brain structure also have higher non-neuronal
cell densities in the structure, although always within a much-restricted range, than across species
(Figure 6B, shades of orange/magenta; [69]). Neuronal and non-neuronal cell densities are positively
correlated across individuals within each of the main brain structures (cerebral cortex, cerebellum,
and the rest of brain), despite the much higher neuronal densities in the cerebellum [69]. Consistently,
neuronal and non-neuronal densities were also positively correlated across different cortical areas
identified by cytoarchitectural features in four C57B/6J mouse individuals (Figure 6B, shades of blue
and green; [76]) and in one human cerebral cortex (Figure 7; [77]).

Importantly, despite the much higher neuronal densities found in the cerebellum of the same
mouse individuals, densities of other cells there were similar to those found in the cerebral cortex and
rest of brain (Figure 6B, compare the squares in shades of red/magenta with other shapes of similar
color). Non-neuronal cell densities are similar across brain structures and species as distinct in brain
size and distant in evolutionary kinship as the lab mouse and the African elephant, as illustrated in
Figure 6B, despite neuronal densities being about 10-fold higher in the Swiss mouse cerebral cortex
(orange/magenta circles) than in the gray matter of the elephant cerebral cortex (black circles).

Figure 6. Density of non-neuronal cells per milligram of tissue varies little in the mammalian brain.
(A) Neuronal densities (horizontal axis), but not other cell densities (vertical axis), are enormously
variable across brain structures and mammalian species. Each point represents the neuronal and other
cell (non-neuronal) density in one structure (cerebral cortex, cerebellum, and rest of brain, the latter being
composed of medulla, pons, mesencephalon, striatum, and diencephalon) in one of 60 mammalian species
belonging to eight different clades, as indicated. Filled circles, whole cerebral cortex (including subcortical
white matter and hippocampus); empty circles, gray matter of cerebral cortex (including hippocampus);
asterisks, white matter of cerebral cortex; filled triangles, rest of brain; empty triangles, substructures of
rest of brain, as above; filled squares, cerebellum; empty squares, hippocampus. (B) Neuronal and other
cell densities across brain structures and regions in the mouse and elephant brains, and in individual
mice. Each point in black represents neuronal and other cell density in different structures, cortical regions,
or subsections of the cerebellum in one African elephant brain hemisphere [61]; each point in shades of
orange to magenta represents neuronal and other cell density in the cerebral cortex (circles), cerebellum
(squares), or rest of brain (triangles) of one hemisphere of each of 19 individual male mice of similar age [69].
Each point in one of four shades of blue or green represents neuronal and other cell density in one of
19 cortical areas in the brain in one of four mouse individuals [76].

195



Neuroglia 2018, 1

A similar pattern also applies across sites in a single human cerebral cortex [77], where neuronal
densities vary by as much as ten-fold across the anterior–posterior axis, but non-neuronal densities
vary by only virca (ca.) three-fold and remain in the same range as non-neuronal densities in the
elephant and mouse cortex (Figure 7).

Figure 7. Density of non-neuronal cells varies little across sites in the gray matter of the human cerebral
cortex. Same as in Figure 6, right, with the addition of data for the gray matter of the human cerebral
cortex [77], for which each point represents the neuronal and other cell (non-neuronal) densities in
one 2 mm thick coronal section. In each section, the gray matter of the cerebral cortex was separated
into prefrontal (red, anterior to callosum), frontal (orange, anterior to central sulcus), parietal (blue,
posterior to central sulcus), occipital (green, posterior 1/3), V1 (dark green, within occipital region),
temporal (pink), insular (magenta), and hippocampal (lavender).

Average non-neuronal cell densities within the gray or white matter of the cerebral cortex,
separately, are also very stable across species, as shown in Figure 8 across 27 species of marsupials,
primates, scandentia, afrotherians, and artiodactyls. The average density of non-neuronal cells
is lower in gray matter than in subcortical white matter, at 53,398 ± 15,793 cells/mg and
85,867 ± 18,053 cells/mg, respectively (Wilcoxon, p < 0.0001; Figure 8, compare stars and circles).
However, given the high concentration of neuronal cell bodies in the gray matter, a lower average
density of non-neuronal cells in the gray matter is still to be expected if the average size of glial cells
is identical in both tissues. Only direct, systematic measurements of glial cell size in gray and white
matter of different species will be able to settle this issue.

To estimate the experimentally elusive average cell sizes from the densities of neuronal and
non-neuronal cells in brain structures that are easily measured with the isotropic fractionator, we used
chi-square minimization of a simple model that related variations in those two densities, which allowed
us to calculate average masses of individual neuronal and non-neuronal cells in the tissue analyzed [73].
Cell size (mass) in this model includes the soma, all arbors, and pericellular space of each cell, so that
all tissue mass is accounted for by either neuronal or non-neuronal cells. The model considers that
the relationship between the inverse of neuronal density and average neuronal cell mass depends
on the fraction of tissue composed by neurons (that is, the neuronal mass fraction of the tissue).
Using chi-square minimization to solve the set of equations relating measured densities and estimated
average cell sizes and neuronal mass fraction, and applying the results to our most current dataset,
we estimate that while the average mass of individual neuronal cells is highly variable across structures
and species, spanning three orders of magnitude (from 0.6 to nearly 600 ng), the average mass of
individual non-neuronal cells varies little, centered around 4.5 ng (Figure 9). For instance, we estimate
that average neuronal cell mass in the cerebral cortex (including the white matter) is 8.3 ng in the mouse,
48.8 ng in the human species, and 338.8 ng in the African elephant, while the average non-neuronal
cell weighs an estimated 4.4, 5.0, and 5.8 ng in the three species, respectively. According to these
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estimates, the average neuron in the human cerebral cortex has a similar mass to the average neuron in
the cerebral cortex of the agouti (49.8 ng). Thus, even in a single structure, such as the cerebral cortex,
neurons vary in their three-dimensional size from very small to very large in different mammalian
species, while non-neuronal cells remain, on average, fairly small. It will be interesting to see how this
enormous variation in predicted average neuronal cell size in the face of very steady average glial cell
sizes relates to differences in gene expression across cell types uncovered by single-cell transcriptomics
studies as they expand to a wider range of species.

Figure 8. Average density of non-neuronal cells in the gray and white matter of the cerebral cortex
varies little across mammalian species. Each point represents the total number and average density
of other cells (non-neuronal) in the gray matter (unfilled circles) or in the white matter (asterisks) of
the cerebral cortex of 1 of 27 mammalian species belonging to six different clades, as indicated by the
colors. Data from [59,60,62,63].

Importantly, our model led to the realization that a consequence of the small variation in
non-neuronal cell density, and thus average non-neuronal cell mass, is that the fractional neuronal
mass of brain tissue is also remarkably similar across widely different brain structures and species,
centered around 0.69 ± 0.09: that is, in 50% of all brain structures and mammalian species studied,
the percentage of tissue mass composed by neurons varies narrowly between 63% and 74%. A useful
mental picture of fractional neuronal and non-neuronal mass (or volume) of brain structures is the
relative size of the piles of neurons and non-neuronal cells that would be obtained by passing the
brain structure through a magical sieve that sorted individual cells neatly into two piles. According
to our estimates, the neuronal and non-neuronal piles would amount to about 2/3 and 1/3 of any
brain structure, in any mammalian species. Our estimates of average neuronal and non-neuronal
individual cell mass and neuronal mass fraction for the current set of mammalian species can be found
in Supplementary Table S1.
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Figure 9. Estimated average mass of neuronal and non-neuronal cells and neuronal fraction in brain
structures across mammalian species. (A) Average mass of individual neurons in each brain structure,
estimated as 0.649 × (N/ng)−1.004 according to [73], plotted as a function of number of neurons in
the structure for each species; (B) average mass of individual non-neuronal (other) cells in each brain
structure, estimated as 1.648 × (O/ng)−1.370 according to [73], plotted as a function of number of
neurons in the structure for each species, and shown in same scale as in (A); (C,D) fraction of structure
mass composed by neuronal cells, estimated as 0.265 × (O/ng)−1.356 according to [73], plotted as
a function of the number of neurons in the structure (C) or of the estimated average mass of individual
non-neuronal cells in the same structure (D). Each point represents values in one structure (cerebral
cortex, cerebellum, rest of brain in one of 60 mammalian species belonging to eight different clades,
as indicated. Filled circles, whole cerebral cortex (including subcortical white matter and hippocampus);
filled triangles, rest of brain; filled squares, cerebellum.

2.1. Relative Frequencies of Glial Cell Subtypes

Of course, non-neuronal cells are a collection of a few different cell types, not all of them glial.
Ependymal cells are expected to be largely absent from our dataset, since we physically remove the
choroid plexus of all ventricles in our dissections prior to quantification. Dura-mater and arachnoid
are also removed in our dissections, but not the pia-mater, so the superficial glia limitans is presumed
to be included. Removing the arachnoid excludes all major blood vessels, but endothelial and
endothelium-associated cells of capillaries are part of the parenchyma, and as such are necessarily
included in our counts. Still, previous estimates that the microvasculature occupies only a very
small fraction of the parenchyma suggested that endothelial cells and vasculature-associated cells
were a very small minority of all cells in brain tissue [78]. A minority of vascular cells amongst
non-neuronal cells was also found by quantitative single-cell RNAseq in mouse somatosensory cortex
and hippocampus (six and 15 times as many oligodendrocytes, astrocytes, and microglial cells as
endothelial cells, respectively [32]). Upcoming evidence from our lab confirms that both the vascular
fraction and the density of endothelial cells are low and fairly constant across structures in the mouse
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brain [79]. While these same upcoming data indicate that, in all structures, endothelial cells are a larger
proportion of all cells than the ca. 2% expected from microvascular volume (which agrees with the
impression that endothelial and vascular-associated cells are very small cells, much smaller than
neurons and glia), they still are a minority in brain tissue [79]. In the mouse, we found that about
2/3 of non-neuronal cells are glial indeed, and because the microvascular fraction (or capillary density)
is believed to be at best constant across species, if not decreasing in larger brains [80], an even larger
majority of non-neuronal cells can be expected to be glial in brains larger than the mouse brain.

Considering that the majority of non-neuronal cells are non-ependymal glial cells, and that the
volume fraction of brain tissue occupied by capillaries is so small (2–4% at best) that it is virtually
negligible, it follows that the invariant density of non-neuronal cells as a whole (as shown in Figure 5A)
is likely to reflect an invariant density of glial cells. Using Iba1 as a marker of microglial cells in
frozen samples of our previously processed brain samples in a wide range of mammalian species,
we have found the density of Iba1 + microglial cells to be invariant and low across brain structures
and species, at about 4500–5000 microglial cells per milligram of tissue, on average, or about 7% of all
non-neuronal cells [39]. Our upcoming findings across a range of species are consistent with isolated
reports that microglial cells are a small minority of glial cells, totaling only about 5% of glial cells in
the gray matter of the human cerebral cortex [81]. In this case, there are three major scenarios that
would yield the fairly constant non-neuronal cell densities that we observe in the different structures
of mammalian brains.

In the first, simplest scenario, all glial cell types have constant densities across brain structures
and species, even if densities differ for each cell type (Figure 10A,B). In this case, the relative cell
fractions represented by each glial cell type would also be constant, if different across cell types.
While many researchers expect or indeed assume that astrocytes are the most common of all glial cell
types [43–45,82], there is quantitative evidence to the contrary: in the human cerebral cortical gray
matter, oligodendrocytes represent about 75% of all glial cells, and astrocytes are only about 20% [81].
Similarly, many other studies on the rat cerebral cortex found that oligodendrocytes constitute the
majority of the glial cell population [83–85]. In this scenario, the average size of each glial subtype
remains constant across structures and species.

The second scenario indicates that while one cell type retains a constant average cell size and
therefore a constant cell density, another varies, but that second cell type is infrequent enough that
the overall non-neuronal density still appears fairly constant (Figure 10C,D). The scenario depicted in
Figure 10C would be consistent both with an initial report that some astrocytes are larger in human
than in mouse cerebral cortex [86], and the evidence that oligodendrocytes are the predominant glial
cell type in the cerebral cortex, at least in some species [81,83–85].

Finally, the third, more complicated scenario is one in which the two main glial cell types,
astrocytes and oligodendrocytes, vary in average cell size, and thus in cell density, but in different
directions, compensating for each other and yielding a fairly constant overall cell density (Figure 10E,F).
In the scenario where astrocytes become smaller as they become more numerous, oligodendrocytes
would necessarily become larger at the same time (Figure 10E); alternatively, in the scenario where
astrocytes become larger as they become more numerous (as suggested by [86]), oligodendrocytes
would necessarily become smaller at the same time (Figure 10F).

At the moment, all of the scenarios above remain plausible. While our data lead us to presume
that the same scenario would apply to all brain structures and mammalian species examined, it remains
possible that different scenarios apply to different brain structures. However, the finding that
non-neuronal cell densities are remarkably consistent not only across species but also across brain
structures within the same individuals makes that unlikely.
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Figure 10. Possible scenarios of variation in densities of glial cell subtypes across mammalian
species. Assuming that vasculature-associated cells are a small percentage of non-neuronal cells [78],
non-neuronal cell density variation should reflect, almost exclusively, variations in densities of
each glial cell subtype and their relative abundance. Each graph shown here represents a possible
relationship between cellular density and number of non-neuronal cells in the tissue. Each glial
cell type is represented by a color (oligodendrocytes in red, astrocytes in purple, and microglia in
green). The invariant density of non-neuronal and glial cells as a whole, as found in previous studies
across brain structures and mammalian species, is represented by the black dotted line. Microglial
cell density has been found to be constant and low regardless of the number of microglial cells in
the structure, across mammalian brain structures and species [39], which implies that the average
microglial size tends to stay stable, such that microglial density remains constant, as shown in all three
scenarios. Scenario 1 (A,B): Densities of all three glial cell subtypes remain invariant in relation to their
number of cells; the predominant glial cell type is either oligodendrocytes (A) or astrocytes (B). In both
scenarios, average cell sizes of each glial cell type remain constant across brain structures and species;
the total, constant, density of glial cells as a whole is the simple sum of the densities of each glial cell
subtype. Scenario 2 (C,D): One glial cell subtype maintains a constant, and high, density (whether
oligodendrocytes, C, or astrocytes, D), while the other subtype varies in density across brain structures
and species, decreasing or increasing systematically with the number of those cells. Decreasing cell
densities reflect increasing cell sizes. In these scenarios, the average glial cell density remains constant,
as the variation in density of either astrocytes or oligodendrocytes is masked by the high density of the
most numerous glial population. Scenario 3 (E,F): Densities of both astrocytes and oligodendrocytes
vary as a result of the varying average size of these cells, but they compensate for each other in a way
that their added densities remain invariant across structures and species.
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Our upcoming data on over 30 mammalian species indicate that astrocytes, identified by ALDH1L1
immunoreactivity that is largely coincident with nuclear expression of S100b, are a somewhat higher
percentage of all non-neuronal cells than microglial cells are, but with a more variable percentage across
species, although they still occur at fairly invariant densities, with cells spaced apart evenly [40]. These data
are so far consistent with oligodendrocytes being the large majority of all non-neuronal cells across brain
structures and species, including cortical gray matter [81,87], but possibly also constituting a variable
percentage of the non-neuronal cell population. The somewhat variable densities of astrocytes across species
are also compatible with the earlier finding that human astrocytes appear larger than mouse astrocytes [86].
However, one must keep in mind that because of the extremely ramified cell morphology, estimates
of astrocyte cell size are highly dependent on measuring criteria. In the oft-cited study above, human
cortical astrocytes appear more branched than rodent astrocytes when GFAP-positive ramifications are
quantified—but those are now known not to represent the entirety of the vast branched ramifications of
astrocytes, and, indeed, the images of dye-filled cells in the same study show astrocytes of much more similar
sizes in human and mouse cortices [86]. This is an important point to reconciling the findings of higher
GFAP-positive branching with ours of nearly invariant cell densities, which relate to the three-dimensional
distribution of highly branched cell volume that is known not to be properly captured in GFAP stains.
As this point, therefore, our preliminary data suggest that the scenarios depicted in Figure 10A,C are the
most likely, where oligodendrocytes predominate among non-neuronal cells in all brain structures, including
the gray matter of the cerebral cortex.

2.2. Glia/Neuron Ratio

In several brain structures of several mammalian species, non-neuronal cells are indeed more
numerous than neurons. To be clear, however, contrary to many claims in review articles and opening
paragraphs of original papers [88–91], the mammalian central nervous system is not composed of 10%
neurons and 90% glia, or any variation thereof. Table S1 lists some actual numbers and their sources.
For instance, in the human brain, non-neuronal cells do outnumber neurons by 11.2:1 in the ensemble
of brainstem, diencephalon and striatum (the rest of brain), and by 3.7:1 in the entire cerebral cortex
(including the subcortical white matter), but, conversely, there are only 0.2 non-neuronal cells to every
neuron in the cerebellum (Table S1). Because the rest of brain holds not even 1% of all neurons in the
human brain, non-neuronal cells are only as numerous as neurons in the human brain as a whole [55].
Importantly, humans fit the pattern that applies to all other species, as discussed below.

The proportion between numbers of glial cells and neurons has been considered a meaningful
property of nervous tissue since well before the actual functions of glial cells were understood, if only
because this proportion appears to be so variable across species. Observing that human cerebral cortex
had a higher proportion of glial cells per neuron than other species, Friede [52] initially proposed that
that was a feature of “more advanced” cortices, but the later analysis of other species with even larger
cortices indicated that the ratio was rather related to sheer mass [51]. Since then, the idea that has
gained traction in the literature is that the glia/neuron ratio (GNR) in the cerebral cortex, sometimes
unduly extended to the GNR of the whole brain, increases together with total brain mass: the larger
the brain (or the animal), the more glial cells that accompany each neuron [2,51,92,93]. The argument,
while intuitive, is convoluted: larger animals tend to have larger brains, which are supposedly made
of larger neurons [50,51], which are assumed to have a higher metabolic cost per cell than neurons
in smaller brains, which would require more glial cells to supply the energetic requirement of each
neuron [92,93]. Importantly, the rationale behind the assumption that larger neurons come with more
glial cells per neuron was rooted on another implicit notion: that the vast majority of those glial cells
that accompanied each neuron were astrocytes, responsible for providing different types of support to
neuronal activity and synaptic transmission.

It will thus be crucial to separate GNRs in different brain structures and species per glial cell type.
As mentioned above, a low, stable density of microglial cells in all brain structures that we find across
mammalian species [39] suggests that these cells perform functions that are volume-related, which is
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compatible with the macrophage-like properties of these cells [94,95]. A similar finding for astrocytes
would suggest that the function of these cells is also volume-related, with each individual cell capable
of servicing only a limited amount of tissue. Concluding our systematic analyses of the densities of
astrocytes, oligodendrocytes, and microglial cells separately will allow us to understand what glial cell
types occur in numbers that accompany numbers of neurons, density of neurons, volume of tissue,
or, eventually, numbers and density of synapses.

Until then, and whatever the biological origin of the much larger variation in neuronal density
compared to non-neuronal density across brain structures and species, we could already establish that
a mathematical consequence of that difference is that overall GNR varies essentially with the inverse
of local neuronal density. Because lower neuronal densities indicate larger neurons, that means that
larger neurons are accompanied by more non-neuronal cells than smaller neurons [73,96]. Importantly,
the same relationship applies across all brain structures in all mammalian species analyzed so far,
as illustrated in Figure 11.

Further, because neuronal densities may differ so much across structures of similar mass, numbers
of neurons, and even in brains of similar size (Figure 11A), and considering that the fraction of
non-neuronal cells that are not glial cells is minimal, there is no systematic, universal relationship
between GNR and brain or structure mass (Figure 11A, top), contrary to common past assertions in
both the scientific literature and journalistic reports that larger brains show higher GNRs [89,97,98].
While that initially appeared to be the case for the cerebral cortex alone, at a time when only a handful
of species were analyzed [50], systematic examination of species representing all mammalian clades
benefitting from the ease of the isotropic fractionator method showed that neuronal densities do not
universally decrease with increasing brain size [53–64]—which would have been the requirement for
universally increasing GNRs with increasing brain size. Despite the ease with which authors once
could claim that the human brain had 10 times more glia than neurons [42,99,100], there are at best
similar numbers of neuronal and glial cells in the human brain as a whole [55].

The glia/neuron ratio does vary universally across species, across structures, and even across
subregions of the same structure as a function of neuronal density (Figure 11A, bottom). The existence
of such a continuum, with no evidence of grade shifts across structures, species, or clades, argues
strongly for a highly conserved mechanism governing how glial cells are added to tissue in
development and evolution [63,73,96].
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Figure 11. Scaling of the ratio of other (non-neuronal) cells per neuron across species and brain sites.
Ratio of non-neuronal cells per neuron varies systematically, not with structure mass (A), but with
neuronal density across structures and species (B), as well as across sites in individual brains (C).
Each data point represents one brain structure and species, as in Figure 9 (top, left) or one brain
region within the same individual (right: mouse, gray; elephant, black; human cortex, colors), as in
Figures 6 and 7. Data from [53–57,59–64,69,77].

We have found recently that different neuronal densities in the cerebral cortex are not accompanied
by significantly different energetic costs per neuron [101], which makes it unlikely that the larger
glia/neuron ratios that accompany larger neurons are due to a higher metabolism in larger neurons,
at least not across species. Instead, as noted above, it is more likely that GNRs vary as a simple
consequence of the relative constancy in average glial cell size. In this scenario, glial cells are added
to different tissues and species at similar densities, occupying a parenchyma that is initially mostly
neuronal, but composed of neurons of highly variable individual cell size. The GNR in any given brain
structure within the brain of any mammalian species is thus a simple consequence of the average cell
mass of the neurons that formed the initial volume invaded by glial cell precursors, and the precise
average cell mass of glial cells [73].

2.3. Why Should Glial Cell Size Be Constrained?

Life spontaneously changes over time—that is, evolves—and it is a rare feature of living beings
that is found to remain constant. When one does, it is indicative of a constraint at the physical
(mechanical properties of tissue), biochemical (binding site constancy), or biological level (physiology).
The degree of folding of any cerebral cortex, for instance, is strictly tied to the combination of cortical
surface area and thickness—even though these are free to vary—according to physical minimization of
free energy as the tissue forms under uneven pressures [102]. The genetic code is possibly fixed by the
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matching of the spatial conformation of dinucleotides and amino acid precursors [103]. As suggested
above, glial cells of different types might be constrained in size due to a biological limitation imposed by
their volume-related function. Astrocytes provide electrolyte homeostasis, neurotransmitter reuptake
and turnover, and metabolic support related to synaptic transmission, all strictly local functions, even if
coordinated across cells connected electrotonically [2,104]; neurons, by virtue of their long, uneven
projections, by definition impact physiology of both near and distant sites. Oligodendrocytes myelinate
and provide energy to surrounding axons that contact them once they differentiate from neural/glial
antigen 2-positive (NG2+) progenitor cells that actively probe their local environment and respond
to loss of contact with oligodendrocytes by proliferating [29,105]. Microglial cells are phagocytic and
thus perform volume-related tissue clearance. All of these are highly energy-demanding functions that
possibly limit the volume of the individual cells performing them: there is only so much energy that
an individual cell can use to perform functions that are determined by the relationship between the
volume monitored by the cell and its surface area, which is costly to maintain polarized. While a similar
cost applies to neurons, their activity can be self-regulated by decreasing the firing frequency; astrocytes
and oligodendrocytes, on the other hand, are forced to accompany that activity. Presumably, astrocytes
that became too large might enclose too many synapses to be able to support and maintain them
effectively; oligodendrocytes that became too large would come into contact with too many fibers to
myelinate; microglial cells that became too large might not have the power required to phagocyte all
debris that they encounter.

These constraints might be determined genetically, as any spontaneous variation in genes related
to cell size regulation specifically in glial cells leads to negative outcomes that are incompatible
with life. Interestingly, though, there is an alternative hypothesis that glial cell size is maintained
fairly constant by self-regulation. One likely source of self-regulation is the very energetic cost of
maintaining volume-related glial cell function. Another is the fact that the presumed sources of high
energy demand, synaptic transmission, are the very synapses which are induced in large numbers by
astrocytes themselves [106,107]. Thus, in development, numbers of synapses are initially low; increase
in a given tissue volume as that tissue becomes populated by astrocytes, which induce their formation
and supports it with cholesterol; then support the increased metabolic demand of those neurons,
recycle the transmitters, and maintain ion homeostasis [106–108].

Alternatively, glial cell size might be not self-regulated, but constrained by cell-autonomous
means, in which case it would be their restricted size that would impose constraints on neurons. In that
scenario, for example, an intrinsic limitation to changes in three-dimensional cell size and surface area
of astrocytes might constrain the number of excitatory synapses that can be induced and supported
per unit volume in neural tissue, which is consistent with the few reports so far of fairly restricted
synaptic densities across species [44,109,110]. That would result in fewer synapses per neuron in
a given volume of tissue as neurons became bigger both across brain structures and species, which in
turn would contribute to keeping metabolic costs low in those neurons.

Another possibility is that (macro) glial cells are restricted in size and various other characteristics
because of the circumstances of their differentiation, late in development, according to the current view
that there is progressive restriction to gene expression during development. Indeed, early models of
restriction of developmental potential through progressive repression of transcription along cell lineages
put forward the counterintuitive notion that progressive diversification of cell types comes with progressive
restriction of what each progenitor cell can generate [111]. An alternative proposition held that lineage
potentials were expressed individually in a predetermined sequence as progenitor cells matured [112].
Cell lineage studies in brain development soon showed that there is indeed progressive restriction of
cell fates, with a narrowing range of cell types and characteristics that culminates in specification of
the final, mature identity of different cells [113,114]. Strikingly, in vertebrate brains, macroglial cells are
the last cell types to be specified in development [115]: astrocytes in the lineage that earlier gave rise
to excitatory neurons, and oligodendrocytes in the lineage that previously formed inhibitory neurons
(Figure 12). Our quantitative analyses of developing rats [116,117] and mice [118] show that all brain tissues
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are indeed 95% neuronal at birth, with significant numbers of non-neuronal cells only appearing during the
second postnatal week.

Figure 12. Schematics of the time sequence of generation of different neuronal and non-neuronal
cell types in vertebrate brains. Neurons and macroglia (astrocytes and oligodendrocytes) have
an ectodermal origin. A single stem-cell gives rise to neural stem-cells that, in turn, depending
on their location in the neural tube (dorsal or ventral), give rise to pyramidal neurons and astrocytes or
interneurons and oligodendrocytes, respectively. Pyramidal neurons can be generated directly from
radial glial cells or from a basal progenitor early during development. Basal progenitors can divide and
produce astrocytes later during development. Oligodendrocytes and interneurons are produced from
ventral neural stem cells that give rise directly to interneurons early during development and later to
oligodendrocytes. Microglia have a mesodermal origin and are produced in several waves throughout
development. Embryonic microglia originate from a myeloid stem cell that differentiates into yolk sac
macrophage and microglial precursors. This myeloid stem cell also differentiates into hematopoietic
stem cells in the fetal liver and later into microglial precursors that originate microglial cells. After birth,
the third wave of microglia production has an origin in the bone marrow from monocytes or other
progenitors. SC: Stem cell; NSC: Neural stem cells; RG: Radial glia; BP: Basal progenitor; YSMP: Yolk
sac macrophage precursor; MP: Microglial precursor; HSC: Hematopoietic stem cell; BMM/P: Bone
marrow monocyte/progenitor. Data from [82,119–124].

Progressive restriction of cell fates and cell differentiation occur with global chromatin remodeling
that results in progressively compacted, repressed chromatin that corresponds with activation of
lineage-specific genes and repression of lineage-inappropriate genes [125–127]. Such progressive
restriction of genome transcription is consistent with the recent findings, discussed earlier, that the
early-generated neuronal cells express a wider variety of transcripts than the later-generated glial
cells [31,32]. However, cells with astrocytic phenotype are known to also function as neural progenitor
cells in some regions of the brain [121,128–131], which suggests that, if these are true astrocytes,
then their genome is still not irreversibly restricted in its pattern of gene expression.

Finally, while the scenarios above consider that glial cells are the exception in their size-invariance
(given the general expectation that biological features tend to diversify over time), the inverse must
still be considered: that all cells (or most cell types) are by default constrained in size across species as
diverse as mice and elephants, and neurons are the exception in how much they can vary. In line with
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that possibility, some evidence, compiled from isolated studies using different methods, suggests that
many cell types do share similar individual cell volume across species [132,133], but systematic studies
of cell size employing the same method across a wide range of species are still lacking. Using the
isotropic fractionator, our preliminary findings suggest that, like glial cells, the density of cells that
form liver tissue is remarkably similar across species [134].

It has been suggested that constant cell size, accompanied by cellular metabolic rates that decrease
with increasing body size, is a property of quickly dividing cells, whereas slowly dividing (or cell-cycle
arrested) cells have increasing cell volume but constant cellular metabolic rates [133]. In that case,
you do not mess with the glia—or with hardly anything else in the body; only neurons, and maybe
a few other cell types, such as adipocytes [133], might escape that limitation. Whatever the scenario
that actually applies, the enormous difference in ranges of cell densities in the nervous system indicates
that while neurons are free to vary in size, glial cells are not. Two new fundamental questions thus
arise regarding the lack of diversity in glial cell types, sizes, and distribution in brain tissue, at least
compared to neuronal diversity: how come—and so what?

2.4. What Lies Ahead

The newfound ability to rapidly, reliably, and systematically measure numbers and densities of
neuronal and non-neuronal cells in the main brain structures in dozens of mammalian species has
provided a wealth of data that finally offer a solid foundation for the field. Those direct measurements
have allowed us to estimate how cell sizes vary and compare across brain structures, species, and cell
types: neurons are highly diverse in their average cell mass, while non-neuronal cells are hardly
variable. These observations match those of budding catalogs of transcripts in single cells that
find multiple clusters of neuronal cell types that are rich and diverse in the genes they transcribe,
but only a handful of non-neuronal cell types are defined by their much more restricted transcriptomes.
With several new hypotheses in hand, informed by the collection of these new developments, future
studies that directly investigate the variation in size and three-dimensional complexity of glial cells
of different types in different species and clades and how they relate to particular gene transcripts
will shed new light on the origins of glial cell diversity or lack thereof. The combination of the two
approaches into quantitative studies of the abundance of different cell types according to multiple
genes and markers expressed in isolated cells or cell nuclei is an exciting possibility for the near future,
particularly taking advantage of novel microscopy techniques such as multiplex ion beam imaging
(MIBI) that allow the investigation of the expression of as many as a few dozen markers by the same
cells or nuclei in fixed tissue collected from different species. Finally, upcoming methods that allow
transcriptomic analysis of fixed cells and isolated nuclei [135] should allow the expansion of those
studies to a much wider variety of species and brain structures, also allowing us to take advantage of
the ever-growing collection of isolated cell nuclei that we have quantified in our lab. There are exciting
times ahead for quantitative neuroanatomists again.

Supplementary Materials: The following are available online at http://www.mdpi.com/2571-6980/1/1/14/s1,
Table S1 measured densities and ratios of neuronal and other cells, estimated average mass of individual neuronal
(mN) and non-neuronal cells (mO), and estimated neuronal fractional mass of the tissue (fN) according to [73].
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Abstract: Obesity, insulin resistance, and type 2 diabetes mellitus are associated with cognitive
impairment, known as diabetic cognopathy. In this study, we tested the hypothesis that neurovascular
unit(s) (NVU) within cerebral cortical gray matter regions display abnormal cellular remodeling.
The monogenic (Leprdb) female diabetic db/db (BKS.CgDock7m +/+Leprdb/J; DBC) mouse model
was utilized for this ultrastructural study. Upon sacrifice (at 20 weeks of age), left-brain
hemispheres of the DBC and age-matched non-diabetic wild-type control C57BL/KsJ (CKC) mice
were immediately immersion-fixed. We found attenuation/loss of endothelial blood–brain barrier
tight/adherens junctions and pericytes, thickening of the basement membrane, aberrant mitochondria,
and pathological remodeling of protoplasmic astrocytes. Additionally, there were adherent red blood
cells and NVU microbleeds (cortical layer III) in DBC mice, which were not observed in CKC
animals. While this study represents only a “snapshot in time”, it does allow for cellular remodeling
comparisons between DBC and CKC. In this paper, the first of a three-part series, we report the
observational ultrastructural remodeling changes of the NVU and its protoplasmic astrocytes in
relation to the surrounding neuropil. Having identified multiple abnormal cellular remodeling
changes in the DBC as compared to CKC models, we will design future experiments to evaluate
various treatment modalities in DBC mice.

Keywords: astrocyte; db/db mouse model; microglia; neuroglia; neurovascular unit; type 2 diabetes

1. Introduction

Type 2 diabetes mellitus (T2DM) is a chronic endocrine-metabolic disorder of glucose metabolism
characterized by hyperglycemia, insulin resistance or relative lack of insulin and impaired cognition.
Type 2 diabetes mellitus is one of the fastest growing public health problems and diseases globally
with aging of the global population playing an important role, including the global post-World War
II baby boom generation [1]. Concurrently, the prevalence of the age-related neurodegenerative
diseases, such as Alzheimer’s disease (AD), vascular dementia, and Parkinson’s disease (PD), are also
increasing [2,3]. Importantly, AD may now be considered a mixed dementia consisting of both
neurovascular dysfunction (macrovascular and microvascular disease) and neurodegeneration [4–8].
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Type 2 diabetes mellitus and AD are each projected to undergo a marked increase in incidence over
the coming decades and may indeed be synergistic [9].

Epidemiologic studies identified T2DM as an independent risk factor for multiple affected target
organs, which include neuropathy, retinopathy, nephropathy, cardiomyopathy, and the age-related
neurodegenerative diseases, such as diabetic cognopathy and AD [10–13]. Neurovascular unit
(NVU) and microvascular small vessel disease remodeling are known to be associated with T2DM
and age-related neurodegeneration, which are a growing concern. Thus, we elected to study the
ultrastructural remodeling changes of the NVU in the mid-cortical gray matter regions of the obese,
insulin-resistant, and diabetic female db/db mice models (DBC), and compared them to the lean,
non-diabetic, and aged-matched control models (CKC).

The NVU is a complex functional and anatomical structure comprised of endothelial cells
(ECs), pericytes (Pcs), astrocytes (ACs), microglia cells (MGCs), and neurons [14]. The luminal
ECs contain the blood–brain barrier (BBB), which is formed by tight junction proteins (TJs; claudin,
occludin, and junctional adherens molecule proteins) and adherens junction proteins (AJs; vascular
endothelial (VE) cadherins), intertwined to form very electron-dense lines at the overlapping
junctional inter-endothelial spaces. The TJ/AJ are anchored by adjacent EC zonula occludens-1
(ZO-1) proteins that bind to EC cytoskeleton proteins, which have a highly selective BBB and a high
transendothelial electrical resistance, providing a permeability barrier to hydrophilic molecules and
large proteins [5,6,8].

The next component of the NVU (proceeding from the luminal EC), is the EC basal lamina
or basement membrane (BM), which splits to encase the Pc, which creates an inner and outer BM
of the latter. Pericytes provide the mural structural support of the endothelial capillary and NVU.
Importantly, pericytes are known to be contractile cells; however, they allow for the dilatation and
relaxation of the capillary, when regional neurons are activated, and of signal pericytes via connecting
astrocytes [4–8,13–15].

Astrocytes tightly adhere to the BM of both the EC and Pc via its end-feet basal lamina. Astrocytes
are responsible for integrating the vascular mural cells (endothelial cells and pericytes) of the NVU
to nearby regional neurons [16]. Astrocytes allow for NVU coupling, which is fundamental for the
regulation of regional capillary cerebral blood flow (CBF) by both astrocyte and neuron-derived
chemical messengers that provide for functional hyperemia; this link is known as neurovascular
coupling [14,16,17]. Astrocytes are surrounded by the neuropil, which, in gray matter, is comprised
primarily of dendritic synapses and unmyelinated neurons—interneurons with traversing myelinated
neurons and an extracellular matrix (ECM) between these cellular structures (Figure 1; Table 1).

We hypothesized that NVU remodeling in the diabetic DBC models is associated with an
attenuation and/or loss of endothelial cell BBB TJ/AJ and pericytes similar to our previous findings in
the streptozotocin-induced type 1 diabetes mellitus (T1DM) mouse models [18]. Also, we posited that
MGCs might undergo a reactive-activation (M1-type polarization) similar to previous observations
in the diet-induced obesity and insulin-resistant Western mouse models with intermittent glucose
elevation and impaired glucose tolerance [13]. However, in the DBC we observed additional
marked abnormal remodeling in the surrounding neuroglial components including astrocytes,
microglia, oligodendrocytes, and myelin in addition to our previous findings in type 1 diabetic
models and diet-induced obese Western models. The multiple aberrant cellular phenotypes may
be associated with increased vulnerability to other age-related diseases such as AD and (PD) in an
aging population, which are known to have an increased risk due to T2DM [13,19]. The multicellular
ultrastructure morphologic remodeling observed in this study allowed us to become acutely aware
that a single cellular structure does not become abnormally remodeled without affecting the structure,
and ultimately, the function of other cells in the mid-cortical gray matter of the DBC models.
Furthermore, these observations support the notion that no one cell is an island unto itself, and that
single maladaptive cell type and dysfunctional remodeling could have a direct or indirect effect on
other cells in the same regions as highlighted by the NVU multicellular remodeling in the DBC [20].
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Table 1. Identifying characteristics of cells that form the neurovascular unit by transmission
electron microscopy.

Mural Cells

Endothelial cell(s)
(EC)

Line the entire vascular system (macrovascular and microvascular) in a mononuclear layer.

The ECs are the first cell one encounters from the vascular lumen as one proceeds from the luminal surface to
the outermost abluminal regions of the neurovascular unit (NVU).

Endothelial cells have an elusive glycocalyx on their luminal cytoplasm; however, this structure is usually
eliminated by dehydration in the preparation for microscopy and staining.

The ECs have an intermediate electron-dense cytoplasm and are thin except where one encounters a larger and
greater electron-dense nucleus.

Neurovascular ECs have very few to no pinocytotic vesicles as compared to peripheral capillary ECs with an
increase in EC mitochondria. Next one encounters the ECs hyaline basement membrane (BM) with a less
electron density.

The ECs cytoplasm and nuclei are elongated and their terminating cytoplasm ends most commonly with
overlapping junctions creating a paracellular–inter-endothelial space that is lined by very election-dense
protein staining of tight and adherens junctions that form the brain’s specific blood-brain barrier (Figure 1).

Pericyte(s) (Pc)

Are the next abluminal encountered cell in the NVU capillary. Pericytes are embedded within the shared BM
synthesized by both the ECs and Pcs. The Pcs wrap around (peri-) the ECs of the NVU capillary and those
transitioning to very small arterioles with an internal elastic lamina.

Similar to the ECs, Pcs have an electron-dense cytoplasm with elongated cytoplasmic processes and nuclei and
contain prominent electron-dense lysosomes and mitochondria. Importantly, Pcs are known to be contractile
cells that allow for NVU capillary contraction/relaxation to permit relaxation in regions of highly active
neurons, which allow for increased regional cerebral blood flow (CBF) and neurovascular coupling (NVC) with
intact astrocytes.

In cross section one sometimes can only identify Pc foot processes (Pcfp) with their encasing inner and outer
BMs, whereas in longitudinal sections one can better identify their elongated character (Figure 1)

Glial Cells

Astrocyte cell(s)
(AC)

Are the largest cell of the NVU, which assume a more cuboidal morphology in contrast to ECs and Pcs. The AC
are also considered to be the brains connecting cell to regional neurons and form a clear zone, halo or corona
around the Pcs and ECs.

Characteristically, they are the most electron-lucent cell of the NVU and brain cells and one often observes
scattered electron-dense line’s, which represent their endoplasmic reticulum proteins.

The ACs electron-dense thinned plasma membranes tightly adhere or abut the outer BMs of the ECs and Pcs.

The AC completes the third key cell of the neurovascular unit; however, the microglia are also an important
part and in both the grey matter and especially the white matter oligodendrocytes become a highly important
part of the NVU as well (Figure 1).

Microglia cells
(MGC)

Are the smallest of the glia cells and their cytoplasm is the most electron-dense of the NVU and the brain.

In their non-activated phenotypic state, they have elongated cytoplasmic process in ramified form. They have
an extensive endoplasmic reticulum, Golgi body system and contain multiple mitochondria. Their cytoplasmic
processes are known to be capable of extending and contracting. They have a unique morphology of their
nuclei with an outer stippled chromatin at its neurolemma and a more stippled diffuse chromatin electron
dense appearance of the central nuclei (Figure 1).

Oligodendrocyte
cell(s) (OL)

As suggested by their name Oligo-, these cells are intermediate in size and their thinned cytoplasm also have
an intermediate electron density that is helpful when comparing to AC and MGCs. They also may occur in
groups or nests and are more often found in the deeper white matter regions of the brain

Neurons, Interneurons and the Neuropil

Neurons
(N)-interneurons

May be myelinated or unmyelinated.

Neurons have electron-lucent cytoplasmic axons with a greater electron dense and orderly layered network of
neurofilaments and contain the usual cytoplasmic organelles. Neurons are also known to have and axon hillock
and very long cytoplasmic axon extensions, which connect to other neurons via their dendritic synapses.

Sometimes, neurons and especially interneurons can be noted to be closely interacting and in close proximity to
the EC, Pc and astrocytes of the NVU.

Neuronal cytoplasmic axons are also electron-lucent; however, their more electron-dense neurofilaments are
layered in an orderly fashion in contrast to the electron densities of the AC, which are randomly scattered
throughout the cytoplasm

Neuropil–neuropile

Is an all-inclusive term and appears to form the background tissue along with a very thinned extracellular
matrix–interstitium within the cortical grey matter, which includes the vast number of dendritic synapses,
neurons (myelinated/unmyelinated axons) passing through the neuropil along with other glial cells and
processes (Figure 1).

The EC, Pc, AC, MGC, oligodendrocytes and neurons–interneurons are the six major cell types that are present
within a vast neuropile responsible for forming the NVU within the cortical grey matter
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Figure 1. Normal neurovascular unit (NVU) morphology in control wild-type non-diabetic models
(C57BL/KsJ; CKC). Panels (A) (cross-section) and (B) (longitudinal section) illustrate the normal
cellular ultrastructure of the NVU. Panel (A) depicts an electron-dense ramified microglia cell (rMGC)
surveilling the NVU (arrow). The NVU capillary consists of an endothelial cell (EC) encircling a
capillary lumen (Cap L) whose basement membrane (BM) splits (arrowheads) to encompass the pericyte
(Pc) foot process. Note how the pseudo-colored golden astrocyte (AC) end-feet encompass and tightly
abut the capillary EC and Pc BMs. Note that the AC clear zone in panel (A) was pseudo-colored golden
to emphasize its importance in the NVU, while it exists as a clear-zone with a reduced electron-dense
cytoplasm as compared to other cells within the brain, and represents not only a golden halo, but also a
clear zone or corona of ACs surrounding the EC and Pc cells of the NVU (panel (B)). Panel (B) illustrates
the electron-lucency of the AC clear zone halo or corona that tightly abuts and encircles the NVU EC and
Pc BMs. Note the EC nucleus (far right side) and the highly electron-dense tight junctions/adherens
junctions (TJ/AJ) complex that are not readily visible in panel (A) (arrows). Also, note that the
mitochondria (Mt) have an electron-dense Mt matrix and that cristae may be noted even at this
magnification. Note that the NVU is encompassed by the outermost abluminal neuropil (neuropil).
In the bottom right-hand corner, note the logo of red blood cells within a capillary NVU that are in the
shape of the letter T overlying the letter J, which are used to abbreviate tight junction(s). Magnification
×4000; scale bar = 1 μm.

2. Methods

2.1. Animal Studies

All animal studies were approved by the Institutional Animal Care and Use Committees at
the Harry S Truman Memorial Veterans’ Hospital and University of Missouri, Columbia, MO, USA
(No. 190), and conformed to the Guide for the Care and Use of Laboratory Animals published by
the National Institutes of Health (NIH). Eight-week-old female db/db (BKS.Cg-Dock7m+/+Leprdb/J;
DBC) and wild-type control (C57BLKS/J; CKC) mice were purchased from the Jackson Laboratory
(Ann Harbor, MI, USA) and were housed under standard laboratory conditions where room
temperature was 21–22 ◦C, and light and dark cycles were 12 h each. Two cohorts of mice were
used: lean non-diabetic controls (CKC, n = 3), and obese, insulin-resistant, diabetic db/db (DBC, n = 3),
which were sacrificed for study at 20 weeks of age. The female model was initially chosen because
females have greater impairments in diastolic relaxation and increased aortic stiffness, and may predict
future cardiovascular disease events [21]. Furthermore, the female gender is positively associated with
dementia/AD risk as compared to men (especially in older age groups) [22].
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2.2. Tissue Collection and Preparation for Transmission Electron Microscopy

The left hemisphere was collected immediately upon sacrifice in CKC and DBC models
and immediately placed in standard transmission electronic microscopy (TEM) fixative of 2%
paraformaldehyde and 2% glutaraldehyde in 100 mM sodium cacodylate buffer (pH = 7.35) for
immersion fixation. Approximately 1 mm sections from the mid-cortical gray matter tissue (Figure 2)
were then rinsed with 100 mM sodium cacodylate buffer (pH 7.35) containing 130 mM sucrose.
Secondary fixation was performed using 1% osmium tetroxide (Ted Pella, Inc., Redding, CA, USA) in
cacodylate buffer using a Pelco Biowave (Ted Pella) operated at 100 W for 1 min. Specimens were next
incubated at 4 ◦C for 1 h, then rinsed with cacodylate buffer, and further rinsed with distilled water.
En bloc staining was performed using 1% aqueous uranyl acetate and incubated at 4 ◦C overnight,
then rinsed with distilled water. Using the Pelco Biowave, a graded dehydration series (e.g., 100 W
for 40 s) was performed using ethanol, transitioned into acetone, and dehydrated tissues were then
infiltrated with Epon resin (250 W for 3 min) and polymerized at 60 ◦C overnight. Ultrathin sections
were cut to a thickness of 85 nm using an ultramicrotome (Ultracut UCT, Leica Microsystems, Wetzlar,
Germany) and stained using Sato’s triple lead solution stain and 5% aqueous uranyl acetate. Multiple
images were acquired for study at various magnifications with a JOEL 1400-EX TEM JEOL (JEOL,
Peabody, MA, USA) at 80 kV on a Gatan Ultrascan 1000 CCD (Gatan, Inc., Pleasanton, CA, USA).

 

Figure 2. Brain specimens for transmission electron microscopy studies. The left hemisphere was utilized
for this study. Cortical gray matter tissue specimens were obtained just cephalad to the mid-cortex
dashed line (asterisk). Cx—cerebral cortex; Mb—midbrain; OB—olfactory bulb. TEM—transmission
electronic microscopy; V—ventricle; DBC—db/db mice models; SCWM—subcortical with matter.

In regards to utilizing immersion fixation rather than perfusion fixation, the following explanation
is in order: in a previous paper, we utilized immersion fixation as a rapid collection and
immersion-fixation process of the cortical gray matter study [13]. Since we were interested to provide
the same collection and fixation procedures in order to make direct comparisons if necessary, we felt
that this collection and fixation method was better suited for our collection team because our previous
ultrastructural images appeared to have good penetration of fixative with good fixation for image
collection. We are aware and know that perfusion fixation is the preferred method of fixation, and that
the immersion fixation is not the most suitable fixation for larger pieces of tissue such as whole brain
or the left hemibrain, as in our studies; however, the outermost cortical regions of the brain (layers I–VI
and deeper white-matter transitional regions) appear to have fixed nicely via immersion fixation, as can
be viewed by our cortical sections in this and our previous paper [13] with distinct ultrastructural
morphology. Therefore, because our lab collection team and preparations team previously and
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successfully supplied previous immersion-fixed specimens with good results, including cellular
outline of membranes, cytoplasmic detail of organelles, nuclear detail, and intra-capillary erythrocyte,
as well as white-blood-cell morphologic integrity appearance and overall ultrastructure morphology,
and overall staining, we decided that this animal model (db/db diabetic female model) allowed us to
utilize the rapid immersion fixation as a method of collecting, fixing, and subsequently studying the
ultrastructure (fine structure within the cortical gray matter of the present study). Of interest, these
same models were being evaluated using light microscopy, immunohistochemistry, and ultrastructure
of other organs, which included the myocardium, aorta, and kidney in forthcoming papers to be
published in the near future.

3. Results

In regards to the representation of the image data and images shared in this paper, the following
factors are important for understanding our image data: three models per group were studied by
TEM (n = 3 in control CKC models, and n = 3 in db/db DBC models). The sections for study (regions
of interest) were selected based on the presence of NVU capillaries, which we were able to identify
readily in the cortical layer III of the cortical gray matter. Cortical gray matter layer III is identifiable
due to the large number of pyramidal neuronal nuclei. A total of 60 NVU capillaries were eventually
studied for all models (10 from each model providing 30 NVU capillaries from CKC, and 30 NVU
capillaries from DBC models). The marked remodeling changes observed in the diabetic DBC NVUs
and their immediate surrounding regions were immediately noted, and therefore, representative
comparison images were primarily chosen at varying magnifications for this paper to better illustrate
and understand the marked maladaptive ultrastructure remodeling in the obese, diabetic db/db DBC
models as compared to the non-obese non-diabetic CKC models. Therefore, the marked ultrastructural
remodeling changes that were observed in the DBC were compared to the CKC. The maladaptive NVU
capillaries, which included the attenuation and/or loss of endothelial tight and adherens junctions,
thickening of basement membranes, attenuation and/or loss of pericytes, and astrocyte detachment
or retraction were approximately 80% of the DBC (24 NVU capillaries with maladaptive remodeling
versus a total of 30 NVU capillaries) when compared to no abnormalities (0 of 30 NVU capillaries) in
CKC models.

3.1. Endothelial Cell Remodeling of the Neurovascular Unit

Because the BBB is formed primarily by the endothelial cells of the NVU, it seems appropriate
to begin with EC remodeling and proceed from the luminal to the abluminal regions (inside-out
approach). For reference, the normal ultrastructure morphology of the control model (CKC) NVU is
shown in Figure 1.

In obese, diabetic DBCs, we observed an abnormal remodeling of the ECs, which consisted of an
attenuation and/or loss of BBB EC TJ/AJ when compared to non-diabetic, non-obese control models
(CKC; Figure 3). This attenuated, interrupted, and discontinuous TJ/AJ (Figure 3C), as well as the
loss of electron-dense TJ/AJ (Figure 3B,D), may contribute to an increase in the permeability of the
blood–brain barrier, as well as NVU uncoupling in the cortex and hippocampus [4,5,7]. Incidentally,
when the EC NVU is abnormally remodeled and damaged (especially by oxidative stress due to
glucotoxicity and loss of BBB TJ/AJ; Figure 3C), the once-probing surveilling ramified microglial
cells (that are operative in control CKC models; Figure 1A) undergo a phenotypic remodeling to a
more reactive-activated microglia phenotype as a result of danger and damage signals from the NVU.
These reactive-activated microglial cells begin to encircle and invade the NVU (Figure 3C) and may be
associated not only with the attenuation and/or loss of EC TJ/AJ, but also with the detachment and
retraction of astrocytes to the NVU.
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We also observed the NVU basement membrane to be thickened and associated with endothelial
cell cytoplasmic thinning, vesicles/vacuoles (ranging in size from approximately 50–200 nm), aberrant
mitochondria (aMt), and reactive-activated microglial cells (aMGCs; Figures 3C, 4, and 5). Endothelial
cells are primarily responsible for the formation of the NVU basement membrane. The basement
membrane is composed of collagen IV, fibrinogen, laminin, nidogen, and heparin sulfate proteoglycans
(agrin and perlecan) [23,24]. The basement membrane is important for microvascular development,
stability, NVU barrier integrity, and encasement of the pericyte (contributing to BM synthesis and
maintenance) and provides the surface for the attachment of astrocyte end-feet. The excessive
accumulation and thickening of the basement membrane in some images (Figure 5) were somewhat
reminiscent of the thickened mesangial matrix expansion found in renal glomerular diabetic models
and humans.

 

Figure 3. Attenuation and/or loss of tight junctions/adherens junctions (TJ/AJ) in diabetic db/db mice
(DBC) models. Panel (A) illustrates the normal appearance of the highly electron-dense proteinaceous
endothelial cell (EC) tight junction/adherens junction (TJ/AJ) formed between overlapping ECs.
EC-1 overlaps EC-2 in the non-diabetic control models (C57BLKS/J; CKC) to form the paracellular
blood–brain barrier (BBB; arrows). This image also depicts the elusive endothelial glycocalyx remnants
(asterisks) that form the initial EC barrier of the neurovascular unit (not studied in this experiment).
Panel (B) depicts the loss/attenuation of the highly electron-dense proteinaceous TJ/AJ joining the two
overlapping EC layers (arrows) in the diabetic DBC models. Magnification ×12,000; scale bar = 200 nm
in panels (A,B). Panel (C) illustrates the attenuated, discontinuous, and interrupted morphology of the
EC TJ/AJ (arrows) in the obese, diabetic DBC models. Note the pseudo-colorized red reactive-activated
microglial cell (aMGC) and an abbreviated pericyte process (PcP), which contains an aberrant swollen
and smudged mitochondria (aMt). Also, note vacuole (V) and vesicles (v) within the EC cytoplasm
of EC 1. Magnification ×8000; scale bar = 0.2 μm. Panel (D) (higher magnification of panel (B))
demonstrates with greater clarity the definite loss of the TJ/AJ electron density depicted in panel (B)
as compared to the CKC models in Figures 1B and 3A. Magnification ×25,000; scale bar = 100 nm.
AC—astrocyte (pseudo-colored golden panel (A); CL—capillary lumen; RBC—red blood cell.
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Figure 4. Basement membrane thickening in DBC as compared to control (CKC) models. One can
readily observe the thickened (≥200-nm BMs; arrows) in DBC (panels (C,D)) as compared to the normal
(≤80-nm BMs (in panels (A,B) with same magnifications in (A,C) and (B,D)). Magnification ×2000;
bar = 1 μm (panel (A)), and magnification ×4000; bar = 0.5 μm (panel (B))). Panel (C) depicts a pericyte
ghost smudged region superiorly and an invading reactive-activated microglial cell (pseudo-colored
red). Note only the two-remaining intact ACs pseudo-colorized golden on the right-hand side of the
NVU. Magnification ×2000; bar = 1 μm. Panels (C,D) also depict an adherent luminal inflammatory
mononuclear cell (dashed white lines in panel (D) = sites of adherence) to the EC. The size and
morphology of this mononuclear suggest a lymphocyte. Also note the EC and AC aMt (pseudo-colored
yellow with encompassing red dashed lines) and thinning of the EC cytoplasm, especially noted
in panel (D) as compared to panel (B). Specifically, in panel (D), one notes an aMGC cytoplasmic
process (black-dashed lines) to the left side of this abnormally inflamed NVU, which also illustrates the
detachment of the AC from the NVU BM. These combined maladaptive remodeling changes strongly
suggest a morphologically activated-dysfunctional endothelium. Magnification ×2000; bar = 1 μm
(panel (C)), and magnification ×4000; bar = 0.5 μm (panel (D)). Asterisks—tight junctions/adherens
junctions (panels (A,B)); PcN—pericyte nucleus.

3.2. Remodeling of Pericytes and Pericyte Foot Processes

Pericytes are essential for proper formation of the NVU and EC BBB TJ/AJ in utero, as well as
for NVU maturation and maintenance during adulthood. As previously mentioned, the basement
membrane splits to encompass pericytes and their processes to create an inner and outer BM of pericytes
in the NVU (Figures 6 and 7). The brain, including the retina, has the highest coverage of vascular
endothelial cells by pericytes, which is essential for regulation of BBB permeability [13]. Pericytes not
only contribute to EC BBB TJ/AJ function, but also contribute to basement membrane formation and
maintenance [13,15]. Pericytes and endothelial cells share a common basement membrane secured
by N-cadherins, fibronectin, connexins, and various integrins-(13, 15, 25). Additionally, pericytes
induce the synthesis of occludin and claudin in the endothelial cell TJ/AJ complex through the
release of angiopoetin-1 [13]. Endothelial cells also signal to pericytes by synthesizing and secreting
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platelet-derived growth factor β (PDGF-β) to activate the Pc-specific receptor (PDGFR-β), which is
important for Pc proliferation, migration, and recruitment of Pc to the endothelium [13,25] (Figures 6
and 7).

Key findings in pericyte remodeling included attenuation and/or loss of pericytes and the
retraction or loss of pericyte foot processes, in addition to having aberrant Mt within the cytoplasm
and the retraction of pericyte nuclei and of pericyte cytoplasmic processes (Figure 7).

 

Figure 5. Excessive basement membrane thickening in some DBC models. This image depicts excessive
and abundant BM thickening in the NVU of a DBC model. Note that only one intact astrocyte (iAC2)
remains in this image (pseudo-colored golden), while the remainder of the ACs are detached and
retracted (pseudo-colored red) from the NVU. Note the aMt (pseudo-colored yellow with encapsulating
red dashed lines) that are swollen with loss of the electron-dense Mt matrix and loss of cristae.
It is important to note the absence of the endothelial cell blood–brain barrier tight and adherent
junction complex and pericytes in this image. Importantly, note the detached and retracted astrocytes
(pseudo-colored pink with red-dashed outlines). aMGC N—reactive-activated microglial cell nucleus.
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Figure 6. Normal pericyte ultrastructure morphology. Panels (A,B) reflect the normal morphology of
the Pc in relation to the NVU in control non-diabetic CKC models. While each of these images contains
the soma of a Pc with a PcN), Pcs (pseudo-colored green in panel (B)) are most often observed as PcP,
and they are also defined by an inner (iBM) and outer basement membrane (oBM). The Pc and PcP
BMs are abutted by the AC’s (pseudo-colored gold) basal lamina. While panel (A) demonstrates a
single Pc in close relation to the capillary EC of the NVU, one may also observe that Pcs may provide
connectivity to two adjacent NVUs as in panel (B). Panel (B) illustrates prominent tight and adherens
junctions (TJ/AJ; arrowheads). Also, one will note that in some NVUs, the neuropil may come into
direct contact with the outer BM of Pcs. Magnification ×3000; bar = 1 μm (Panel (A)). Magnification
×1500; bar = 1 μm (panel (B)).

 

Figure 7. Remodeling of pericytes in diabetic (DBC) models. Panels (A,B) illustrate NVU with normal
appearing Pc and PcP. Panels (C–E) demonstrate some of the abnormal Pc remodeling changes that are
observed in the diabetic DBC. Panel (C) illustrates the complete loss of PcP in an inflamed abnormally
remodeled NVU. Panel (D) depicts an abnormal PcN that is retracted from its nuclear membrane at
low magnification to illustrate the NVU surroundings in the neuropil. Also, one will note swollen
aMt(pseudo-colored yellow with red dashed-line). Panel € depicts aMt that are pseudo-colored yellow
encapsulated by red dashed lines with abnormal swelling, as well as the loss of Mt matrix electron
density and the loss of Mt cristae within the cytoplasm of the Pc. This image also depicts the retraction
of the PcN from its nuclear membrane (double arrows), and excessive PcN chromatin (Cr) condensation,
strongly suggesting Pc dysfunction and degeneration, and may be in the process of eventual loss in
DBC. Panels (A,C): magnification ×3000; bar = 1 μm. Panel (B): magnification ×10,000; bar = 0.02 μm.
Panel (D): magnification ×2500; bar = 1 μm. Panel (E): magnification ×5000; bar = 0.5 μm.
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3.3. Protoplasmic Astrocyte Remodeling in Cortical Gray Matter Diabetic DBC Models

Protoplasmic astrocytes have numerous homeostatic functions in the brain [13,25–27]. Astrocytes
are the first glial cells directly abutting the basement membranes of the two mural vascular cells
(endothelial cells and pericytes) of the NVU in the healthy brain. This places astrocytes in a unique
position for connecting the regional cortical neurons to NVU mural cells. It is this connection between
the NVU and the neuron that contributes to a local hyperemia when neurons increase their activity.
Additionally, astrocytes act as a major supplier of energy via glycogen storage and glycolysis, as well as
of antioxidant reserves (glutathione (GSH) and superoxide dismutase (SOD)), growth factors such as
brain-derived growth factor transforming growth factor-β and glial-derived growth factor. Astrocytes
also define many aspects of synapse formation, plasticity, protective function, synaptic maintenance,
and elimination [26,27]. It is important to note, however, that human studies may not always conform
to findings in rodents because human protoplasmic astrocytes in the neocortex are much larger and
extend longer than in rodent models [28].

In obese, insulin-resistant, and diabetic DBC, we observed the astrocyte end-feet to detach and
retract from the basement membrane, which was especially noted when activated microglia cells were
actively encompassing or invading the NVU. The normal morphological relationship of the astrocyte
with the two vascular mural cells of the NVU (ECs and Pcs) is shown in Figures 1A,B, 3, 4A,B, 5, 6,
and 7A,B. Previous images demonstrating AC detachment include Figures 4C,D, 5, and 7C,D. Herein,
we provide additional representative observational findings of the activated AC detachment and
retraction from the EC and Pc BMs (Figure 8).

 

Figure 8. Detachment and retraction of protoplasmic AC in diabetic DBC models. Panel (A) depicts the
control (CKC) NVU and note that the “golden halos” (corona of the iAC2) tightly about the NVU EC
and Pc BMs. Note the nearby ramified microglial cell that is surveilling the NVU (arrows). In panel (B),
there are still three remaining intact type 2 pseudo-colorized golden in contrast to the detached and
retracted AC-1 (pseudo-colored pink with red outlines). Panel (C) depicts the total loss of iAC2 and
all of the ACs having undergone phenotypic polarization to the detached and retracted AC1-type.
Importantly, note the microbleed (asterisks) between the two NVUs (open white arrows), which may
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be a contributing factor to the complete absence of the iAC2-type of astrocytes as in the intact AC1 in
panel (A). Panel (D) depicts a aMGCM1 phenotype with abnormal nuclear chromatin condensation,
which resembles a blue pseudo-colored “frowning face”. The M1 type aMGC may not only contribute
to the activation of the polarized-type AC1, but may also result in a structural and possible functional
reason for the detachment and retraction of ACs. Indeed, the type 2 iAC2 “golden halos” that used
to shine are now gone, detached and retracted from the NVU, and, as a result of their polarized
transformation, may contribute to an increased dysfunction and increased permeability of the NVU.
Panels (B–D) depict the abnormal detachment and retraction of the AC from the NVU in the diabetic
DBC. In panel (B), there are still three remaining iAC2. Incidentally, panel (D) is a lower magnification
of Figure 3C. Magnification ×1200; bar = 2 μm. ab NVU—abnormal–aberrant neuroglial vascular unit;
MN—myelinated neuron; WBC—monocytic white blood cell.

The large AC cellular presence in the brain and their vast cell–cell communication via gap junctions
may be viewed as the brain’s functional syncytium [29]. The relationship among the NVU, EC, Pc,
and their shared outer basement membrane, as well as the cell–matrix attachments via dystroglycans
and integrins to NVU ACs, are essential for proper homeostasis and function [29–31]. Possible
mechanisms that may result in AC detachment and retraction are illustrated in Section 4 (Figure 8).

3.4. Sticky, Adhesive Red Blood Cells in the Neurovascular Unit of Diabetic DBC Mice

Occasionally, red blood cells (RBCs) were observed to be adherent to the endothelial cells of the
NVU in the cortical gray matter. These NVUs demonstrated highly electron-dense protein staining
adhesion plaques between the RBC and the endothelium, which may contribute to sludging of RBCs
and hypoxia (Figure 9).

 

Figure 9. Sticky, adhesive red blood cells (RBCs) in the neurovascular unit of diabetic DBC models.
Panels (B,D) depict the presence of a marked electron density between the RBC and the luminal EC
(arrows). In panel (D), there appears to be an electron-dense protein staining in the RBC (white arrows)
and also the EC (red arrows) that appear to fuse into one continuous electron-dense RBC/EC adhesion
plaque. Also note that the ACs are retracted on the left side of the NVU in panel (B). Magnification
×4000 and ×10,000; bar = 0.5 and 0.2 μm, in panels (B,D), respectively. Panels (A,C) illustrate the
relationship between the capillary RBC and the ECs without electron-dense adhesive adherence plaques
in CKC models. In panel (C), note the compressed endothelial glycocalyces (asterisks), which were not
observed in the diabetic NVUs as in panels (B,D). Magnification ×4000 and ×10,000; bar = 0.5 and
0.2 μm, in panels (A,C), respectively. Pcfp—pericyte foot process
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While the elusive endothelial glycocalyx was not specifically studied in these models, it was
observed to be compressed between the capillary RBCs and the endothelium only in CKC models
(Figure 9C). Notably, the endothelial glycocalyx was not observed in the DBC models.

3.5. Neurovascular Unit Microbleeds in the Diabetic DBC Mice

In the DBC cortical gray matter, we found evidence of microbleeds/microhemorrhages, and these
regions were associated with very small capillaries (≤2–3 μm) with notable loss of mural supportive
Pcs and detached/retracted ACs (Figures 10 and 11).

 

Figure 10. Cortical gray matter microbleeds in diabetic DBC models. Panel (A) illustrates a microbleed
between two small NVU capillaries (1) and (2) at low magnification ×600; bar = 5 μm. Panel (B) depicts
this microbleed (#) in a different region of cortical layer III of the gray matter, and note once again that
this microbleed resides between two capillary NVUs (1) and (2). Also, note how the electron-lucent
ACs are detached and retracted except for the one colored pink with the encircling solid red line
(panel (B)). Magnification ×1200; bar = 2 μm. Panel (C) demonstrates the close proximity of the
homogenous microbleed (#) to the paired capillary NVUs. Magnification ×2000; bar = 1 μm. Panel (D)
at higher magnification depicts aMt, which are pseudo-colored yellow with red lines encircling them.
Magnification ×3000; bar = 1 μm. Panel (E) allows one to appreciate the rounded homogeneous electron
staining that appears similar to a red blood cell or plasma that would be normally located within a
capillary lumen; however, this is located outside of any capillary lumen, and is totally surrounded by
the neuropil. Magnification ×4000; bar = 0.5 μm. Panel (F) also demonstrates aMt in the immediate
vicinity of a different NVU similar to panel (D), and these aMt may be a result of or contribute to the
associated microbleeds. Magnification ×6000; bar = 0.5 μm.

3.6. Nanometer Channels as Possible Origins of the Glymphatic Pathway

While this was not our goal in this study, we were able to observe at least one nanometer-sized
channel region that may represent an origin of a glymphatic channel in a transitional region from an
NVU capillary with a pericyte lining to an early small arteriole, but with a pericyte lining versus a
smooth-muscle-cell lining as in a true arteriole (Figure 12). Additionally, we were able to observe at
least six nanometer-sized ultrastructure channels at the NVU that appeared to be bounded by the
EC and Pc basal lamina and by the protoplasmic astrocyte basal lamina in the control CKC models
(Figure 13). Notably, none of these channels were present in the DBC, which may be due to the
previously described AC detachment and separation in diabetic DBC models.
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Figure 11. Cortical gray matter microbleeds in diabetic DBC models. Panels (A,B) illustrate the
detachment and retraction of reactive-activated ACs (drAC1) in the NVU within the immediate
proximity of this microbleed (pseudo-colored pink with red outlines). Note in these images that there
is only one intact AC2 (golden colored iAC2) remaining. Also, note the aMt (pseudo-colored yellow
with red outlines), which could certainly contribute to increased NVU oxidative stress and could
support ongoing EC and AC activation, as depicted. Importantly, note the invasion/infiltration by
aMGC (pseudo-colored red with encircling red lines) that are almost totally encompassing this NVU.
Magnification ×600; bar = 2 μm, and ×2000; bar = 1 μm (panels (A,B), respectively). EC N—endothelial
cell nucleus.

 

Figure 12. Cortical gray matter NVU capillary may demonstrate a potential paravascular waste
clearance channel. This transitional capillary describes one transitioning from a capillary NVU to an
arteriole. This NVU capillary EC is still encompassed by a layer of Pcfp with an intact PcN. Between
the Pcfp and its basal lamina, and between the surrounding iAC2 and their basal lamina, there is a
space that may represent the glymphatic pathway or glymphatic space (gS; pseudo-colored green).
This possible glymphatic space may be important for waste clearance from the nanometer channels,
and may also represent an ultrastructural origin of the glymphatic pathway in a previous image
(Figure 13). The presence of aquaporin 4 (AQP-4) in the basolateral regions of the intact ACs is
important for waste clearance. Magnification ×1200; bar = 2 μm.
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4. Discussion

Diabetes-associated cognitive impairment was previously described, and the currently used
terminologies include “diabetic encephalopathy”, initially described in 1950 [32], “type three diabetes”
in 2008 [33], and “diabetic cognopathy” in 2013 [13].

Since capillaries comprise ≥60% of the cerebral microvasculature [31], our initial aim was
to characterize the capillary NVUs in obese, insulin-resistant, type 2 diabetic female db/db DBC
mouse models, and our observational findings demonstrated abnormal, multi-cellular maladaptive
ultrastructural remodeling changes in the NVUs of the mid cortical gray matter regions of the brain.
These ultrastructure remodeling changes were not previously described in db/db models to the best
of our knowledge; however, they may contribute to impaired cognition in the DBC as described in
various papers regarding behavioral testing [34–39]. These cognitive impairments include behavioral
testing abnormalities of the db/db models (DBC) in the Morris water maze tests, forced swim test, tail
suspension test, light/dark box test, olfactory testing, Y-maze, and open-field tests to evaluate learning
and memory plus anxiety and/or depression-associated cognitive impairment/deficits.

Understanding the NVU ultrastructural morphology and how this structure maladaptively
remodels in the DBC as compared to the CKC models may allow for a better understanding of how
the NVU responds to obesity, insulin resistance, and T2DM. Herein, we found concurrent multicellular
maladaptive remodeling in the cells comprising the capillary NVU structures: (i) endothelial cell BBB
TJ/AJ; (ii) endothelial cell luminal contents (sticky RBCs) and extraluminal microbleeds; (iii) pericytes;
(iv) BM thickening in the NVU (ECs and encompassed Pcs); (v) astrocytes.

i. Endothelial cell BBB TJ/AJ attenuation and/or loss would allow increased permeability (due
to dysfunction, attenuation, and/or loss of its permeability barrier), which would allow the
accumulation of multiple vasculotoxic and neurotoxic moieties within the NVU parenchyma
(Figures 3B–D, 4C,D, 5, 7C,D, 8, and 9) [6]. This compromise of the EC BBB TJ/AJ may aid in
the understanding as to why there is concurrent remodeling in the surrounding cellular and
extracellular regional constituents of the NVU. Importantly, these ultrastructural maladaptive
remodeling changes could also interfere with neurovascular signaling/coupling functions of
astrocytes to both pericytes and endothelial cells, which could lead to dysfunction and/or loss of
function. As a result, there could also be a reduction in regional cerebral blood flow with regional
hypoperfusion and ischemia [4–8].

ii. Luminal RBCs were observed to become adherent (via adherence plaques) in DBC models,
which were not observed in the CKC models (Figure 10). Red blood cells become excessively
glycated and form advanced glycation end products (AGE) with hemoglobin in human and DBC
models of T2DM. Previously, our group showed elevations of hemoglobin A1c (HbA1c) [21],
which is known to increase RBC stiffness that is associated with the loss of RBC deformability [40].
The accumulation of AGE in the RBC outer plasma membrane regions will serve as a ligand
to the EC AGE receptor (RAGE). Additionally, the inner plasma membrane may translocate
phosphatidylserine (PS) to the outer leaflet in the hyperglycemic microenvironment of DBC
models. The translocated or “flipped” outer leaflet PS will contribute to the adherence of RBCs to
the EC PS receptor, as well as to the EC matrix of thrombospondin, αvβ1, and CD36, which may
add to the increased electron density of the proteinaceous electron-dense adhesion plaques of the
RBC and EC [41,42]. Importantly, there were also adherent mononuclear white blood cells within
the capillary lumen of NVUs observed in the cortical gray matter in DBC models, as depicted
in previous figures (Figures 4C,D, 7C and 8B), which will be discussed in greater detail as they
relate to microglia remodeling. While the elusive endothelial glycocalyx was not specifically
studied in this experiment, it is known that hyperglycemia results in the loss or shedding of
the protective endothelial glycocalyx, and thus, may result in a more vulnerable and activated
endothelium with increased inflammation and injury, decreased endothelial bioavailability of
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nitric oxide, and impaired vasodilation, in addition to becoming a more pro-coagulant surface in
the DBC models (Figure 10C,D) [43].

ii. Microbleeds/microhemorrhages within the gray matter of the cortical layers were observed
in DBCs, which certainly could be related to incompetent EC TJ/AJ BBB proteins.
These hemoglobin-containing extrusions/microbleeds would contain iron that could promote
additional oxidative stress to the NVU and the immediate surrounding tissues (Figures 11
and 12). Importantly, RBC remodeling can result in increasing dysfunction and/or damage to
the NVU as a result of adherence, escaping, or loss of deformability within NVU capillary
lumen in DBC models. Of note, cerebral microbleeds are being increasingly found on
magnetic resonance imaging (MRI) [44]. Currently, the significance of microbleeds in diabetic
preclinical models is yet to be evaluated extensively at the transmission electron microscopic
ultrastructural level; however, there may be some similarities to retinal microbleeds and
hemorrhages [45]. Notwithstanding, these observed microbleeds may be related to remodeled
and dysfunctional TJ/AJ. The combination of adherent RBCs and microbleeds in the DBC may
have detrimental consequences in local regional blood flow with resultant regional ischemia
and loss of neurovascular coupling in the DBC models and may have a predisposition to
accelerated neurodegeneration.

iii. Maladaptive Pc remodeling (Figure 7) in diabetes may contribute to increased BBB TJ/AJ
permeability, neuronal dysfunction, injury, and eventual neurodegeneration [13,15,18,25].
Recently, in streptozotozin-induced type 1 diabetes, it was demonstrated that pericytes are
also attenuated and/or lost, and that the mitochondrial-specific carbonic anhydrase inhibitor
(toprimate) was able to rescue pericyte loss and normalise BBB permeability [46]. Our findings
of aberrant mitochondria in DBC pericytes may be playing a detrimental role in our observed
pericyte attenuation and/or loss (Figure 7E).

iv. Capillary NVU BM thickening was observed in the cortical gray matter of DBC (~≥200 nm)
as compared to the CKC (~≤80 nm) models (Figures 4 and 5). Capillary BM thickening
is a fundamental ultrastructural central finding in most diabetic affected end-organs and
nearly a pathognomonic ultrastructural finding in human and rodent models of diabetes.
Capillary NVU BM thickening was reported in human diabetics in the cortical regions of
the brain [47]. Basement membrane thickening was also reported in the retinas of type 1
diabetic rats (streptozotocin-induced) at six months of age [48], whereas we did not observe BM
thickening in our type 1 diabetic mice mid-brain models studied at four months in a previous
study [18]. Mechanisms of BM thickening may be related to glucotoxicity, increased protein
kinase C, increased vascular endothelial cell growth factor, increased AGE, type IV collagen
AGE crosslinking, and oxidative stress [23]. The observed increase in BM thickness may increase
NVU permeability and could also play a role in the detachment of ACs from the capillary EC
and Pc NVU BM due to an interference in cell–matrix interactions and dysfunctional alterations
of BM integrins/dystroglycans. The current finding of BM thickening in DBC models filled
in some gaps in our knowledge regarding the lack of BM thickening in diet-induced obesity
Western mice models (cortical gray matter) [13] and the type 1 diabetic mice models previously
studied (cortical mid-brain) [23]. To the best of our knowledge, we are the first to identify BM
thickening in capillary EC/Pc NVU microvessels in the cortical gray matter of the female obese,
insulin-resistant, type 2 diabetic db/db mouse model.

v. Abnormal remodeling changes of the supportive and connecting protoplasmic astrocytes were
observed in the DBC models. Astrocytes foot processes were depicted in CKC images as being
colored “golden” due to their important function and location as connecting cells between the
capillary NVU and their regional neurons when they were observed to have intact connections
with the EC and Pc basement membranes. We observed how these connecting intact astrocytes
became detached and retracted from the capillary EC and Pc BMs in the DBC, and how they lost
their connective essential role of neurovascular coupling. This loss of neurovascular coupling
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and loss of vasodilation when being actively signaled by regional neurons could result in a loss
of function that could result in localized decreased cerebral blood flow, resulting in regional
hypoxia with the potential for increased neurodegeneration. In the detached astrocyte, it is
possible that the AC soma may remodel its F-actin cytoskeleton such that the AC protoplasmic
processes retract toward the soma of the AC in a phenotypic response to injury (brain wounding
mechanism), which may result from a combination of excessive reactive oxygen/nitrogen species,
toxic cytokines, and ischemia in the DBC models. Some suggested that the activated-reactive
detached AC are induced by activated microglia cells [49–51], and furthermore, that these
activated microglia may be responsible for the actual physical detachment and subsequent
retraction of the capillary NVU astrocytes in the DBC (Figure 4C,D and Figure 5).

Possible mechanisms of astrocyte detachment and retraction may include the invading
reactive-aMGC (Figure 14). The aMGCs may physically result in a shearing (bulldozer-like effect) as
they invade the NVU, which may result in the physical detachment of ACs. Importantly, these invading
aMGCs are known to be capable of secreting excess toxic reactive oxygen/nitrogen species (ROS
and oxidative/nitrosative stress) due to the actions of excessive nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase and toxic cytokines, which are capable of activating local EC proteolytic
matrix metalloproteinases, such as MMP-2. Also, hyperglycemia and resultant excess protein kinase
C, ROS production via glucose autoxidation, AGE-RAGE interactions, polyol, and hexosamine flux
pathways in the EC will be capable of increasing ROS production. In turn, this excess ROS will further
increase not only matrix metalloproteinases (MMP-2) production by ECs, but also inducible (MMP-9)
activation by surrounding Pcs and ACs. These above mechanisms may be synergistic with the observed
attenuation and/or loss of EC BBB TJ/AJ and pericytes. The detachment and retraction of astrocytes
may provide new insights into the loss of neurovascular coupling and eventual neurodegeneration in
the DBC (Figure 14).

Early on, the brain was known to lack a classical endothelial-lined lymphatic system as described
in the peripheral tissues, and a specific lymphatic-like pathway channel remained somewhat elusive.
Recently, the presence of a new paravascular gymphatic pathway/system was described [50–52].
The “g” preceding the word lymphatic, or “glymphatic”, is to honor the importance of the glial ACs
and their important polarized water channel, aquaporin-4, which is localized to the basal lateral
position of ACs that abut and line the EC and Pc basement membranes. Importantly, others suggested
that these paravascular channels may potentially extend all the way to the capillary level of the
NVU [53]. Concurrent with the above findings, other groups identified lymphatic channels in the
meninges, and suggested that the drainage was accomplished via a “perivascular channel” that
moves within the basal lamina regions of the outer arteriole smooth muscle cells and adventitia [54].
Of interest, another paper recently discussed the current understanding, significance, and controversy
of these waste clearance pathways [55].

A timely publication was released during the preparation of this manuscript (May 2018) regarding
the entrance of a cerebral spinal fluid (CSF) tracer (soluble, fluorescent fixable amyloid β (Aβ)) that
was introduced via the cisterna magna. These findings demonstrated that the tracer entered the brain
along the pial-glial BMs, and reasons for its entry into the extracellular matrix interstitial fluid was
not completely clear; however, authors stated there could be multiple reasons [56]. The mixture of
the interstitial spinal fluid and CSF was then found to enter the BM regions in capillary walls, before
draining further into the BMs of vascular smooth muscle cells within the tunica media in the pial
arterioles and arteries within the intramural peri-arterial drainage pathways to the sagittal sinus and
cerebral spinal fluid. Also demonstrated in this study was the finding that injected tracers were found
to enter and leave the brain along separate peri-arterial basement-membrane pathways [56].
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Figure 14. Possible mechanisms for detachment and retraction of astrocytes in diabetic DBC. Panel (A)
demonstrates the iAC2 in the CKC. Panel (B) depicts the near complete loss of iAC2 coverage of
the EC and Pcfp. Importantly, note the detachment and retraction (yellow arrows) of phenotypically
retracted ACs, labeled AC1, in the DBC. Note the aberrant mitochondria in this image in the detachment
zone (pseudo-colored yellow and outlined by red solid line). Also, note the aMGC that is located
between the NVU EC BM and the detached AC1 (red dashed lines). Magnification ×4000; scale bar =
0.5 μm. Panel (C) contains a cartoon, which may illustrate some of the possible involved mechanisms.
C—collagen IVECM—extracellular matrix; Fn—fibronectin; H20—water-edema; MPP2–9—matrix
metalloproteinases 2–9; PGN—proteoglycan; ROS—reactive oxygen/nitrogen species.

Interestingly, possible nanometer spaces/channels were observed in both the capillary NVU
regions and in pre-arteriole transitional pericyte-lined microvessels of the non-diabetic CKC models
(Figures 13 and 14), which were not observed in the diabetic DBC. Whether this is due in part to
the outer wall AC detachment and retraction from NVU EC and Pc BMs or the immersion-fixation
process utilized in this model remains to be studied in greater detail. It is not certain that these shared
images will assist in making any headway or advances; however, they support the discussion that
the “glymphatic pathway” may actually have its origin at the capillary NVU to begin the clearance
of metabolic toxic waste products from the interstitial fluid of the brain, as seen in Figure 1a that
Abbott et al. [53] shared.

The puzzling mechanisms for the clearance of waste products via a specialized glymphatic system
of the brain are still far from being completely elucidated, and it may be eventually demonstrated
that both the perivascular and paravascular routes for clearance of metabolic byproducts and toxic
oligomers of Aβ and other proteins may be cleared via a little bit of both systems currently described
in the literature. Regardless, when ACs are detached and retracted from the NVU (in addition to other
cellular remodeling changes as found in the cortical gray matter NVUs of DBC models), these changes
may result in impaired waste clearance in the DBC models.

Certain limitations apply to this study, which include the following: (i) this study was limited
to immersion fixation, which studied only a snap shot in time; however, these images allowed
comparisons at the same point in time between healthy normal controls (CKC) and diabetic (DBC),
such that maladaptive remodeling changes could be observed; (ii) this study was limited to the
cortical gray matter (primarily layer III) and may not apply to other regions of the brain such as the
hippocampus, mid-brain, or cerebellum. However, cortical remodeling usually occurs at later time
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points than hippocampal remodeling, and therefore, may be representative of earlier time points in the
expectation of similar remodeling findings in the hippocampal structure); (iii) this study was primarily
designed and directed to interrogate the NVU and its immediate surroundings; (iv) this study was
limited to only ultrastructural observational findings, and was not supported by functional studies,
immunohistochemistry, or protein Western blots. As with any transmission electron microscopic
study, the regions studied were very small and limited. Furthermore, this study was not supported
by larger regions of study, such as light microscopy, to more closely examine larger areas of tissue
remodeling. In general, the above limitations reflect the very nature of TEM studies in general when
not accompanied by other functional and light microscopic methods. Given these limitations, however,
this study does allow for the ultrastructural comparisons of age-matched CKC to the diseased obese,
insulin-resistant, and diabetic DBC at the same time points. Additionally, the authors attempted
referencing what other investigators previously established in diabetic models.

While each individual cellular component of the NVU is considered to be a vital element to ensure
proper functioning, homeostasis, and integrity, the multicellular remodeling in the brains of the DBC
are thought to be of extreme interest. The detachment and retraction of the ACs from the capillary
NVUs are thought to be very important novel findings, in that, ACs are the connecting/communicating
cell between the regional neurons and capillary microvessels of the NVU, providing neurovascular
coupling. This loss of neurovascular coupling could possibly provide novel mechanisms for impaired
regional capillary blood flow, cerebral blood flow dynamics, and regional ischemia, which may
markedly contribute to the ongoing neurodegenerative progression in this model and the increased
vulnerability to age-related neurodegenerative diseases.

The authors observed that, in most of the diabetic end-organs affected by T2DM, there appears
to be accelerated/premature aging. These observations suggest that T2DM may induce premature
macrovascular and microvascular brain aging and/or negatively interact with the normal aging
process [57], which supports the brain reserve hypothesis [58]. Accelerated aging could render
these cells highly vulnerable to the effects of other specific neurologic age-related diseases, such
as Alzheimer’s disease, vascular dementia, and Parkinson’s disease. Indeed, other investigators
also suggested that T2DM is associated with learning and memory dysfunction, specifically in older
adults [59].

In summary, to the best of our knowledge, we are the first group to perform an in-depth
ultrastructural study of the brain NVU in obese, insulin-resistant, and diabetic female db/db
DBC models with the transmission electron microscope. Ultrastructural observations included an
attenuation and/or loss of EC BBB TJ/AJ and Pc, as hypothesized, as well as capillary NVU BM
thickening and abnormal remodeling in supportive neuroglia ACs, consisting of detachment and
retraction from the NVUs. Also, there were observational findings of sticky red blood cells and
microbleeds in the DBC that were not noted in CKC. Additionally, we were not only able to image
a possible example of the recently defined glial lymphatic (glymphatic) pathway system at the CKC
pre-arteriolar and capillary NVU level, but we were also able to demonstrate a possible nanoscale
origin of the glymphatic system for waste clearance.

These observational findings, in whole or in part, appear important to the known impaired
cognition in db/db models of T2DM, and certainly suggest that the multicellular remodeling may
place a certain credence regarding the saying that the whole may be greater than the sum of its parts.
Indeed, this study was certainly a voyage of discovery, and while we may all dance around in a ring
and suppose, the secret sits in the middle and knows (“The Secret Sits”—a poem by Robert Frost
(1874–1963)). These sage thoughts by Frost suggest that the abnormal cellular remodeling changes
may represent the secret sitting in the middle in order for us to better understand the complicated
structures of the brain in the diabetic DBC as compared to the control CKC models.
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5. Type 2 Diabetes Mellitus Increases the Risk of the Neurodegenerative Diseases, Alzheimer’s
and Parkinson’s Disease

Type 2 diabetes mellitus is known to increase the risk of developing AD. However, the increased
clinical risk that T2DM brings to the development of PD was only recently more strongly established
during the preparation of this manuscript [60]. Our observational ultrastructural findings of the NVU
in T2DM DBC models are quite disturbing, in that, these maladaptive remodeling changes of the NVU
in DBC models could lead to predisposition to additional maladaptive remodeling with aging, and the
increased vulnerability of the T2DM brain tissue to age-related neurodegenerative diseases.

6. Future Directions

Now that there is an established model of marked ultrastructural remodeling changes in the
NVU in the female diabetic DBC, studies utilizing various treatment modalities are certainly of great
interest. Multiple treatment modalities may be studied to observe if they can prevent/abrogate
the ultrastructural brain remodeling. Additionally, functional studies utilizing light microscopy,
immunohistochemistry, and protein and mechanistic studies may be employed. Also, there are newer
technologies being utilized even currently, and of course, newer technologies that are yet to be created
in the future.

One exciting new modality in current use is the focused ion beam/scanning electronic microscopic
(FIB/SEM) instrument [61] that is being increasingly incorporated in core facilities to capture images
(Figure 15).

 

Figure 15. Examples utilizing focused ion beam/scanning electronic microscopic (FIB/SEM) technology
to study various models of disease. Panel (A) illustrates the use of 3-view system (Gatan, Inc.,
Pleasanton, CA, USA) with tagged image file format (TIFF) cutouts in diet-induced obesity models
of cortical gray matter layer III (P—pyramidal cells; MN). Panels (B–D) were obtained by utilizing
FIB/SEM technology. Panels (B,C) depict randomized pseudo-colorized Mt in control CKC models.
Panels (D–F) demonstrate myelin. In panel (D), note that the myelin is not pseudo-colorized, in contrast
to panels (E,F), where the myelin is pseudo-colorized golden in control CKC models. No specific
magnification or actual scale bars are included in these FIB/SEM images.

Some of the potential capabilities of FIB/SEM technology are actually reminiscent of how
computerized axial tomography and MRI technologies expanded some of our most recent new findings
and concepts regarding both rodent models and human diseases. Regarding brain barriers and fluid
movement, a recent paper commented that there are several ongoing clinical trials underway testing
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the intrathecal route of drug delivery, which may evolve to become a treatment modality for brain
diseases [62]. Indeed, these are exciting times.
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Abstract: Neuroscience, like most other divisions of natural philosophy, emerged in the Hellenistic
world following the first experimental discoveries of the nerves connecting the brain with the body.
The first fundamental doctrine on brain function highlighted the role for a specific substance, pneuma,
which appeared as a substrate for brain function and, being transported through the hollow nerves,
operated the peripheral organs. A paradigm shift occurred in 17th century when brain function was
relocated to the grey matter. Beginning from the end of the 18th century, the existence of active and
passive portions of the nervous tissue were postulated. The passive part of the nervous tissue has been
further conceptualised by Rudolf Virchow, who introduced the notion of neuroglia as a connective
tissue of the brain and the spinal cord. During the second half of the 19th century, the cellular
architecture of the brain was been extensively studied, which led to an in-depth morphological
characterisation of multiple cell types, including a detailed description of the neuroglia. Here,
we present the views and discoveries of the main personalities of early neuroglial research.

Keywords: neuroglia; neuroscience; history; glial research

1. Brief History of Neuroscience: From Ventricular-Pneumatic Doctrine to Cellular Structure

In the most ancient times, natural philosophy associated human intelligence with the heart and the
cardiovascular system. This cardiocentric doctrine was predominant in ancient Egypt, in Judea, and in
Persia; it was popular in the Hellenic world, and it remained a mainstream concept in Oriental medicine
(most notably in China and in Japan) until the middle of 19th century [1]. In ancient Greece, Aristotle
(384–322 B.C.) was the prominent proponent of the cardiovascular doctrine; Aristotle introduced the
concept of pneuma, an air-like substance that was produced in the heart and that was distributed
through the body. This pneuma, according to Aristotle, was a substrate of intelligence and cognition,
and when released from the blood it triggered peripheral voluntary reactions. Within this paradigm,
the brain was a bloodless organ that served for cooling pneuma and for moderate passions [2,3].

The first natural philosopher, anatomist, and physiologist who linked the brain with higher
cognitive functions was Alcmaeon of Croton (6th–5th centuries B.C.). Alcmaeon defined intelligence as
the main factor distinguishing between humans and other animals: “Man differs from other animals,
because he alone comprehends, while the other animals perceive but do not understand, because
understanding and perception are different things”, and realised that “all the senses are connected
somehow with the brain” [4]. The brain as an organ of intelligence was recognised by Plato, by Socrates,
and in the writings of the Hippocratic school. The Hippocratic corpus (~60 medical texts written by
the members of Hippocrates’ school in the 5th–4th centuries B.C.) contains a chapter entitled “On the
sacred disease”, which identifies the brain as an organ of cognition.

Neuroglia 2018, 1, 245–281; doi:10.3390/neuroglia1010016 www.mdpi.com/journal/neuroglia239
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“It ought to be generally known that the source of our pleasure, merriment, laughter, and
amusement, as of our grief, pain, anxiety, and tears, is none other than the brain. It is
specially the organ which enables us to think, see, and hear, and to distinguish the ugly and
the beautiful, the bad and the good, pleasant and unpleasant...” [5].

Systematic neuroanatomy was introduced by Herophilus of Chalcedon (335–280 B.C.) and
Erasistratus of Cos (304–250 B.C.) who both worked in the Museum of Alexandria (Figure 1A,B).
Herophilus identified nerves (including cranial nerves) and found that nerves connect the body with
the brain. He further discovered the existence of motor and sensory nerves, and realised that motor
nerves originate either in the brain or in the spinal cord. Herophilus was also the first to describe
brain ventricles. Erasistratus continued the neuroanatomical studies of his predecessor, and was the
first to found the direct relations between complexity of the brain and human intelligence [1,6–8].
Erasistratus was also the first to outline the principles of the ventricular-pneumatic theory of brain
function. According to this theory, there are several classes of pneuma; the first type, the vital pneuma,
is produced in the lungs from the inhaled air; this vital pneuma is subsequently distributed throughout
the body by blood vessels, the vital pneuma diffuses to the tissues and sustains their life. The brain
parenchyma converts the vital pneuma into the psychic pneuma, which is concentrated in the ventricles.
The psychic pneuma represents the substrate of nervous function, including cognition. From the
ventricles, the psychic pneuma is sent to the periphery through the hollow nerves; when released
from nerve terminal, the psychic pneuma instigates peripheral responses [1,6–8]. Of note, Democritus
(460–370 B.C.) suggested that the “psyche”, that is, the substrate of nerve function, is formed by the
lightest atoms [3].

Figure 1. Founders of neuroanatomy and neurophysiology: (A) Herophilius, (B) Earsistratus,
and (C) Galen, and the frontispiece of the Renaissance edition of Galen’s works (Galeno. Omnia quae
extant opera. Venezia, eredi di Luca Antonio Giunta, 1556).

The ventricular-pneumatic theory of the brain function was further developed by Claudius
Galen of Pergamon (129–200 A.D., Figure 1C). Galen regarded the pneuma as a special fluid that was
produced by the brain parenchyma from the “vital spirit” produced by the lungs from the air; the final
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conversion of vital spirit to pneuma occurred in the choroid plexus, through which pneuma entered
the ventricular system. The ventricles worked as a pump, which maintained the movement of pneuma
through the motor nerves, and the aspiration of pneuma from the sensory nerves. The pneuma, which
completely filled the nerves, made them rigid, which allowed the rapid conduction of signals similar
to the pulse wave propagation through blood vessels. Signalling at the sensory nerve endings and
motor nerve terminals occurred through microscopic pores that allowed free exchange of pneuma
between the nerves and peripheral tissues. At the brain level, pneuma carrying sensory signals is
delivered to the anterior ventricles, whereas the afferent signals to the muscles originate from the
posterior ventricle [9]. Based on experiments on live animals which involved selective compression or
lesioning of different parts of the brain and nerve ligation, Galen contemplated distinct localisation
of functions within different anatomical structures. First, he demonstrated that damage to the brain
parenchyma per se did not cause major deficits unless the ventricle was opened (apparently causing the
escape of the pneuma). He also found that compression of anterior ventricle led to blindness, whereas
compression of the posterior ventricle resulted in general paralysis. The damage to the ventricles
resulted either in serious sensory deficits (anterior ventricle), or in collapse and death (middle and
posterior ventricles).

The ventricular-pneumatic doctrine remained the main theory of neuroscience throughout the
Middle Ages and the Renaissance. Anatomists and medics from both western world (Albertus Magnus,
Tomas Aquinas, Roger Bacon, Petrus de Montagnana, Lodovico Dolce, Ghiradelli of Bologna,
and Theodor Gull of Antwerp) and from Arabic countries (Ibn Sı̄nā and Ibn Rushd, known in Europe
as Avicenna and Averroes), added further developments by assigning different functions to different
parts of ventricular system (Figure 2). The anterior ventricle was usually associated with sensory input
and sensory processing, the middle ventricle was linked to creativity and imagination, cognition and
intellect, whereas the posterior ventricle was a seat for memory [9]. Leonardo da Vinci, who was an
adept of the ventricular-pneumatic doctrine, made the first three-dimensional cast of the ventricles
by filling them with melted wax (Figure 2C); when the wax was set, the brain tissues were removed,
thus revealing the ventricular system [10]. According to Leonardo’s reckoning the anterior ventricles
were responsible for bridging the sensory inputs with senso commune, while memory resided in the
posterior ventricle.
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Figure 2. Pneumo-ventricular doctrine of the brain function. (A) The conceptual scheme of ventricular
localisation of brain functions proposed by Albertus Magnus, as depicted in the later version from the
16th century, made by Gregorius Reisch, who was the Prior of the House of Carthusians at Freiburg
and confessor to the Emperor Maximilian, and who published a concise encyclopaedia of knowledge in
1503 [11]. (B) Ventricular divisions of brain functions as presented in ‘The Art of Memory’ by English
Paracelcian physician Robert Fludd [12]. (C) The three-dimensional depiction of the ventricular system
as drawn by Leonardo da Vinci. Leonardo made a mould of the brain ventricles by injecting them
with melted wax, which after the removal of soft tissues produced their precise cast [13]. “Make two
vent-holes in the horns of the greater ventricles, and insert melted wax with a syringe, making a hole in
the ventricle of memory; and through such a hole, fill the three ventricles of the brain. Then when the
wax has set, take apart the brain, and you will see the shape of the ventricles exactly.” (cited from [10]).
(D) The concept of brain functions and cross-section of the human head and cranial nerves according
to Leonardo da Vinci. Since Leonardo used his left hand for writing and wrote from right to left,
his drawings with descriptions are presented mirrored in this figure. On the left is a cross-section of the
head with a symbolic image of three ventricles; it is possible to recognize the names of the individual
layers, such as the cerebro (brain), dura mater, and pia mater (meninges), the cranio (skull), and the
pericranio (periosteum). On the right is the “cell” theory of brain functions and the cranial nerves. In the
first ventricle, Leonardo placed imprensiva, a term proposed by himself (and never used by anybody
else) for a structure connecting the senses and senso commune; in the second ventricle, he placed senso
comune; and in the third, he placed memo (memory) [10].

Rene Descartes (1596–1650), who introduced the concept of reflexes, had his own view on the
functioning of the nervous system. He assigned the nervous function to small corpuscles or “a very fine
flame” which was released from nerve endings [14]. According to Descartes, peripheral stimulation
triggered mechanical displacement of nerves that almost immediately caused the central end of the
nerve to twitch. This in turn triggered the release of “animal spirit” or “a very fine flame” that in the
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form of minute particles, flew to the ventricles. The same particles carried signals through the nerves
to the periphery. In the nerve endings, these signalling particles were released through miniature
valves and diffused to the muscles, where they were taken up by congruent valves; after entering the
muscles, these said particles initiated and regulated contraction. Descartes also suggested that volatile
movements originate from the pineal gland surrounded by the cerebrospinal fluid. Small movements
of the pineal gland are accordingly able to regulate the flow of the spiritus animales through a complex
system of pipes and valves (Figure 3A).

The first departures form the ventricular-pneumatic views emerged in the 17th century when
Marchello Malpighi and, to a larger extend Thomas Willis, noted the roles for the grey matter and
brain parenchyma in nervous function [15,16]. Localisation of functions in the brain was initially
performed by numerous phrenologists, including Georg Prochaska, Franz Joseph Gall, Johann Gaspard
Spurzheim, and George Combe [17–20]. The first true functional brain centre was discovered by Paul
Broca, who identified the area in the posterior-inferior part of the frontal cortex of the dominant
hemisphere as a centre of speech [21]. Further advances in the localisation of brain functions were
made by Gustav Theodor Fritsch and Edward Hitzig [22], and by systematic studies of Sir David
Ferrier, who produced the first map of functional speciality of various brain regions in monkeys,
including the motor and sensory (vision, heating and taste) areas [23–25]. The electrophysiological
mapping of the motor cortex was finalised by Wilder G. Penfield who invented the concept of the
motor and sensory “homunculus” [26].

Figure 3. Early morphological studies of the nervous system. (A) Nervous structure and the formation
of voluntary movements as proposed by René Descartes. On the left is a diagram of the optic nerve
comprising hollow tube-like structures [14]. On the right is the formation of voluntary movements
regulated by the activity of the pineal gland [27]. (B) Albrecht von Haller, and the excerpt of his book
De partibus corporis humani sensilibus et irritabilibus. Commentarii societatis regiae scientiarum gottingensis [26]
in which he introduces the existence of irritable (irritabilis) and sensible (sensibilis) tissues. (C) Globular
(gland-like) structures of the brain cortex according to Marcello Malpighi (reproduced from [28]).
(D) Cross-section of a nerve (left, [29]) and the structure of the brain tissue after Antoni van Leeuwenhoek.
On the right is a structure of dried pig brain tissue containing two vesicles [30].
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These advances in neuroanatomy coincided with the emergence of neurophysiology. Probably the
first true neurophysiologist was Albrecht von Haller, who performed physiological experiments and
developed the theory of irritability and sensitivity [31,32]. By systematic injury to all organs and parts
of organs by spraying with cold, hot or corrosive substances, by stinging, squeezing, and also by means
of electricity, Haller, in observing the stimulus response of the organ part concerned, classified the two
categories of irritable (irritabilis) and sensible (sensibilis) tissues [33]. Haller’s stimulation experiments,
based on the assignment of the criteria irritable and sensitive, led for the first time to a precise,
functional differentiation of the smallest components (fibres) of animal organisms (Figure 3B). Haller
also noticed that in addition to the tissues that were directly responsible for irritation and sensitivity,
there was another type of tissue which belonged to neither group. Haller called the third type of tissue
the “cell tissue fibre” (Zellgewebsfaser), constituting “cellular tissue” (Zellgewebe). According to him,
this was an inert tissue forming a filling or a basic substance, that encompassed all those components
of the organism that Haller was unable to identify as either sensitive or irritable [34].

The ideas of cellular nature of the nervous tissue were developed in parallel. Starting from
the mid-17th century, the notion of elementary units of life were contemplated by several natural
philosophers, most notable by Pierre Gassendi and Robert Boyle. This coincided with the emergence
of first microscopes that allowed visualisation of life units. The term “cell” was introduced in 1665
by Robert Hooke [35], who noted the semblance between regular microstructures that he observed
in cork, with the monk’s cells in the monastery dormitories. The first animal cells were visualised
and described by Antonie van Leeuwenhoek (1632–1723), who, by using self-made microscopes,
found bacteria (he called them animalcules or little animals); he also observed erythrocytes, single
muscle fibres, and followed the movements of live spermatozoids [36]. The cellular theory of life was
formalised by Theodor Schwann and Matthias Jakob Schleiden [37,38].

In particular, Theodor Schwann (1810–1882), in his famous book devoted to the cell theory [38],
summarized the properties of tissues as follows:

Upon these more or less important modifications of the cell-life the following classification of
the tissues is based: 1st. Isolated, independent cells, which either exist in fluids, or merely lie
unconnected and moveable, beside each other. 2d. Independent cells applied firmly together,
so as to form a coherent tissue. 3d. Tissues, in which the cell-walls (but not the cell-cavities)
have coalesced together, or with the intercellular substance. Lastly, tissues in which both the
walls and cavities of many cells blend together. In addition to these, however, there is yet
another very natural section of the tissues, namely, the fibre-cells, in which independent cells
are extended out on one or more sides into bundles of fibres. The naturalness of this group
will form my excuse for sacrificing logical classification to it, and inserting it as the fourth
class (4th), consequently, that last mentioned, consisting of tissues, in which the cell-walls
and cell-cavities coalesce, becomes the fifth (5th). (Cited from English translation; [39] p. 65)

Thus, according to Schwann, all tissues, including nervous and connective tissues, were composed
from cells or their constituents; accordingly, all fibres were parts of the cells and they were
cellular processes.

Probably the first microscopic observations of the cortex were made by Marcello Malpighi,
who noted that nervous tissue is composed from numerous little formations, which he called “globules”
or “little glands” ([40] and Figure 3C); similar structures were mentioned by other contemporary
microscopists including Antonie van Leeuwenhoek (Figure 3D and [41]). Whether these structures
indeed represented neural cells remains unknown. The very first true description of neural cells
belongs to Emanuel Swedenborg (1688–1772) who described (in the 1740s) that the “globules” or
“cerebellulas” (small brains) were independent functional entities that were interconnected with fibres;
these globules and their projected fibres were the substrates for brain function: “From each cortical
gland proceeds a single nerve fibre; this is carried down into the body, in order that it may take
hold of some part of a sensation or produce some action” (quoted from [41]). Swedenborg’s writings
unfortunately were not published until 1882 [42] and hence they did not influence the developments
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of cellular neuroscience. The globular structures of different sizes (which sizes vary between regions
of the nervous system) have been also described by Giovanni Maria Della Torre (Figure 4A and [43]).

Peripheral nerves were first observed under microscope by van Leeuwenhoek, who described
(in 1717, see [44]) small regular circular structures (that represented single axons) in the sagittal slice
of the nerves isolated from cows or sheep (Figure 3D). Felice Gaspar Ferdinand Fontana produced,
in 1780, the very first anatomical description of nerve and neural fibres or axons, noting that the
nerve is composed “of a large number of transparent, uniform, and simple cylinders. These cylinders
seem to be fashioned like a very thin, uniform wall or tunic which is filled, as far as one can see,
with transparent, gelatinous fluid insoluble in water” [44].

Figure 4. The early studies of the elements of the nervous system. (A) Globular structure of the
spinal cord tissue according to Giovanni Maria Della Torre, and the frontispiece of his book [36].
(B) Henri Dutrochet and his drawings of the globular corpuscules from mollusc cervical ganglia [38].
(C) Christian Gottfried Ehrenberg and his image of the nerve cell of the leech [41]. (D) Theodor Keuffel
and the excerpt of his book on the structure of the spinal cord [45]. Right: the fibrous substance in the
thin slice of ox spinal cord (top) and in the grey matter only (bottom) Top: a, b, c, d—the pia mater;
f, g—two fibres extending from the pia mater and splitting into two centres (i); h—neurilem. Bottom:
two centres of the grey matter; a—the end of the extension of the pia mater; b—the last fibrils into which
this extension splits; c—the two centres of grey matter.

One of the earliest description of cellular elements of the central nervous system have been
made by Henri Dutrochet (1776–1847), who observed clusters of globular particles (corpuscules
globuleux agglomeres) in the frog brain, which he suggested were the structural elements of the
nervous tissue [46,47]. Dutrochet further concluded that these globular structures (nerve bodies)
were “manufacturers of nervous energy”, while nerve fibres provided “nervous motion”. He further
studied cerebral ganglia of molluscs Helix pomatia and Arion rufus, and reported clusters of spherical
cells that were associated with smaller spherical or ovoid particles (Figure 4B). A century later,
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František Karel Studnička speculated that Dutrochet described large ganglion neurones surrounded
by glial cells, which can be further identified as microglia, and thus Dutrochet was the first discoverer
of neuroglia [48]. This inspiring idea however, remains a mere surmise Dutrochet by himself was
oblivious to the existence of supportive cells of the nervous system.

The first documented microscopic images of leech neurones (Figure 4C) were obtained by
Christian Gottfried Ehrenberg [49], while Jan Evangelista Purkyňe identified and imaged nerve
cells of the cerebellum [50], and his pupil Gustav Gabriel Valentin observed neurones with nuclei
(Figure 5A,B). In those days, the nerve cells were generally called globules or kugeln (spheres in German).
Robert Bently Todd was the first to name these structures cells; he wrote: “The essential elements
of the grey nervous matter are “vesicles” or cells, containing nuclei and nucleoli”. They have also
been called nerve or ganglion “globules” [51]. In 1873, Camillo Golgi introduced the silver-chromate
staining technique [52], which allowed much more detailed microscopic visualisation of neural cells.

Figure 5. First microscopic images of neural cells. (A) The first drawing of neurones with processes
and nervous structures, made by Gustav Gabriel Valentin [48]. Middle: single globule of the human
yellow matter, terminated by a tail-like process: (a) parenchyma, (b) tail-like process, (c) vesicle-like
core similar to the germinal vesicle, and (d) bodies present on the surface. Right: fibres and globules in
the sheep spinal cord. A thin section of the spinal cord in the cervical region, medulla oblongata: (a) the
undulated longitudinal primitive fibres forming plexuses and (b) globules present in the interstitial
space. (B) Jan Evangelista Purkyně and the first drawings of the Purkinje neurone made by him for the
Congress of Physicians and Scientists Conference in Prague, in 1837. (C) Karl Kupffer [53] and the first
drawing of the cellular elements in the frog spinal cord grey matter, which had “definite connections
with undoubted connective tissue fibres”.

2. The Concept of Neuroglia. The Birth of the Concept

Albrecht von Haller, in his treatise on irritability and sensitivity (see above) also noted that besides
tissues involved in irritation and sensitivity, another type of tissue exists which belong to neither group
and which Haller called as “cell tissue fibre” (Zellgewebsfaser), constituting “cellular tissue” (Zellgewebe).
According to him, this was an inert tissue forming a filling or basic substance that encompassed all
those components of the organism that Haller was unable to identify as either sensitive or irritable [33].
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Haller, most likely for the first time, defined fibre tissue as an inert tissue forming a filling or basic
substance in the brain tissue.

Almost 60 years after Haller’s work, German anatomist Theodor Keuffel (no personal data are
available), who was a student of famous German physician, physiologist, anatomist, and psychiatrist
Johann Christian Reil (1759–1813), published a book, based on his PhD thesis, which was dedicated to
the histological examination of the central nervous system [45,54]. In the spinal cord slices, he described
fine-needled fabric of the finest fibres; the whole fibrous substance was of reticular shape, as it would
correspond to a fibrous network consisting of an innumerable amount of finest fibrils, which formed
anastomoses between themselves in the most varied ways, and to connect with each other by countless
branches (Figure 4D). The fibrous matter in the white, as well as in the grey matter, expressed a
completely uniformly net-like structure without any predominant direction. The fibrils of the white
and grey matter, merged directly with each other, so that it seemed to Keuffel that the fibrillary mesh
ran through the entire cross-section of the spinal cord. The nature of the fibrous substance, according
to him, was a compressed animal substance. What he observed, was probably the vascular network
of the spinal cord, since by using his methods, all neuroglial cells disappeared and only vessels and
the actual connective tissue remained (see also [55]). Thus, the main contribution of Keuffel was the
concept of a histological microstructure that existed in the nervous tissue in addition to the nervous
elements, which led to the conviction that the brain and spinal cord tissue also contained some sort of
fibrillary tissue which was observed in the other organs of the body.

Gabriel Valentin (1810–1883) was a German physiologist; after finishing in the University of
Breslau (now Wroclaw in Poland), he worked as an assistant to Jan Evangelista Purkyně. Valentin
published results of his investigation of the structure if the nervous tissue, which was done most likely
under the influence of Purkyně, in an extensive treatise [56,57]. According to Valentin:

The whole nervous system consists of two primary masses, namely the isolated spheres of
the occupying masses and the isolated, continuous primitive fibres. The former are probably
representatives of the creative, active, higher principle, the latter of the receiving and guiding,
passive, lower principle. Each of these is enveloped by a cell-tissue sheath, the strength
of which determines the intensity of the action of both heterogeneous parts on each other.
These are the pure and peculiar formations of the nervous system. ([56]; p. 157)

In Valentin’s model, the nervous tissue comprised spheres (Kugeln der Belegungsmassen), which
represent cell bodies, primitive fibres (Primitivfasern), which represent nerve fibres, and intermediate
substance (Zellgewebescheide) containing fibres or threads, which was most likely identical to what some
authors later called as glial sheaths (Gliascheiden). In contrast to Keuffel, who considered this substance
to be fibrous only, Valentin clearly identified it as cellular tissue (Figure 5A). He also described that the
sheaths were always of a cellular nature where the cellular elements were interconnected by threadlike
cellular tissue extensions. Valentin proposed that this whole formation evidently had the purpose of
inhibiting the mutual direct action of the primitive fibres and the spheres, since he was convinced, on
the basis of physiological experiments, that the sheaths had the properties of an insulator. The main
contribution of Valentin was therefore the establishment of the concept of the nerve tissue structure,
which moved towards the later neuroglial concept in two ways: first, the intermediate filling substance,
other than nerve bodies and fibres, had a cellular structure with thread-like extensions, and second,
this intermediate filling substance had insulating properties.

Purkyně’ was the first to provide topographic description of the ganglionic bodies, which from
today’s perspective, corresponds to the agglomerations of various classes of nerve cells in different
areas of the brain, spinal cord, and ganglia, and in which he described nuclei and nucleoli. Among
them were also Purkinje cells, large neurons with many branching dendrites found in the cerebellum
(Figure 5B). However, lesser known in fact, was that Purkyně has also a priority in the description of
the processes of cells in the brain and spinal cord that were in close relationship with nearby blood
vessels. As he pointed out in the extended and less known version of his abstract from the Prague
meeting in 1837:
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The processes of the ganglionic cells in the brain and in the spinal cord sometimes appear to
be related to the large number of surrounding blood vessels, but it has never been proven
with certainty, even less could be determined here about the reduction of very fine brain
fibres [58].

What Purkyně most likely observed were the processes of perivascular astrocytes, which are
closely associated with the brain capillaries.

The general view on the structure of the nervous system was significantly, and for a long period of
time, affected by the concept suggested by the German professor emeritus of anatomy and physiology
at Heidelberg, Friedrich Arnold (1803–1890). In his handbook of human anatomy [59] he stated,
that the base substance (Grundmasse), the germinal matter, or the primary substance of the cellular
tissue (Zellgewebe), is recognized, with the aid of good instruments and with moderate moderation
of light, as a dull, finely granulated, molecular substance (moleculare Substanz) between the threads
and bundles of the connective tissue. Concerning the nerve substance, he was convinced that it
was composed of a (i) granular base substance (körnige Grundmasse), (ii) spherical, sphere-like and
disk-shaped bodies, and (iii) primitive fibres and strips. The granular base substance he characterized
as following:

The granular base substance occurs both in the white and grey matter; but in the latter,
it seems, in greater quantity. The fact that it is also found in the marrow mass and
here in no small quantity is proved by the examination of the intact upper marrow of
small animals. The grains or granules are extremely small, measuring 0.0007”′–0.0005”′

[1.1–1.5 μm] and above, have either a bright and light or a greyish and dark appearance.
They lie randomly between and around the closer and the next form components. In this
fine-grained mass (feinkörnigen Masse), especially in the brain cortex and in the eye retina,
one perceives light-yellowish, larger and smaller bodies of very dull appearance, rounded
shape, and somewhat dark contours; they appear in different numbers, sometimes more
scattered, now in denser masses, and appear in the former case as gaps in the granular base
substance. According to their behaviour, they consist of protein and fat. I could not prove
a compound of a nucleus and a bark or a skin on them; they are not vesicles, but simple
molecular bodies (molekulare Körper). ([59] p. 260)

Terms, such as moleculare Substanz, körnige Grundmasse and feinkörnigen Masse, were found
throughout numerous works of various authors who described the structure of the nervous tissue
in the middle of the 19th century. Most probably, such structures were an artefact resulted from the
improper tissue processing methods used by researchers of that time.

Karel Rokytanský (in German Carl Freiherr von Rokitansky, 1804–1878) was a famous Czech
physician; he studied medicine and worked until the end of his life in Vienna. Nowadays almost
forgotten, Rokytanský extensively studied the pathological changes of the brain connective tissue [60,
61]. In the publication, where he compared the development of tumour stroma with the development
of other tissues, he described the similarity of the structure of brain tumours with brain connective
tissue (Bindegewebs-Substanzen), and also argued for networked cellular formations in brain melanoma
metastases [62]. In a publication dealing with general properties of connective tissue [63] Rokytanský
also suggested that inflammation may significantly affect nerve connective tissue, which according
to him was a storeroom (Lager) and scaffold (Gerüste) or binding substance (Bindemasse) for neural
elements. Describing the scar formation in the brain, he stated:

If, in particular, these conditions are also formed in the brains with the inclusion of the higher
sensory nerves and in the spinal cord, this requires the demonstration of a connective tissue
substance as the basis and starting point of the new formation. A connective-tissue substance
is here present, indeed, as a delicate, soft substance, which in the tissue appears as shagreened,
and accumulates more abundantly in the ganglionic substance also containing abundant
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nuclei (Kernen), in which the elements of the brain-tissue are all embedded. It occurs in the
ventricles as the lining of the same, ependyma. But not only here, rather also on the surface
of the brain, it appears as a delicate clothing of the cerebral cortex, an outer ependyma
formation (äussere Ependyma-Formation) that, similarly as in ventricles, is characterized by the
appearance of simple and layered amyloid bodies (amyloider Körperchen). Accordingly, there
is a storage and binding mass in the nervous centre, which forms a sheaths and a lining on
the outer surface and in the inner spaces. ([63]; p. 136)

Subsequent work of Rokytanský was dedicated exclusively to pathophysiology of nerve
connective tissue [64]. He described different pathological states, when the primary change was
an increase in the number of nuclei and the volume of the connective tissue, which separated the
nerve cells, their fibres and vessels. In physiological conditions, to the contrary, connective tissue
formed an almost homogeneous matrix. In degenerative disorders, he described an increase of the
connective tissue volume and its fibrillation (most likely fibromatosis), which compressed nerve cells
and their processes, thus instigating their subsequent atrophy and disintegration into fat particles
(Fettkörnchen-Agglomerat) and colloid or amyloid bodies (corpora amylacea). Rokytanský found these
degenerative changes in the pons, cerebellar peduncles, cerebral cortex, and even in the cranial nerves.
Besides the extensive investigation of the brain connective substance pathology, Rokytanský clearly
formulated the concept of the connective tissue as a binding substance, where neural elements are
embedded, and a place of the starting point of their new formation. In this sense he might also
influenced another famous pathologist of the time, Rudolph Virchow.

Rudolf Virchow (1821–1902) was a person of Renaissance proportion, being a medic, a cell
biologist, an anatomist and histologist, an anthropologist, a hygienist, and a statesman. He was born
on 13 September 1821 in Schivelbein, which is a small town in Pomerania. Virchow introduced
the concept of cellular pathology epitomised in his widely known aphorism “Omnis cellula e
cellula” (“every cell stems from another cell”; the erroneous belief that this aphorism belongs to
Francois-Vincent Raspail [53,65] could not be verified and we could not find this phrase in Raspail’s
writings). Pathological changes in cells or in cellular groups were, according to this concept, the seat
of disease. In addition, Virchow was well known hygienist and advocate of social health. He was a
member of the German Reichstag, a member of the municipal council of Berlin, and he organised the
construction of modern water and sewage systems in the city of Berlin. Politically, he was at odds
with Otto Bismarck, and their arguments led to a legendary duel in which Virchow, being challenged
by Bismarck (and the argument was about hygienic values of the cities), chose as their weapons two
pork sausages: a cooked sausage for himself, and a cooked sausage tainted with Trichinellala larva for
Bismarck, who refused to fight under those conditions, considering them too dangerous.

When only 25-year-old, Virchow published a short paper dedicated to the structure of the
connective tissue beneath the ependyma of brain ventricles [66]. He confirmed the presence of
five basic elements of this tissue, previously described by Rokytanský [67]. In addition, Virchow also
described small, round bodies, similar to glass beads or to dew drops, which were relatively densely
packed without being interconnected, on the inner surface of the ventricles. If the tissue was well
cleaned of blood, it was possible to observe how these units, being star-shaped, were interconnected
by fine fibres, so that the entire area was covered by a fine net. Ten years later, Virchow published the
same paper again, this time with commentaries [68]; in one of these comments he stated that:

Thus, according to my investigations, the ependyma consists not merely of an epithelium
but essentially of a layer of connective tissue covered with epithelium, and although this
can be easily removed from the surface, it forms no isolated membrane in the narrower
sense of the word, but only the surface of the interstitial connective of the brain substance
protruding above the surface... This connective substance forms in the brain, the spinal cord
and the higher sensory nerves a type of putty (neuroglia), in which the nervous elements are
immersed and which is the main deposition site for Corpora amylacea... ([68]; p. 890)
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However, the term “neuroglia” was not accepted instantly; for a while, many researchers used the
term “nerve connective tissue”. It is still matter of debate as to whether Virchow also observed cells
in what he named neuroglia. In the fresh connective tissue, Virchow have seen fine-grained material
with elongated nuclei, which according to him, was mistaken for a special type of nerve substance.
These elements, however, are far from the meaning of what we today call neuroglial or glial cells.
The same concept of neuroglia, including images (Figure 6), was further elaborated by Virchow in his
Opera Magna, Die Cellularpathologie in ihrer Begründung auf physiologische und pathologische Gewebelehre,
which outlined the foundations of cellular pathophysiology. This book (which was in fact a stenograph
of Virchow’s 20 lectures for students of Berlin Medical University Charite) was published first in
German [69] and shortly afterwards in English [70]. Virchow’s concept of connective tissue was very
similar to that which was published two years earlier by Rokytanský, who first suggested that the
nerve connective tissue is a storeroom, scaffold, and binding material for elements of neural tissue [63].
However, it is evident from giving a special term for it (neuroglia), that Virchow was convinced that
it significantly differed from other connective tissues in the body. Virchow’s concept of glia become
universally acknowledged, and, albeit in a modified form, it has survived up to the present day.

Figure 6. Rudolf Virchow and the concept of neuroglia. (A) Rudolf Virchow, the frontispiece of his book
Die cellularpathologie in ihrer begründung auf physiologische und pathologische [69,70] and the title of lecture
13, in which the concept of neuroglia was presented to the students of the Medical University of Berlin
(Charite) on 3 April 1858. (B) Top: ependyma and neuroglia in the floor of the fourth ventricle. Between
the ependyma and the nerve fibres is “the free portion of the neuroglia with numerous connective
tissue corpuscles and nuclei”. Numerous corpora amylacea are also visible, shown enlarged below
the main illustration (ca). E—ependymal epithelium; N—nerve fibres; v–w—blood vessels. Bottom:
elements of neuroglia from the white matter of the human cerebral hemispheres. A—free nuclei with
nucleoli; b—nuclei with partially destroyed cell bodies; c—complete cells. Reproduced from [69].
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Another important turning point to the cellular concept of the nervous connective tissue was
represented by the research of Baltic-German physiologist and anatomist Georg Bidder (1810–1894)
from the University of Dorpat (now Tartu, Estonia) and his students. Bidder, together with his former
student Karl Kupffer (1829–1902), published an extensive work devoted to the investigation on the
texture of the spinal cord and the development of its form elements [71]. Besides the general historical
overviews, they also described their own results, which were obtained mainly in cold-blooded animals,
that is, fishes and frogs. Bidder and Kupffer were aware of the importance of the connective tissue
in the spinal cord; however, they did not consider elements of the connective tissue to be of nervous
origin. Their work also included two large chapters devoted to connective tissue. As with other
numerous researchers in the field, they were convinced that what they described as a connective tissue
in the brain and in spinal cord shared similar properties with the other connective tissues in the body;
therefore, one extensive chapter contained the detailed information on connective tissue in general,
and in brain and spinal cord in particular. The second extensive chapter contained information on the
methods, and how to distinguish the elements of the connective tissue from neural elements, neural
bodies and nerve fibres. The publication is also important due to the fact that it gives most likely the
first description of the connective tissue (neuroglial) cell in the grey matter of the spinal cord:

...there is also a third type of fibre associated with cells, which are distributed in large
numbers throughout the grey matter. It has always been thought that these cells are nerve
cells, and they undoubtedly refer to the statement that “the smallest” nerve cells are found in
this part of the spinal cord. These are partly round, partly oblong, some without processes,
some with two or more processes, and thus angular or star-shaped bodies of 0.003–0.004”′

[6.4–8.5 μm] in diameter, with deep dark contours, and a generally sharply delimited nucleus
in the middle. They are fairly uniformly distributed throughout the grey matter, and no
particular law can be demonstrated in their arrangement. The processes are often so delicate
that they do not present two lateral boundary lines, but appear as a simple wavy line.
The processes of neighbouring cells often overlap, giving rise to an appearance, as shown
by the anastomosing processes of the bony bodies in a thin bone section. Of particular note,
however, is the fact that the processes of these cells are sometimes associated with those
fibres which emanate from the pointed and grey mass end of the spinal cord epithelial cells.
If this connection alone would be sufficient to refute the nerve-cell nature of these elements,
then the deficiency of the yellow colour, which in the chromic-acid preparation belongs to
the unquestionable nerve-cells, and the missing connection with definite nerve-fibres, speak
against it. Thus, these cells are connective tissue corpuscles, and the fibres associated with
them are the admixtures to the connective tissue known as spiral or elastic fibres. ([71], p. 45)

Unfortunately, this description had no accompanying figure. However, Kupffer’s earlier
dissertation [72] contained results indicating that the connective tissue is an integral part of the
spinal cord grey matter. Investigating the cellular elements in the frog spinal cord grey matter, Kupffler
observed cells which he at first determined to be supposed nerve cells, but afterwards, he also observed
that they had definite connections with undoubted connective tissue fibres. He afterwards had to
classify the considerable part of these cells not as essential nerve elements, but as connective tissue
corpuscles (Figure 5C).

3. Discovery of Glial Cells as Cellular Entities

3.1. Retinal Radial Glia: Samuel Pappenheim, Heinrich Müller, and Max Schultze

Probably the very first description of the histological structure of the retina was published by
Samuel Moritz Pappenheim (1811–1882), who was Purkyně’s assistant in Wroclaw. They published
several papers together on histology and physiology. Pappenheim also published several extensive
monographs, one of which was dedicated to the structure of the eye [73]. All findings, especially the
description of cellular elements, were based on a long period of research, and on the extensive amount
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of processed tissues, including bones, eye ball, and eye accessory organs of different species of animals
and of humans. This book also contained the very first detailed description of the histological structure
of the retina, which included the description of radially oriented cells (most likely radial glial cells,
Figure 7A), of dark red granules (probably rhodopsin) and layers of ganglion cells.

Figure 7. (A). Probably the first image of radial astrocytes of the retina or Muller glial cells made by
Samuel Pappenheim (a—the inner part, b—part of the retina, e—an outer part with a large spherical
base changing into the fibre (c) and into the ending (d), [73], the panel also shows the frontispiece
of his book Die specielle gewebelehre des auges mit rücksicht auf entwicklungsgeschichte und augenpraxis).
(B): Radial astrocytes of the retina by Heinrich Müller [74]. (C): Radial astrocytes of the retina by Max
Schultze [75]. The processes of Müller fibres passing into the outer nuclear layer (s), inner membrane
(x) and the holes in membrana limitans interna (a), the holes in the network of fine membranes for
optic nerves (b), so-called molecular network (c), the nuclei in Müller fibres (d), the space with the cell
nuclei of the inner nuclear layer (e).

Almost 10 years after Pappenheim, Heinrich Müller (1820–1864), who held a chair at the University
of Würzburg, published a preliminary communication on the structure of the retina. In this paper, he
described in detail the layers of the retina by using chromic acid [74]. He provided a description of the
cell layers, of the radial cells extending from the inner to the outer layer, and also of cellular extensions
in the granular layer, with these extensions containing the nuclei. Five years later, Müller published
further descriptions of the retina [76], which contained figures of individual cellular elements in
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different species of animals, including radial glial cells, which were subsequently were named after
him (Müller glia, Figure 7B).

Three years after Müller’s descriptions of the retina, German microscopic anatomist Max Johann
Sigismund Schultze (1825–1874), published an advanced treatise on the structure of the retina [75] on
the occasion of his appointment as a professor of anatomy and director of the Institute of Anatomy in
Bonn. Besides the description of other structures, Schultze devoted the whole chapter to radial glial
cells (he named them fibras Muellerianas to emphasize that they were described for the first time in
detail by Heinrich Müller). The treatise, written in Latin, also contained images of retinal structures,
and particularly of radial glial cells, which were of exceptional quality with the minutest details
(Figure 7C).

3.2. Carl Bergmann

German anatomist, physiologist, and biologist Carl Georg Lucas Christian Bergmann (1814–1865),
who was professor of anatomy and physiology at the University of Rostock, published a short paper
about some structural relationships in the cerebellum and spinal cord [77]. In the first part of this
paper, Bergmann confirmed previous descriptions of conical cells surrounding the central canal of the
spinal cord of frog; processes of these cells entered into the grey matter of the spinal cord and were
interconnected with each other (Figure 8A). However, he disagreed with the idea that cell processes
were linked to elements of connective tissue. In the second part of the paper, Bergmann described the
cellular structure of cerebellum of a newborn kitten, the preparation was stained with chromic acid.
Between the grey matter and pia mater, he observed a great number of very fine, branched, parallel,
and radially arranged fibres:

The isolated fibres showed short (probably broken) branches starting at acute angles. These
have partially the direction toward the periphery, but also partly into the interior of the organ.
The latter circumstance may contradict the assumption that the fibrils discussed belong to the
branching of the ganglia bodies, whereas there are other reasons as well. (Especially in the
case of the kitten, where these fibres are so clear, the processes are hardly to be found directly
on the ganglion bodies.) On the other hand, it has become probable for these branches,
which are so different in direction, that the fibres in question form a net in grey matter.
On an isolated fibre, which protrudes by 0.004”′ [85 μm], is nicely visible ending embedded
in the clear substance, the fibre here transients into some finer fibrils. The picture recalls
(only noticeably gentler) the behaviour of the radial fibres of the retina, where they approach
the membrana limitans [77].

Bergmann was the first to describe these fibres of specialized cerebellar astrocytes whose bodies
are located in the layer of Purkyně neurons, with their processes running throughout the molecular
layer, all the way up to the pia mater. These cells are known today as Bergmann glia.
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Figure 8. First glioanatomists and their contributions. (A) Carl Bergmann and the excerpt of his
paper [77] describing the anatomy of the cerebellum, including radial glia (Bergmann glial cells).
(B) Ludwig Mauthner and his paper on the connective tissue of the brain [78]. (C) Lionel Beale and
his book: New observations upon the structure and formation of certain nervous centres [79]. (D) The paper
of Carl Frommann [80] and his images of stained neuroglia from the surface of the spinal cord
longitudinal cut.

3.3. Ludwig Mauthner

Ludwig Mauthner (1840–1894) who was born in Prague and was professor at Innsbruck University,
and subsequently held a chair in ophthalmology in Vienna, described, in 1861, the cellular elements of
the connective tissue of the brain and the spinal cord [78] in fishes (Figure 8B). Around the central canal
of the spinal cord, he found epithelial cells with large processes (ependymoglial cells) which, without
contact with other cell formations, extended to the periphery of the spinal cord and disappeared
into the fibres of the spinal meninges. Mauthner observed that connective tissue cells were about
10 times smaller than the ganglion cells (as neurones ware called in those time). Connective tissue cells
appeared in clusters in the ventral horns of the spinal cord, and formed a network consisting of their
fibre-like processes. Similar cells were also observed in the cerebellar nuclei. Mauthner concluded that
connective cells in the grey matter represented the basic elements of connective tissue; furthermore,
he considered them as neural cells and not as the particles of connective tissue. He also assumed that
the formations, which were previously considered to be connective tissue cells, were in fact larger
nuclei of cells whose cytoplasm was so transparent it seemed that that an empty space surrounded the
cell nucleus.

3.4. Lionel Beale

Physician and microscopist Lionel Smith Beale (1828–1906) was a professor at King’s College in
London; he was also a President of the Royal Microscopical Society (Figure 8C). He studied in detail the
structure of the nerve tissue, and wrote numerous publications in which he dealt with the development,
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internal structures, and interconnections of neurons. Beale had an opinion that connective tissue and
connective tissue corpuscles are produced from the very same masses of germinal matter as those
from which nerve cells and nerve fibres were developed, and that they are the remains of nerve
cells, nerve fibres, and vessels which were in a state of functional activity at an earlier period of life.
He was also convinced that true nerve fibres, which convey the nerve current do not lose themselves
in the connective tissue or blend with it, nor are they connected with its corpuscles, but they form
networks. In addition, a normal nerve fibre can always be distinguished from a fibre of connective
tissue. However, Beale also considered the connective tissue of the brain in the following, rather
philosophical (and prophetic!) manner:

It is possible that, for many years to come, some observers will persist in terming everything
in which they fail to demonstrate distinct structure, connective tissue, and all nuclei which
are not seen in their specimens to be in connexion with positive vessels, positive nerve-fibres,
or other well-defined tissues besides fibrous tissues, connective-tissue corpuscles; but there is
little doubt that when the changes occurring during the development of special tissues shall
have been patiently worked out by the use of high powers and better means of preparation,
opinions on the connective-tissue question will be completely changed. The idea of the
necessity for a supporting tissue or framework will be given up, and many structures now
included in “connective tissue” will be isolated, just as new chemical substances year after
year are being discovered in the indefinite “extractive matters”. ([79]; p. 25)

3.5. Carl Frommann

Carl Friedrich Wilhelm Frommann (1831–1892) was a German physician; in 1870 he habilitated
at the University of Heidelberg and became a private lecturer for histology; in 1872 he moved to the
University of Jena, where he was, in 1875, appointed as professor. In 1864 (being in Weimar as an
ordinary doctor) he published a paper summarizing the results of staining of the spinal cord with
silver nitrate [80]. In the longitudinal sections of the white matter of cow spinal cord, the connective
tissue, which, as previously was proposed by Virchow, Frommann called “neuroglia”, appeared to be
a very fine dark-brown network or mesh of interconnected fibres (Figure 8D). The elements of this
web were quite variable, the larger were round, oval or square, the smaller one were usually round,
and were either isolated or grouped; sometimes they formed long narrow rows. The fibre network
was arranged in parallel with the nerve fibres. Cells appeared to be uniformly brown, or with a lighter
core, even without sharp contours; sometimes it seemed that the nucleus was a bit darker than the
protoplasm. The cells were, by means of their processes, connected to the fibre network, and were
also interconnected. On the cross-section of the frozen spinal cord, which was thawed in the silver
solution, the neuroglial web was not usually visible, and the shape of its elements resembled a very
fine granular mass. Similar findings Frommann were also obtained in the human spinal cord.

Concerning the connective tissue fibres, Frommann believed “that all fibres originate from the
cell processes and that they are hollow, and therefore, all white matter connective tissue consists
of a continuous network of channels of varying size, which form cellular collectors and centres by
numerous connections” ([80]; p. 46). In general, however, his papers and books clearly demonstrate
that at his time, there was no clear definition of terms such as “glia”, “glia mass” (for which he used
Leim-masse) and “connective tissue”, as evidenced by some of his statements. For instance, Frommann
claimed that glial fibres (Glifasern) are found inside of the glial mass, or that “it is characteristic of
connective tissue cells, unlike neurones, that they are interconnected with their processes to the fibre
glial networks...” ([81]; p. 9).

3.6. Otto Friedrich Karl Deiters

German neuroanatomist Otto Friedrich Karl Deiters (1834–1863) spent most of his short
professional career in Bonn. Deiters’s most famous work was his treatise on the structure of the
nervous system, which substantially advanced studies of the cellular structure of the nerve tissue [82].
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This book was published two years after Deiter’s untimely death (he perished at 29-year-old from
typhoid), by his colleague Max Schultze, who, on the basis of several Deiter’s illustrations and notes,
attempted to organize the results of his histological research as logically as possible. This book contains
13 chapters, and chapter 3 is dedicated to the brain connective tissue (Bindesubstanz). Similarly to his
contemporaries, who were convinced of the existence of connective tissue in the brain and the spinal
cord, Deiters sought to find its characteristic features in order to distinguish them from neurones.
He postulated that the connective tissue in the central nervous system (CNS) differed from that in
other organs:

One is accustomed to discuss only the distinction between connective tissue and nervous
tissues in the central organs, or to call anything that is not nervous, briefly connective tissue.
For the time being it would be more correct, as some wish, to separate nervous elementary
parts from those which are not connected with the nervous system. The further distinction
is certainly for the moment indifferent. That the non-nervous tissue of the central organs
does not readily have the character of ordinary connective tissue is plausible, and here, too,
certain conditions are certainly not justified in any way. If, therefore, many people oppose
the designation of such parts as connective tissue, this is probably nothing more than that
the concept of connective tissue is far from exhausted, and may perhaps reveal unexpected
new sides. ([82]; p. 35)

Deiters did not use the term “neuroglia”, although he was well acquainted with Virchow’s concepts.
Deiters provided detailed descriptions of all elements of the nervous connective tissue. The basic
structure of this tissue was spongy mass (schwammige Masse) or porous mass (poröse Grundmasse),
containing several types of fibres. These were either connective tissue fibres (Bindegewebsfibrillen,
elastischen Fasern) or intercellular support fibres (interzelluläre Stützfasern) which Deteirs suggest to put:

...aside the Mullerian fibres of the retina, and thus to establish another analogy between this
tissue and those of the central nervous system... Thus, it may well be assumed that such
intercellular support fibres may form an essential link in the whole tissue arrangement...
It can generally be established as a law that such a streaky arrangement of the connective
tissue mass goes hand in hand with a regular linear arrangement also of the nervous parts;
such represents the retina, such in the cerebellum, in the Ammon’s horn (hippocampus), etc.
([82]; p. 43)

Deiters also described and discussed the presence of the formations called “free nuclei” which
could be in fact some transition forms of cells without detectable cytoplasm and processes. He also
described in the connective tissue cellular elements which he named cells of the connective tissue
(Bindesubstanzzelle):

Close to the glossy nucleus, which contains no nucleoli, we can see a mass of outgoing
fibre tracts, which from the beginning have a firm though delicate appearance, a very sharp,
smooth contour, a considerable shine, and which radiate to all sides. These are easily movable,
twisting on isolated cells many times, and are not fragile. They divide very soon and then
ramify in the most varied way under always forked splitting. I do not think that anyone
who sees such an isolated element, will want to think of artifacts, accidental coagulation.
([82]; p. 46)

Deiters observed these cells in both white and grey matter, in the substantia gelatinosa of the spinal
cord, and in the medulla oblongata (Figure 9). Unfortunately, as stated almost 10 years later by Franz
Boll (see further in text) “in general it is to be noted that the excellent disputes of Deiters, as well as his
positive discovery of the true form of these connective-tissue cells, have been neglected by almost all
his successors in an almost irresponsible manner.”
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Figure 9. Otto Deiters and his drawings of connective tissue cells (seemingly astrocyte, middle
top—from the white matter, middle bottom—from the hypoglossal nucleus grey matter) and
(at the right) neurone [82].

3.7. Leopold Besser

German physician Leopold Besser (1820–1906) worked as a provisional intern in the mental illness
clinic in Siegburg, Germany. In 1866 he published a paper, which had a great impact on the research of
neuroglia; this paper described the development of nerve tissue in the neonate brain with particular
emphasis on the role of neuroglia [83]. He demonstrated the emergence of neuroglial cells not only in
grey matter but also in the vicinity of capillaries (Figure 10A) and was convinced of its importance
during nerve tissue development. Besser particularly noted:

This mass of connective tissue of central organs, which Rokytanský called “connective tissue
of ependymal formation” (Bindegewebe der Ependym formation) and Virchow in 1846 suggested
to name as “neuroglia”, Kölliker referred to as “connective substance forming networks”,
or “the reticulum” (netzförmige Bindesubstanz, Reticulum), whose “spongy part” (Schwammigen
Theil) were considered by Deiters to be “intercellular substance” (Intercellularsubstanz),
and Hensen named its multi-nuclear elements “parenchymal cells” (Parenchymzellen), has in
the brain of newborns so essential meaning and its formative character has a determined
dimension and form that I have to name it as “neuroglia of newborns” (Neuroglia des
Neugebornen) because it has properties that the adult reticulum does not have in its
normal condition. ([83]; p.309)

Although Rokytanský and Virchow suggested differences between the neuroglia found in nervous
tissue vs connective tissue in the rest of the body (see [84]), the question of connective tissue containing
fibres and loose nuclei on the one hand, and neuroglia on the other hand, still remained under debate.
Besser adopted Virchow’s concept and used term “neuroglia” to emphasize its different properties
from the connective tissue of other organs and systems. In particular, he wrote:

The name neuroglia—Nervenkitt—chosen by Virchow could be discussed with a bit of a
criticism because this matter is far from being putty, clinging or sticking to cover the nerve
elements. It is also not the most important supportive structure because much more closely
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arranged vessels are more important for the shape and support of nervous parts. But this
matter has such specific features and is so different from all other types of connective tissue
formations that it is quite justified to stick to a special name. ([83]; p. 310)

Figure 10. (A): Images of connective tissue cells made by Leopold Besser, and the title page of his
paper [83]. Top: vascular neoplasms in the brain of the newborn showing the glial formations located
on the blood vessels. Bottom: formations on the cut of the neonatal cortex (left), including normal and
damaged “glial nuclei” (1) during the cutting process; enlarged “glial nucleus” (right). (B): Images of
connective tissue made by Albert Kölliker [85]. Middle: part of the connective tissue reticulum from
the dorsal columns of the spinal cord, in two places the finest mesh forming reticulum is shown. Right:
connective tissue cells in the grey matter of the human brain.

According to Besser, glial mass contained corpuscles that could be easily observed around
evolving blood capillaries. According to him, the glial matter itself consisted of two separate
structures, which were, however in a mutual “genetic” relationship. Besser named them as “Glia-Kern”
(glial nuclei) and “Glia-Reisernetz” (glial finely branched nets). Beser’s term “net” did not describe
networks formed by the glial cell processes, as we know today, but the glial nets attached to “glial cores”
and from them, growing fibrous felt. According to him, neuroglial origin, development, transformation,
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and interrelationship formed the embryology of the nervous basic parts. “Glial nuclei” (which today’s
we recognise as glial cell bodies) were formed by dividing, and before reaching the size of red
blood cells, they remained homogeneous. Shortly thereafter, however, with their growth, a fine
granulation emerged on their surface from which developed protuberances and branched processes
forming networks. The shape of the delicately branched processes seemed to Besser be round, like the
branching of the small twigs of our trees. He was convinced that after death, these branches changed
so much that we could not observe them anymore. These networks, however, in the course of further
development, according to Besser, separated and gave rise to other structures.

Besser was of the opinion that all nerve elements of the human CNS developed from the part
of neuroglia that had morphogenetic properties. According to him, the nuclei of the neurones were
transformed glial nuclei, the neuronal bodies were formed from glial branched networks, and the
neuronal processes were formed from glial processes. Nerve fibres developed from long branches of
proliferating glial nets, and axons were formed by the conversion of fine fibres of branched nets. Besser
also described the involvement of glial cells in the capillary development in the cerebellar cortex of
newborns. As he noted, thousands of these glial structures touched each other in parallel layers that
were stacked together on the capillaries and on the smallest blood vessels. The significance of Besser is
that, besides the conviction that the neuroglia in the nervous tissue and the connective tissue were
different, he also suggested their importance in the development of the CNS, and for the first time,
displayed star-shaped neuroglial cells, probably astrocytes, attached on blood vessels.

3.8. Albert Kölliker

Albert Kölliker (1817–1905), a professor at University of Würzburg, in 1867 published the fifth
edition of his extensive manual on the human microscopic anatomy [85]. This handbook, as well as
its previous editions, contained a detailed summary of contemporary knowledge about the structure
of nerve tissue. Besides the detailed description of the nervous elements of the brain and spinal cord
tissue, that is, nerve fibres and nerve cells, Kölliker also dedicated a relatively large section of this
handbook to the connective tissue (sometimes he referred to it as the supporting tissue—Stützsubstanz).
In the spinal cord he described the connective substance as following:

...here, apart from the pia mater and its processes in the anterior cleft and the adventitia of
larger vessels, there is no ordinary fibrillar connective tissue, but only a simple binding
substance, consisting entirely of nets of star-shaped connective tissue cells (connective tissue
bodies sap cells—Bindegewebskörperchen Saftzellen) or of scaffolds of coreless fibres and
trabeculae resulting from the cell networks, as described in the general parts (§ 23) as
part of the cytogenetic binding substance. These nets and scaffolds, which I denote by
the name of the net-like binding substance (netzförmigen Bindesubstanz), where they occur
singularly as the supporting substance of other tissue elements, are found in the spinal cord
in both substances in such a development that they form a very significant part of the whole
mass of the organ. In other words, they form a delicate skeleton running through the whole
white and grey substance, which I shall call the reticulum of the central nervous system
(Reticulum des zentralen Nervensystemes), which contains in its numerous gaps the cells and
nerve tubes and carries the blood vessels as well. ([85]; p. 266)

Kölliker believed that fine-grained matter containing numerous nuclei and observed by a
number of authors in nerve connective tissue, was an artefact. Under much larger (up to 300 times)
magnification, he observed that it consisted of connective tissue cells forming a network of structures.
Perhaps under the influence of Deitres, who described and visualized connective tissue cells in some
areas of the brain and spinal cord, Kölliker called one type of cells, which in earlier issues he named as
“cells in the central grey cores of the human spinal cord”, connective tissue cells (Figure 10B). He also
emphasized the role of the mentioned “reticulum” during pathological states, which, according to him,
increased the proportion of interstitial matter that became fibrous.
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3.9. Theodor Meynert

Austrian neuroanatomist and psychiatrist Theodor Hermann Meynert (1833–1892) worked
together with Karel Rokytanský in Vienna. He studies the cortical structures of the brain cortex, as
well as the interconnections of certain regions of the brain, through the neural pathways. Meynert also
developed new cell markers and used thin serial slices stained with carmine or gold for quantitative
measurements of neurones and investigation of the brain tissue structure. A comprehensive summary
of his research was published in Stricker’s Manual of histology [86]. Concerning connective tissue,
Meynert referred to it as to a basement-substance (Grundgewebe). Similarly to Besser, he pointed to the
inconsistent terminology of his contemporaries, noting:

This basement-substance is called by Rokytanský ependymal formation (Ependymformation),
by Virchow, neuroglia, by Kölliker, connective tissue (Bindesubstanz), by Deiters, spongy
tissue (schwammige Substanz), by Henle and R. Wagner, fused ganglion-cell substance
(zusammengeflossene Ganglienzellenmasse). Occurring in the olfactory lobe and ammon’s
horn, it receives from Clarke the designation of gelatinous (gelatinöse), from Kupfer that of
molecular substance (moleculare Substanz). (Cited from the English translation [87]; p. 660)

Unlike Deiters, who recognized only loose nuclei in the connective tissue of the cerebral cortex,
Meynert insisted “upon the indisputable fact of the occurrence here of the star-shaped cells, with very
little protoplasm, and a great number of the finest possible processes” (Figure 11A). Moreover, he also
noticed, that “these cells swell up under certain pathological conditions and assume grotesque forms”.
In addition, Meynert was the first to declare that the basic substance of the grey matter of the cerebral
cortex contains spongioform structures made up from the processes of cells other than neurones.

Figure 11. (A) Images of connective tissue cells located between the nerve fibres, drawn by Theodor
Meynert [88], (B) Brain cortex neurones embedded in the fine-grained connective tissue, by Rudolf
Arndt [89]. (C) Brain cortex neurones embedded in the fine-grained connective tissue, by Ludwig
Stieda [90]. (D) A surface layer containing fibres of white matter with visible axons and multipolar
connective tissue cells, by Jakob Henle and Friedrich Merkel [91].
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3.10. Rudolf Arndt

German psychiatrist Rudolf Gottfried Arndt (1835–1900) studied the morphology of the
brain tissue of large vertebrates and humans. He summarised his findings in a series of three
papers [89,92,93]. In the first paper he described five to six layers in the cortex. In the first layer,
there were intertwined parallel fibres, some of which were nervous, another belonging to the fibres
of the connective tissue. The second layer, according to Arndt, consisted mainly of neuroglia, which
was grainy-fibrous (körnig-faserigen) or spongy (schwammigen), and which was, according to him,
differentiated protoplasm, neither nervous nor connective. In the neuroglia were nuclei and loose
thin and thick fibres; some ended with the loops described by Gabriel Valentin. The third layer
contained isolated nuclei and nerve cells with a nucleus, all immersed in neuroglia; their shape was
either round, elliptical or triangular (Figure 11B). From the latter emerged horizontally and inwardly
oriented processes, one thick process pointing to the surface of the cortex, which he considered to be
an axon. Whether these processes served to interconnect cells, passed into nerve fibres, or dissolved in
neuroglial tissue, Arndt was not certain.

The second paper mostly contained polemic about the works of Besser, Meynert, and others that
had been published in the meantime. It also included consideration of the purpose of the corpuscles of
the connective matter, which he believed to be a remnant of the development of nervous mass in the
foetus. Arndt also accepted Besser’s terminology (Gliakern, Gliareiser) and an idea on the development
of nerve tissue elements; he assumed that from these two glial components developed three brain
elements: blood vessels, neurons, and nerve fibres. In the third, shorter paper, Arndt confirmed his
findings from the previous publications and discussed the functional unity of ganglion bodies and
their processes, together with the surrounding granular-fibrous substance:

Concerning the nerve cell of the central organ of an adult, I believe that according to the
foregoing description the ganglion body together with its central processes and the part of
granular-fibrous substance, which is genetically related to it, must be understood. Whether
we will ever get to know them intact is questionable, indeed highly unlikely. It may not
even exist on its own, although this is still quite conceivable, but it is probably so completely
merged with adjacent parts, so intimately interwoven with them by their finest threads,
that together they are only one, their creation form absolutely indivisible mass. But if this is
the case, then we must logically consider the interganglionary granular-fibrous substance,
the terminal fibre-network, as it turns out in the adult, to be a coalesced protoplasm modified
for definite purposes, as an irritable tissue, the actual carrier of all is central operations.
([89]; p. 329)

Arndt was thus one of the first researchers who hypothesized that the nerve cells and the
surrounding granular-fibrous substance are developmentally related and form a single functional unit.

3.11. Ludwig Stieda

The Baltic German Ludwig Stieda (1837–1918) was professor of anatomy in Dorpat and
Königsberg. He studied the structure of the neural tissue, predominantly in animals. Stieda published
many works and he summarised his findings in two extensive publications [90,94]. According to him,
the CNS consisted of nerve cell bodies, nerve fibres, connective tissue, blood vessels, and epithelium.
There was no general agreement on the composition and terminology of brain connective tissue
or neuroglia, and Stieda absolutely correctly pointed out that there was no agreement on the
terminology on the nerve cells as well. As he noted, these formations were named by various names,
such as ganglion bodies (Ganglienkörper), nerve bodies (Nervenkörper), ganglion balls (Ganglienkugeln),
occupancy balls (Belegungskugeln), spinal bodies (Spinalkörpen), ganglion cells (Ganglienzellen), or nerve
cells (Nervenzellen). Concerning the connective tissue, Stieda did not distinguished the true fibrous
connective tissue in meninges from what was called connective tissue in the grey matter, where it,
according to him, had a fine-grained appearance and contained nuclei of the basement substance
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(Figure 11C). He also did not consider the basement substance to be nervous, but to be a special
category of supportive or connective tissue of the nervous system. Moreover, Stieda could not confirm
the presence of the grained basement substance as a network of cells interconnected with anastomoses,
as was described by other researchers.

3.12. Jakob Henle and Friedrich Merkel

Four years after the publication of Deiters’ monograph on the structure of nerve tissue, Jakob
Henle (1809–1885), who was professor of anatomy in Gottingen, and his son-in-law Friedrich Merkel
(1845–1919), published a paper dealing with the connective tissue of the CNS [91]. Although this work
contained a detailed historical overview of connective tissue research, the authors did not even mention
Deiters’ findings. The goal of the Henle and Merkel study was to determine whether fine-grained
or reticular tissue had the properties of nervous substance, or was only a supportive, connective,
essentially cementing substance. For the study of tissues from various regions of the brain and spinal
cord of several mammals and humans, they used a variety of histological methods, from carmine
staining followed by fixation with chromic acid, to boiling, using differently diluted acids and bases,
or alcohol hardening. Henle and Merkel were convinced that the connective tissue consisted of a
so-called molecular mass and the elements of the connective tissue (Figure 11D), that is, fibres, cells,
and grains or nuclei:

These connective tissue cells could, according to the analogy of the nerve cells, be called
bipolar, as opposed to the multipolar connective tissue cells, from which three or more
fibres emanate. From multipolar cells merging with their processes, the above-mentioned
reticular connective tissue develops; similar cells, growing in several threads, but usually
preferentially in two opposite directions, owe their origin to the confused fibres of the
innermost layer of the pia mater. The fibres can be traced over long distances and, although
they branch out, do not appear to anastomose regularly; they are more of a felt than a net.
The cells are observed in this layer only with difficulty, isolated, hardly without the help
of Carmin absorption. More clearly, because more scattered and less obscured by fibres,
they are found on the border of the pia mater and the cortical layer, and in the latter itself.
([91]; p. 57)

Although Henle and Merkel referred to the term “neuroglia” only in relation to Virchow’s results
and did not use it at all in the description of their own results, they suggested that the fibrous networks
described by them could be considered as so-called neuroglia or Kölliker’s reticulum.

3.13. Camillo Golgi: Early Studies on Neuroglia

In the early 1870s, Camillo Golgi (1843–1926), while a 27-year-old employee of the University
Clinic in Pavia, published his first brief communication on the connective tissue of the brain [95],
which a year later, was translated to German [96]. Golgi studied the connective cells of the cortical
regions of the human brain, using staining primarily with osmic acid. He observed circular, oval,
or star-shaped cells with a large nucleus, from which several very long processes emerged in different
directions. He even described anastomoses between the processes of neighbouring cells.

During the same year, Golgi began to publish an expanded three-part version of the previous
communication with a detailed description of his findings [97–99]. In the three chapters, it contained a
detailed description of the results obtained in the brain, cerebellum, and spinal cord. Golgi did not use
the terms “neuroglia” or “glial cells” in these publications. The introductory historical overviews of the
findings at the beginning of each chapter are very instructive. Golgi observed the cells described in the
previous publication, in various regions of the brain and spinal cord (Figure 12A), and he summarized
the results as following:

In summary, with the preparations in osmic acid I have demonstrated:
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1. That a very thin superficial layer of the brain cortex is exclusively constituted, except of some
bundles of nerve fibres coming from the marrow, from the connective cells provided with a large
number of thin, long and for the most part rigid unbranched extensions.

2. That identical cells are scattered in considerable numbers in all the layers of the cortex, forming a
continuous support tissue.

3. That many extensions of the connective cells are inserted in the contour of the vessels, and that
there is neither the space nor the perivascular lymphatic network... ([97]; p. 344).

Figure 12. (A) Images of connective tissue cell made by Camillo Golgi [96]. Middle: spinal cord cell
with long longitudinal processes in deeper layers of white matter. Right: cross section of the capillary
showing the connective cell processes closely adjacent to its contour. (B) Images of glial cells by Moritz
Jastrowitz [100]. Isolated spider-like glial cells from the vicinity of the human brain ventricle ependym.

In addition, Golgi employed several modifications of osmic acid staining, and also described the
pericellular lymphatic space. By using different staining methods on very thin slices of the cortex,
he was able to observe a large number of “elegant” connective cells with 10–30 very thin and long
processes, very rarely branched. These branches separated at a short distance from the cell boundary,
and he never observed more than two or three secondary branches, which were also very long and
unbranched. Golgi also commented on the contents of the neuropil, which, according to today’s
findings, is part of the grey matter that fills the space between the perikarya and the vessels, where the
nerve fibres, the synapses, and the glial cell processes are located, and which appear to be amorphous
under the light microscope. According to Golgi, the so-called fine-grained, possibly mesh-like, spongy
or dotted molecular, amorphous or gelatinous matter originated either as a result of changes in the
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dead body, due to reagents or tissue processing. These effects led to the breakdown of the fibrillary
substance, which, in his opinion, was likely to occur not only in the processes of connective tissue cells
but also in the finest protoplasmic processes of neurons. It should be noted, however, that the above
mentioned findings by Golgi were made before his discovery of the biochemical method of colouring
the nerve tissue preparation with potassium dichromate and silver nitrate in 1873 [101], now known
as the Golgi method or reazione nera.

3.14. Moritz Jastrowitz

German neurologist and psychiatrist Moritz Jastrowitz (1839–1912), working as an assistant at
the clinic for mentally and neurotic patients in Berlin, published in 1870–1871 a two-part paper on
the structure of nerve tissue during encephalitis and myelitis in children in the early postnatal period.
In the first part, he described in detail the anamnesis of patients from whom he took brain tissue,
and described the macroscopic tissue changes [102]. In the second part, he examined in detail the
individual elements of nerve tissue and neuroglia, which, according to him, also played an important
role during encephalitis [100].

Jastrowitz in his paper, clearly distinguished neuroglia and connective tissue, which consisted of
spongious structures, fibres, granular (molecular) substances, and also lymphoid cells. The molecular
substance, according to Jastrowitz, was associated with the myelination of nerve fibres, since during the
development of nerve tissue, it was gradually lost. Therefore, he considered it not only as a supportive
matter, but also as an embryonic tissue that was responsible for axonal isolation. Jastrowitz also
believed that molecular substance played a more important role than connective matter, and therefore
recommended not to include it among the other elements of connective tissue under the common
name of “neuroglia”.

The most prominent non-nerve cells, which, according to Jastrowitz, no one had mentioned before,
he found in the ependyma (Figure 12B). As he noticed, “If Virchow’s view, initially expressed by the
ependymal layer of the fourth ventricle, that in it the neuroglia comes to light in its purity, also applies
to this location, then these would be true prototypes of glial cells”. Jastrowitz described these cells
as following:

They generally surpass those of the third layer in volume, not inconsiderably, especially
with respect to the diameter of the base, and differ in shape and size from one another.
Most are spindle-shaped, but also rounded and angular as well as cylindrical shapes are
encountered; they are often narrowed at one end and may be quite pointed at this, sometimes
at both ends. Their length is usually double and even three times their width, on average
for the smaller ones 0.007–0.01: 0.004–5 [length 15–21 μm, width 8.7–10.6 μm] and for the
large ones 0.012–0.017: 0.005–7 [length 25–36 μm, width 10.6–14.8 μm]. The protoplasm is a
little more granulated and less transparent, usually it contains very large oval nucleus with
several granules larger than nucleoli is often located at one end of the cell, and particularly is
intensively coloured, therefore one easily overlooks its contents in the tissue. An immense
amount of delicate, bright processes extend from them widely in all directions, often across
each other, and finally disappear in the molecular mass, whose particles usually adhere to
them in isolation. Despite the long distances they travel, divisions are exceptional, but often
kinks and bends. They are chiefly those who give the whole structure a very characteristic
appearance, which resembles that of a little spider. ([100]; p. 169)

Jastrowitz, therefore, named these cells as “spider glial cells” (spinnenähnliche Gliazellen) or
“spider cells” (Spinnezellen). Their number increased toward the surface of the brain ventricle so
that they finally formed the epithelium of the ependyma. Jastrowitz disagreed with Besser, who
believed that the glial elements were made up of separated glial nuclei and glial networks. The glial
nuclei observed by Besser, according to Jastrowitz, corresponded in part to embryonic cells, in part to
the nuclei of connective tissue cells and neurons, and partially to free nuclei.
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3.15. Victor Butzke

Russian psychiatrist Victor Butzke (1845–1904), while collaborating with the German pathologist
and histologist Eduard Rindfleisch (see below) at the Pathological-Anatomical Institute in Bonn,
published in 1872 a paper dedicated to the fine microscopic structure of nerve cells and glia and their
interrelationships [103].

Butzke has extensively described other types of cells than nerve cells. As he stated, “not
everything must be considered as a connective substance, or even as a connective tissue, that is not
recognized as a ganglion cell or nerve fibre in the central organs of the nervous system” ([103]; p. 590).
He questioned the existence of the so-called “free” nuclei, believing that even these were surrounded
by protoplasm that often passed into the processes, and he also distinguished glial elements with thin
and thicker processes, partially oriented radially, which were found on the surface of the large brain
(Figure 13A). Other glial elements were cells with a relatively large nucleus and radially emerging
thick processes, which, according to Butzke, were scattered among the well-known real nerve elements
of the grey matter of the cerebral cortex, and furthermore, he detached them into a special category,
“real connective tissue corpuscles with their thicker and thinner processes” ([103]; p. 591; Figure 13A).
In addition, he also expressed a hypothesis on the physiological role of the glial network in the nervous
tissue, namely, its role in the formation of new connections between nerve cells:

The fine-grained fibrous mass is therefore not a simple putty substance (Kittsubstanz) for us,
which is only intended to adhere the parts together; it is no longer the simple intermediate
mass (Zwischenmasse) through which the coarser structures pass, but it also contains one
enclosed within it highly subtle tissue in the form of a network, which is formed by the
end fibrils of the ganglion processes and supported by the processes of the glial corpuscles
(Gliakörperchen). I now put forward the hypothesis, which has never been formulated
sufficiently clearly and sufficiently supported by reasons that the connection between the
end branches of the ganglion bodies takes place through this fine irregular network. I have
not seen clearly that connection, so I call my view a hypothesis. But if you look right where
the finest branches are, and you see a network that starts directly from the final ramifications,
what other conclusion could you make?... Nor are we aware of any facts that suggest that not
every physiological connection between the elementary centres could be fixed, strengthened,
and newly formed: in practice and in learning. But what about the notions of learning,
forgetting, practicing, getting used to, etc., if all the connections of the functioning elements
were given once and for all in rigid anastomoses, or in the entry and exit of nerve fibres into
a ganglion body?... But that is probably no longer so necessary and, in order to come back
specifically to the one organ which I subjected to the more detailed examination, I will ask,
if not every impression which arrives at the brain through the senses and adheres to it is proof
enough that there are suddenly created a hundred new connections that may exist for life?
And is not every new thought that comes to us proof enough that out of the old connections
that already existed, new ones were formed automatically (that is, without influence from
outside), others were strengthened, others disappeared or become weaker? It is, after all,
to quote Master Goethe in the end: “the thought factory is a weaver masterpiece, where—one
stroke strikes a thousand connections.” ([103]; p. 595)

Like Golgi, Butzke also drew attention to the particular funnel-like shape of some of the glial
processes that were adjacent to the vessels or the meninges.

265



Neuroglia 2018, 1

Figure 13. (A) Images of glial cell with richly branched processes (middle) and connective tissue cell
(right) drawn by Victor Butzke [103]. (B) Images of glial cells and neurons drawn by Louis-Antoine
Ranvier [104]. Left: neuroglial cell of the lateral cords of the ox spinal cord. Middle: elements of the
cortical layer of the cat’s brain; a, b, c, and d, four neuroglial cells; n, nerve cell; p its protoplasmic
processes, v its axon. Right top: cells and fibres in the spinal cord. Right bottom: two spinal cord
neurons (A,B) with axons (D) and protoplasmic processes (p), and glial cell (C) between them.

3.16. Louis-Antoine Ranvier

French physician and histologist Louis-Antoine Ranvier (1835–1922), who worked at the Collège
de France in Paris, is universally known as a discoverer of the nodes of Ranvier, which are regularly
spaced discontinuities of the myelin sheath, occurring at varying intervals along the length of a
nerve fibre. It is less known, however, that Ranvier was also interested in the structure of connective
tissue. In 1873, he published a brief note on the spinal cord connective elements [105]. Through a
golden cannula, he perfused white and grey matter of the spinal cord with osmic acid, and thus in
stained longitudinal slices, he visualised homogenous black structures in white matter and marbled
black structures in the grey matter. In white matter, he described neural tubes (axons) with myelin
sheaths, among which he observed fibrils or bundles of connective tissue fibrils. The small bundles of
connective tissue in spinal cord white matter, according to Ranvier, did not produce anastomoses, but
at some points four to eight or even more intersected one another. At this crossing, a round or oval
flattened nucleus with small nucleoles surrounded by granular mass was often observed. This whole
unit Ranvier named as a flattened cell of connective tissue (cellule plate de tissu conjonctif ). The same
structures he also described in detail in grey matter. Consequently, Ranvier noted that the connective
tissue of the spinal cord was constituted by bundles of connective fibrils or fibres and flat cells.

Ten years later, Ranvier published an extended paper containing figures, describing his new
achievements in neuroglial research [104]. Concerning the term “neuroglia” and the meaning of it,
he wrote:
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The word neuroglia is detestable and if I use it, it is only because it has passed into the
language of histologists. All know that it designates the connective tissue of the nervous
centres; but if they agree to adopt it, they do not agree on the organisation of the neuroglia
itself, because some believe with Henle and Merkel, that it is formed of elements of the
connective tissue ordinary; others, with Gerlach, that it is composed of elastic fibres or
analogous to certain elastic fibres, that it consists entirely of branched cells of a special nature
of Deiters cells (Boll, Golgi, etc.). Some, finally, think, with Schwalbe, that the cells which
are between the nervous elements of the brain, the marrow, and the optic nerve are nothing
but the lymphatic cells in migration. I myself have maintained that the marrow neuroglia
is composed of fibres of any length, intersecting at certain points, at the levels of which are
generally flattened cells. ([104]; p. 177)

Using the method of hardening the nervous tissue of his own, Ranvier was convinced that the
neuroglial cells do not have the rudimentary forms attributed to them by Deiters. According to
him, their nucleus was well formed, their well-developed cell bodies were membranous, irregularly
star-shaped, and showed shape-related accidents that depended to a large extent on the pressures
exerted by neighbouring elements (Figure 13B). They had numerous processes which, as Ranvier
believed, were nothing but fibres of any length, so distinct in the preparations made by means of the
interstitial injections of osmic acid, and which, in these preparations, appeared to be independent of
the cells. These fibres which passed through the neuroglial cells did not always follow a rectilinear
path; a large number of them described curves or were folded in the shape of a loop.

Ranvier also believed that nerve cells and cells of the neuroglia had a common origin; they both
proceeded from the primitive neuroepithelium, and although they may have had absolutely different
physiological significances, they retained in their structures certain points that betrayed their common
origin. He was also convinced that the granular substance, which various researchers had attached to
the neuroglia, did not exist. Ranvier summarized the composition of the nervous tissue as follows:

The grey matter of the brain and that of the spinal cord are thus reduced to the same type.
Both are composed of ganglion cells, myelinated nerve fibres, myelin-free nerve fibres,
and neuroglia cells, leaving, of course, the blood vessels and their perivascular sheath, which
belong to the ordinary connective tissue. ([104]; p. 185)

Concerning the general view on the nerve tissue structure, Ranvier’s observations were correct.
However, his description of the neuroglial cells as cells through which passed neuroglial fibres,
was stepped aside and it significantly influenced neuroglial research in the next decade.

3.17. Eduard Rindfleisch

German pathologist and histologist Eduard Rindfleisch (1836–1908), who attained professorship
in Bonn and in Würzburg, recognised the role of nerve connective tissue, which he called
“neuroglia Virchovi”, especially during pathological processes. In his textbook of pathological histology,
the third German edition of which was published in 1873, he dedicated the entire section to neuroglial
cells (Figure 14A) [106]. Rindfleisch joined those researchers who discussed the question what known
elements of the nervous tissue should be considered as the part of the neuroglia. He was convinced, that

As for the neuroglia of the medullary [white] substance, we may safely affirm that it
comprises whatever elements are met with in the white matter, apart from nerve-fibres and
blood-vessels; hence all the granules and nuclei in the white substance are neuroglia-cells
and nuclei, so the soft fibrous-spongy material into which the nerve fibres are embedded is
also neuroglia. Concerning the relation of these parts of neuroglia to each other, a maceration
of fresh cerebral substance in 1/10 per cent of super-osmic acid for several days teaches that
some of the cells are star-shaped and have numerous, finely branched processes. These cells
are arranged at regular intervals and represent a network of connective tissue corpuscles
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in Virchow’s sense. Their finest processes form by numerous anastomoses the mentioned
fibrous-spongy material, the actual nervous putty (Nervenkitt), so that it can be reasonably
not mentioned as a special basic substance of this connective tissue. ([106]; p. 570)

Figure 14. Images of neuroglia drawn by Eduard Rindfleish (A, [106]) and Franz Boll (B [107]).

Rindfleisch, according to his preface to the first edition, “offered his new textbook to the
student-youth of Germany”; therefore, his view on the neuroglia as a connective tissue containing
star-shaped cells forming a network, had a big impact on a new generation of researchers dealing with
the structure of the nervous tissue.

3.18. Franz Boll

German physiologist and histologist Franz Christian Boll (1849–1879) who held professorships in
Genoa and Rome, is universally known as the discoverer of rhodopsin. In 1873, however, he published
an extensive work describing in detail the structure and development of the brain and spinal cord [107].
The publication also contained results of his extensive examination of the nervous connective tissue.

Boll was convinced that the connective tissue, besides connective tissue fibres, also contained
cells (Figure 14B) which were, as he pointed out, for the first time isolated, described, and illustrated
in “their true form” by Deiters. However, he added, the Deiters name and the description of these
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cells did not appear in the writings of Henle and Merkel, Stieda, Gerlach, Kolliker, and Frommann,
but the cells were described and illustrated by Jastrowitz, Golgi, and, to a certain extent, by Rindfleisch.
For this reason, Boll was likely to continue to name these cells as the “Deiters’ cells” (Deiters’schen
Zellen); this term was used for some time by other researchers simultaneously with the name “glial
cells”. Today, however, by the term “Deiters’ cells”, or phalangeal cells, are named supporting cells of
the Corti organ in the inner ear, which are not related to glial cells at all. Describing the glial cells in
the ox spinal cord Boll noted that:

These cells are so peculiar that I cannot give them any analogue from the series of other
known histological elements. Characteristic of these is the lack of a body or cell body. At first
sight, some seem to imagine only a confused convolution of fine fibres, in the centre of which
there is a nucleus-like structure. If, however, in most of these cells the actual cell-body is
an absolutely vanishing minimum, the processes of the latter are all the more pronounced.
Each of these cells emits a very large number of very long hair-thin processes, comparable to
the fineness of connective tissue fibrils, of straight or only slightly tortuous course. The length
of these fibrous processes is often very considerable; not infrequently, individuals are drawn
through the entire field of view of the microscope and even further. Whether these fine
processes ramify, I certainly do not want to decide; I have never received unambiguous
pictures of such a place. On the other hand, on the basis of my experience, I do not necessarily
dare deny ramification: in any case, such is one of the rarer occurrences. The direction of the
processes is subject to countless differences: there are cells from which these fibres emanate
multipolarly in all directions; besides, there are other cells where two dense fibrous bundles
are detached on two opposing poles, and finally a third main form is not uncommon, where
the whole mass of the fibrous processes is directed to one side, while from the opposite pole
of the cell depart only very insignificant fibres, so that these cells offer a surprising similarity
with a fine hair brush (brush cells—Pinselzellen). ([107]; p. 7)

Thus Boll, in addition to the detailed description of glial cell as cells with the long hair-thin
processes, also drew attention to the variety of shapes of the glial cells, and attempted to classify
them. Boll further analysed the structure of the perivascular space. The presence of terminals of glial
processes on the capillary walls before Boll, had already been indicated by Besser, Golgi, and Butzke
(see above). Boll, however, described that capillaries in the brain and spinal cord of humans, cows,
and sheep were surrounded by rows of “brush cells” of various sizes and shapes spreading numerous
processes to the capillary walls. In addition, on the basis of the detailed study of the nerve tissue
development, Boll was convinced that both glial and nerve cells were histologically distinct elementary
parts of the CNS.

3.19. Hans Gierke

German anatomist Hans Paul Bernhard Gierke (1847–1886) attained professorship at the Imperial
University of Tokyo and in Breslau (Wrocław). Already in 1882, he published his paper on the elements
of the CNS, where he described nerve cells and neuroglia studied predominantly by the carmine
method, which he, based on numerous experiments, considered to be the most suitable for tissue
staining [108]. According to Gierke, “The skeleton for the nervous elements of the central organ,
the network in which they are embedded, is composed of two different substances, the fibrillar
connective tissue and Virchow’s so-called neuroglia, which is considered to be a subspecies of the
reticular connective tissue.” [108]. He also included in his paper a detailed description and pictures of
several forms of neuroglial cells (Figure 15), and discussed their relationship to nerve cells and fibres.
In addition, Gierke was convinced that: “The neuroglia develops from elements of the ectoderm like the
nerve cells and like the cells of the epidermis. Even this histogenetic fact speaks for a peculiar position
of the neuroglia, even more so its appearance, its behaviour against reagents and the arrangement of
the elements.” [108].
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Figure 15. Images of glia drawn by Hans Gierke [108,109]. Left: neuroglial cells from the white matter
(1–3) and from the grey matter (4); proliferating neuroglial cell (5,6). Right top: large glial cell from the
bottom of the fourth ventricle; bottom left: glial cell from the grey matter of the spinal cord; bottom
right: glial cell from the white matter of the spinal cord.

A year later, Gierke published an updated paper devoted to the supportive substance of the
nervous system [110]. He described different types of neuroglial cells in the various regions of the brain
and spinal cord, and at the same time, he moved forward in questioning what should be considered to
be neuroglia:

The supporting substance consists of unformed and shaped elements, both of which must be
grouped under the term Neuroglia. The unformed part, the basic substance (Grundsubstanz),
has not yet received the due attention it deserves. It is the basis of the grey matter in which
everything else is stored and quantitatively occupies about the third part of it... The shaped
elements of the supportive substance are cells and their processes. ([110]; p.362)

In two years Gierke published results of the investigation of supportive substance of the CNS
in two extensive publications [109,111]. He described in detail many modifications of his carmine
staining method, which he still considered to be the best. Gierke made an attempt to clearly define
the connective tissue and neuroglia. First of all, he was convinced that free grains observed in the
connective tissue by Jastrowitz and Boll did not exist. Concerning the connective tissue, Gierke wrote:

The nervous elements of the central organs are not directly next to each other, but are
separated from each other by a different mass, which can be named with a very indifferent
name as a supporting substance (Stutzsubstanz) of the central nervous system. It is often called
connective tissue (Bindegewebe) by the authors, and indeed regarded as “reticular connective
tissue” (retikulären Bindesubstanz) in terms of its histological significance, and is presented
as a subspecies of it in addition to the cytogenous connective substance of the mucous
membranes and of many glands and the jelly-tissue . . . In any case, it is desirable not to
name it that way any longer, but I shall name it in the following to have the shortest possible
expression, with the name “neuroglia” (or nerve putty), or glia, introduced by Virchow.
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The supporting substance of the central organs consists of two components, the unformed
and the shaped substance; both must be grouped together under the name of neuroglia,
although of course the term “nerve putty” is less suitable for the cellular elements than for
the matrix substance. When we shorten, as is customary, that word, we have in the terms
“glial substance” and “glial cells” very convenient names, which I do not find at all like
Ranvier in the above-quoted little work “detestable”. ([109]; p. 452)

Gierke also tried to find out the general characteristics of the glial cells:

First, what is common to all glial cells? In most cases characteristic of them are the processes.
Just as in the central nervous system, no nerve cells without processes occur, so are cells of the
support substance without such unthinkable. In order to be able to take part in the formation
of the framework for the embedded nervous elements, the glial cells must connect by means
of processes with other similar elements. I can also say with the utmost certainty that there
are absolutely no glial cells in the central nervous system, which are without processes,
and which therefore lie isolated, without connection to the general scaffold. With regard to
the number of processes, certain details are not to be specified. Most of the cells have very
many, but even with very few occur. Cells with a single process, if they exist at all, are very
rare; they might perhaps appear on the surface of the cerebral cortex as an exception. Bipolar
cells occur in certain places, especially where long sutures are needed. The cell-body can
then grow so much in the formation of the growing processes, that it only makes a small
swelling in the middle of them, indeed one finds horn-threads in those places, which have no
trace of a cell-body, but detectable in of the imaginary way. . . . Glial cells with three or very
few processes proceeding to different sides occur in all parts of the central organ; yet they
are much rarer than those with many processes. ([109]; p. 466)

In general, due to the staining methods, which reached its borders, Gierke’s investigations
did not bring extraordinary new information about the glial cells, if compared to the works of his
predecessors. It became evident that the carmine staining has reached its limits, and in the following
years, it withdrew its place in favour of the “black reaction” staining invented by Golgi.

4. Recapitulation

The notions of the passive elements of the CNS have emerged in the second half of 18th century,
and at the beginning of 19th century. The idea of the brain connective tissue (Bindegewebs-Substanzen)
was first introduced by Karel Rokytanský, and then it was developed by Rudolf Wirchow into the
concept of neuroglia. In the course of the second half of the 19th century, many neuroanatomists
dedicated their efforts to study neuroglia; as a result, numerous morphologically distinct cell types
have been described. The turn of research toward neuroglia has been precipitated by the development
of staining techniques which allowed much more precise morphological analysis of neural cells.
This allowed several major types of neuroglia to be distinguished; in addition, the theories of glial roles
in the physiology and pathophysiology of the nervous system began to evolve. Detailed descriptions
of these studies will be covered in our papers that are to follow.
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Abstract: Organotypic hippocampal slice cultures were used to model the effects of
neuroinflammatory conditions following an epileptic state on functional P2X7 receptors (Rs) of
subgranular zone (SGZ) neural progenitor cells (NPCs). The compound, 4-aminopyridine (4-AP),
is known to cause pathological firing of neurons, consequently facilitating the release of various
transmitter substances including ATP. Lipopolysaccharide (LPS) and interleukin-1β (IL-1β) both
potentiated the dibenzoyl-ATP (Bz-ATP)-induced current amplitudes in NPCs, although via different
mechanisms. Whereas LPS acted via promoting ATP release, IL-1β acted via its own receptor
to directly influence P2X7Rs. Thus, the effect of LPS was inhibited by the ecto-ATPase inhibitor,
apyrase, but not by the IL-1β antagonist, interleukin-1RA (IL-1RA); by contrast, the effect of IL-1β
was inhibited by IL-1RA, but not by apyrase. Eventually, incubation with 4-AP upregulated the
number of nestin/glial fibrillary acidic protein/P2X7R immunoreactive cells and their appropriate
staining intensity, suggesting increased synthesis of P2X7Rs at NPCs. In conclusion, inflammatory
cytokines accumulating after epilepsy-like neuronal firing may facilitate the effect of endogenous
ATP at P2X7Rs of NPCs, thereby probably promoting necrosis/apoptosis and subsequent cell death.

Keywords: neural progenitor cells; extracellular ATP; P2X7 receptors; neuroinflammation; cytokines

1. Introduction

In the adult mammalian brain, the subgranular zone (SGZ) of the hippocampal dentate gyrus is one
of the regenerative niches where neural progenitor cells (NPCs) are produced to give rise to the three
main neural cell linages, i.e., neurons, astrocytes, and oligodendrocytes [1–3]. During their integration
into the hippocampal circuits, NPCs pass through various consecutive developmental stages before
differentiating to newborn and subsequently mature granule cells (glutamatergic projection neurons
to CA3 pyramidal neurons).

The physiological functions of adult neurogenesis comprise emotions, learning, and memory,
i.e., temporal separation, pattern separation, fear conditioning, high-resolution memory, and synaptic
plasticity [4,5]. Some disease conditions, like Parkinson’s disease, Huntington’s disease, Alzheimer’s
disease, multiple sclerosis, stroke, depression, and temporal lobe epilepsy are also connected to
abnormal adult neurogenesis [6]. The misbalance between NPC proliferation and disintegration may
contribute to the establishment of a pathological pacemaker in the hippocampus after a one-time
status epilepticus [7,8].
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The P2X7 receptor (R) is a ligand-gated non-selective cationic channel, which has a uniquely low
affinity for extracellular ATP, and is transformed to a large membrane pore on long-lasting exposure to
high ATP concentrations [9,10]. In the central nervous system (CNS), P2X7Rs are present at microglia
and astrocytes/oligodendrocytes, as well as NPCs; their existence at neurons is a much-debated
issue [10,11]. Neuroinflammation is a common denominator of both epilepsy [12,13] and P2X7R
activation [14,15]. Hence, there are good reasons to speculate that the massive outflow of ATP from the
epileptic focus may stimulate P2X7Rs, which are linked to the NLRP3/ASC inflammasome assembly,
fostering the maturation and release of inflammatory cytokines such as interleukin-1β (IL-1β),
especially from microglia [16]. It was proposed that, preceding the activation of P2X7Rs, the stimulation
of lipopolysaccharide (LPS)-targeted Toll-like receptors (TLRs) leads to the accumulation of cytoplasmic
pro-IL-1β, which is then processed to mature IL-1β under the influence of P2X7Rs [17].

We recently showed that pilocarpine-induced status epilepticus in rodents increases the sensitivity
of P2X7Rs at SGZ NPCs toward ATP, consequently leading to a decrease in ectopic NPC/granule
cell number in the hilus hippocampi [2,18]. Electrophysiological measurements in hippocampal
slices prepared from such epileptic rats documented an increased sensitivity of their NPCs to
ATP/dibenzoyl-ATP (Bz-ATP). This may lead to apoptosis/necrosis initiated via the caspase
cascade and the loss of intracellular constituents of vital significance through the dilated P2X7R.
When hippocampal slices were incubated with 4-aminopyridine (4-AP), a blocker of the transient
outwardly directed potassium current (IK(A)), to cause seizure-like activity in neurons, P2X7Rs at NPCs
also became functionally upregulated [19].

We hypothesized that the pro-convulsive agent, 4-AP, causing P2X7R activation via endogenously
released ATP may stimulate the synthesis and release of inflammatory cytokines which signal back to
P2X7Rs and facilitate seizure susceptibility. In fact, incubation of organotypic hippocampal slices with
LPS and IL-1β facilitated the P2X7R sensitivity of SGZ NPCs versus agonistic activation. This suggests
that long-term P2X7R functions, such as apoptosis/necrosis, triggered by epileptic seizures are greatly
facilitated under neuroinflammatory conditions.

2. Materials and Methods

2.1. Preparation of Hippocampal Brain Slices and the Corresponding Organotypic Slice Cultures

Hippocampal brain slices were obtained from C57BL/6J mice (bred in-house) or from mice
overexpressing green fluorescent protein (GFP) under the control of the nestin gene (Tg(nestin/EGFP);
gift from Helmut Kettenmann, Berlin). All animal use procedures were approved by the relevant
Committee of Animal Protection (Regierungspraesidium Leipzig, Germany, CGZ216).

Mice pups (postnatal days 4–6; P4–6) were decapitated under CO2 anesthesia. The preparation
and culturing of organotypic slices were similar to those described previously [20,21].
Briefly, the hippocampi were rapidly dissected and were placed in ice-cold preparation solution
(minimum essential medium (MEM) supplemented with 2 mM glutamine and 50 μg/mL gentamicin;
all from Invitrogen, Carlsbad, CA, USA; the pH was adjusted to 7.3). Subsequently, transverse slices
(thickness, 350 μm) were prepared with a McIlwain tissue chopper (Saur Laborbedarf, Reutlingen,
Germany), and were stored in Petri dishes filled with the same solution. Then, the slices were placed
on moistened translucent membranes (six slices per membrane, 0.4-μm membranes; Millicell-CM,
Millipore, Bedford, MO, USA). These membranes were transferred into six-well plates, each filled
with 1 mL of incubation medium (50% MEM, 25% Basal Medium Eagle, 25% heat-inactivated horse
serum, supplemented with 2 mM glutamine; all from Invitrogen; and 0.625% glucose purchased
from Sigma-Aldrich, St. Louis, MO, USA). The slices were stored in an incubator at a constant
temperature of 37 ◦C and an atmosphere of 5% CO2 in air; the medium was changed three times weekly.
Organotypic brain slices were subjected to electrophysiological recordings and immunohistochemistry
after 1–3 weeks in culture.
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2.2. Whole-Cell Patch-Clamp Recordings

Organotypic cultured slices were superfused in an organ bath with 95% O2 plus 5% CO2-saturated
artificial cerebrospinal solution (aCSF; 3 mL/min, room temperature). This aCSF had the following
composition (in mM): NaCl 126, KCl 2.5, CaCl2 2.4, MgCl2 1.3, NaH2PO4 1.2, NaHCO3 25, and glucose
11; the pH was 7.4, adjusted with NaOH. To create a low divalent cation-containing (low X2+)
solution, MgCl2 was omitted from the medium and the CaCl2 concentration was decreased to 0.5 mM.
Neural progenitor cells and/or astrocytes in the subgranular zone of the hippocampal dentate gyrus
were visualized with an upright interference contrast microscope and a 40× water-immersion objective
(Axioskope FS, Carl Zeiss, Oberkochen, Germany). Patch pipettes were filled with intracellular solution
of the following composition (in mM): K-gluconic acid 140, NaCl 10, MgCl2 1, HEPES 10, EGTA 11,
Mg-ATP 1.5, Li-GTP 0.3; the pH was 7.2, adjusted with KOH. Pipettes (4–7 MΩ resistances) were pulled
by a micropipette puller (P-97, Sutter Instruments, Novato, CA, USA) from borosilicate capillaries.
The resting membrane potential (Vm) of the cells was measured in the current-clamp mode of the
patch-clamp amplifier (Multiclamp 700A; Molecular Devices, San Jose, CA, USA) immediately after
establishing whole-cell access.

Neural progenitor cells were identified by their green fluorescence under an appropriate filter.
Astrocytes (no fluorescence) and NPCs (green fluorescence) were discriminated from neurons by their
failure to fire action potentials. For this purpose, hyper- and depolarizing current pulses (−80, −20,
40, 100, and 160 pA) were injected into the respective cells. Then, in the voltage-clamp recording
mode of the amplifier, the holding potential of the astrocytes and NPCs were set at −80 mV, near their
membrane potentials. Multiclamp and pClamp software (Molecular Devices) were used to store the
recorded data to perform offline analysis/filtering and to trigger the application system used.

2.3. Drug Application Protocols

Dibenzoyl-ATP (300 μM) was pressure-ejected locally by means of a computer-controlled DAD-12
superfusion system (ALA Scientific Instruments, Farmingdale, NY, USA). The drug application
tip touched the surface of the brain slice and was placed within 100–150 μm of the patched cell.
Dibenzoyl-ATP (300 μM) induced a low-X2+ medium inward current, whose amplitude was at
the quasi-linear part of the semi-logarithmic concentration–response curves generated both in
astrocytes [22] and NPCs [18]. Organotypic hippocampal slices were grown in incubation medium for
one week before they were subjected to Bz-ATP (300 μM) pulses (for 10 s, every 2 min, three times;
the first response was discarded). All substances were present in the culturing medium for 14 h,
one day, or one week before using the organotypic slices for patch-clamp recordings. In some cases,
the effect of Bz-ATP (300 μM) was compared in a normal and low-X2+ medium.

2.4. Multiple Immunofluorescence Labeling Under Confocal Microscopic Observation

After the incubation period of three weeks, the Millicell membranes (Millipore, Bedford,
MA, USA) were taken out and the hippocampal cultures were fixed for 2 h in a solution containing
4% paraformaldehyde (Merck, Darmstadt, Germany), 0.1% glutaraldehyde (Serva Electrophoresis,
Heidelberg, Germany), and 0.2% picric acid (Sigma-Aldrich) in 0.1 M phosphate buffer (PB; pH 7.4).
Afterward, cultures were rinsed intensively with PB and were cut into 50-μm slices using the vibratome
(Typ VT 1200S, Leica Biosystems, Wetzlar, Germany).

Following pre-incubation in a blocking solution (0.05 M tris-buffered saline (TBS), pH 7.6,
supplemented with 5% fetal calf serum and 0.3% Triton X-100), the slices were incubated in a mixture
of primary antibodies diluted in the blocking solution for 48 h at 4◦C. The following antibodies were
used: anti-glial fibrillary acidic protein (GFAP; mouse, 1:1000; Sigma-Aldrich), anti-Iba1 (goat, 1:100;
Abcam, Cambridge, UK), anti-nestin (mouse, 1:50; Millipore), or mouse anti-GFP (1:100; Clontech,
Wisconsin, PE, USA), as well as anti-P2X7 (rabbit, 1:600; APR-004, Alomone Labs, Jerusalem, Israel).
This incubation period was followed by rinsing in TBS. The simultaneous visualization of different
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primary antisera was performed with a mixture of secondary antibodies specific for the appropriate
species immunoglobulin G (IgG; rabbit, mouse, goat). Carbocyanine (Cy)2- (1:400), Cy3- (1:1000),
Cy5- (1:100) conjugated IgGs (all Jackson ImmunoResearch, West Grove, PE, USA) diluted in the
blocking solution were applied for 2 h at room temperature. For nuclear staining, the slices were
incubated with Hoechst 33342 (Hoe; final concentration 40 μg/mL, Molecular Probes, Eugene, OR,
USA) for 5 min in TBS at room temperature. After intensive washing and mounting on glass slides,
sections were dehydrated and cover-slipped as described above. Control experiments were performed
without primary antibodies or by pre-adsorption of the antibody with the immunizing peptides.

The multiple immunofluorescence was investigated using a confocal laser scanning microscope
(LSM 510 Meta, Zeiss) using excitation wavelengths of 488 nm (argon, yellow-green Cy2
immunofluorescence), 543 nm (helium/neon, red Cy3 immunofluorescence), and 633 nm
(helium/neon2, blue Cy5 labeling). An ultraviolet laser (362 nm) was used to excite the blue–cyan Hoe
33342 fluorescence.

2.5. Materials

The following drugs were used: interleukin-1β murine (IL-1β; Biomol, Hamburg, Germany),
antimycin A, 2′(3′)-O-(4-benzoylbenzoyl)adenosine 5′-triphosphate triethylammonium salt (Bz-ATP),
epidermal growth factor from mouse (EGF), fibroblast growth factor-2 (FGF-2), interleukin-1RA murine
(IL-1RA), LPS from Escherichia coli, nerve growth factor-β from mouse (NGF), and sodium iodoacetate
(Sigma-Aldrich).

2.6. Statistics

Means ± standard errors of the mean (SEM) are given throughout. SigmaPlot 13.0 was used
for statistical evaluation (Systat Software Inc., Chicago, IL, USA). We tested for and found that,
when using parametric tests, all sampled distributions satisfied the normality and equal variances
criteria. Multiple comparisons between data were performed with a one-way analysis of variance
(ANOVA) followed by the Holm–Sidak test. Two datasets were compared either using the parametric
Student’s t-test or the non-parametric Mann–Whitney rank sum test, as appropriate. A probability
level of 0.05 or less was considered to be statistically significant.

3. Results

3.1. Sensitivity Increase of P2X7Rs at SGZ NPCs in Organotypic Hippocampal Slices Caused by Pre-Incubation
with Lipopolysaccharide and Cytokines

Combination of four criteria can verify that Bz-ATP at a submaximal concentration of 300 μM
selectively activates the P2X7Rs in SGZ NPCs: (1) the responses to both Bz-ATP and ATP are potentiated
in a low-X2+ bath medium; (2) Bz-ATP causes comparable inward currents at about 10-times lower
concentrations than ATP itself; (3) the Bz-ATP effect is nearly abolished by the highly selective
P2X7R antagonist A-438079; and (4) the Bz-ATP current exhibits a reversal potential around 0 mV,
characteristic for non-selective cationic channels [18]. All of these criteria held true for SGZ NPCs in
a slice preparation [18].

Therefore, we applied, in all subsequent experiments, 300 μM Bz-ATP as a test concentration to
investigate changes in P2X7R sensitivity. Furthermore, 4-AP (50 μM; one-week incubation) facilitated
the effect of Bz-ATP (300 μM) on NPCs in hippocampal slice cultures [19]. This effect was thought to be
due to a lengthening of the half amplitude duration of action potentials in dentate gyrus granule neurons
increasing the release of glutamate and ATP onto SGZ NPCs [19]. Incubation with LPS (10 ng/mL) for
14 h had an effect similar to that of 4-AP (Figure 1A,B). It is noteworthy that only Bz-ATP-induced
current responses measured in a low-X2+ medium exhibited potentiation, but not those measured in
a normal external medium.
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Figure 1. Effects of 4-aminopyridine (4-AP), lipopolysaccharide (LPS), and interleukin-1β (IL-1β)
on dibenzoyl-ATP (Bz-ATP)-induced current responses of neural progenitor cells (NPCs) located
in organotypic hippocampal slices cultured for one week. Normal artificial cerebrospinal solution
(aCSF) or low X2+ aCSF has been used. Lipopolysaccharide (10 ng/mL) and IL-1β (30 ng/mL)
were added either alone or together with apyrase (30 IU/mL), or interleukin-1RA murine (IL-1RA)
(100 ng/mL) for the last 14 h of culturing. (A,B) Effect of LPS on the Bz-ATP (300 μM)-induced current
amplitudes (IBzATP). Dibenzoyl-ATP was applied six times in total, both in the absence and presence
of LPS. A normal external medium was changed to one which contained no Mg2+ and a low Ca2+

concentration (low X2+). Representative current tracings in the presence of LPS (A). Mean ± standard
error of the mean (SEM) of the indicated number of cells (B). Lipopolysaccharide potentiated IBzATP in
a low-X2+ medium only. The mean of two subsequent responses is shown in (B). * p < 0.05; statistically
significant difference between the respective pairs of currents recorded in the absence and presence of
LPS. (C–E) Representative tracings show a potentiation of Bz-ATP (300 μM) currents by incubation
of hippocampal slices in culturing medium containing LPS or IL-1β (C). Dibenzoyl-ATP pulses were
applied three times (the first response was discarded). Percentage potentiation of IBzATP by LPS alone,
or in the combined presence of LPS plus apyrase, or LPS plus IL-1RA (D). Comparison was with IBzATP

measured in a drug-free medium (control). Mean ± SEM of the indicated number of cells in both
(D) and (E). Percentage potentiation of IBzATP by IL-1β alone, or in the combined presence of IL-1β
plus apyrase or IL-1β plus IL-1RA (E). Comparison was with IBzATP measured in a drug-free bath
medium (control). The effect of IL-1RA on IBzATP in (E) was re-plotted from (D). * p < 0.05; statistically
significant difference from the control values. § p < 0.05; statistically significant difference from the
effect of LPS (D) and IL-1β alone (E).

Incubation with ATP (10 μM) for 14 h caused a facilitation of the Bz-ATP-induced current (IBzATP);
this effect was abolished by co-incubation of ATP with the ecto-ATPase apyrase (10 IU/mL; [19]) which
by itself did not increase IBzATP. Therefore, it was concluded that the effect of ATP is, in fact, mediated
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by the activation of P2Rs. Apyrase also depressed the effect of co-applied LPS (10 ng/mL; 14 h),
indicating that LPS releases endogenous ATP which then supposedly acts at P2X7Rs (Figure 1C,D).
By contrast, the IL-1β antagonist, IL-1RA (100 ng/mL; 14 h), failed to influence the LPS effect
(Figure 1D). Furthermore, IL-1β (100 ng/mL) facilitated IBzATP, just as ATP and LPS did; however,
this was via a different mechanism, because the effect of IL-1β was obliterated by IL-1RA, but not by
apyrase (Figure 1C,E). We assume that exogenous ATP, as well as endogenous ATP released by LPS,
activates P2X7Rs, thereby potentiating the action of Bz-ATP probably by allowing increased Ca2+ entry
into the cells. By contrast, IL-1β may directly facilitate cationic fluxes through P2X7Rs apparently
contradicting the confirmed permissive role of ATP for the LPS-induced secretion of IL-1β under our
experimental conditions.

3.2. Sensitivity Increase of P2X7Rs at SGZ NPCs in Organotypic Hippocampal Slices Caused Pre-Incubation
with Growth Factors, but not by Pre-Incubation with Reactive Oxygen Species or Metabolic Inhibitors

Neuroinflammation is mediated not only by cytokines, but also by growth factors, and it
follows the neuronal damage caused by metabolic limitation. It is a major condition in stroke
pathophysiology and contributes to secondary neuronal damage in both acute and chronic stages of
the ischemic injury [23]. Neuroinflammation and epilepsy are also thoroughly interrelated pathological
events [13,24,25].

Therefore, we incubated brain slice cultures for one day or one week with NGF (30 ng/mL)
which increased IBzATP of NPCs in comparison with controls (Figure 2A,B). The combination of EGF
(20 ng/mL) with FGF-2 (10 ng/mL) for one week had a similar effect. Eventually, organotypic
hippocampal slice cultures were damaged either by the free oxygen radical, H2O2 (10 μM;
14-h incubation), or by the combined application of antimycin (25 nM) and sodium iodoacetate
(10 μM) for 14 h to block oxidative phosphorylation and glycolysis, respectively (Figure 1C,D; [26]).
Both oxidative and metabolic damage failed to cause a potentiation of Bz-ATP currents at NPCs. We did
not measure the effect of H2O2 and antimycin plus sodium iodoacetate on IBzATP after longer-lasting
incubation of hippocampal slices (e.g., one week); it is quite possible that, under these conditions,
a secondary neuroinflammation would cause potentiation of the Bz-ATP-induced current responses.
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Figure 2. Effects of growth factors or the in vitro modelling of reperfusion injury/metabolic limitation
on Bz-ATP-induced current responses of NPCs located in organotypic hippocampal slices cultured for
one week. (A,B) Nerve growth factor (NGF; 30 ng/mL) or epidermal growth factor (EGF; 20 ng/mL)
plus fibroblast growth factor-2 (FGF-2; 10 ng/mL) were present in the external medium for the
whole week (1 w). In some experiments, NGF was present only for the last 24 h of cultivation (1 d).
Representative tracings show potentiation of the Bz-ATP (300 μM) currents (IBzATP) by NGF or EGF
plus FGF-2 (A). Dibenzoyl-ATP pulses were applied three times (the first response was discarded).
Percentage potentiation of IBzATP by NGF for the time periods indicated, or in the combined presence of
EGF plus FGF-2 for one week (B). Comparison was with IBzATP measured in a drug-free bath medium
(control). Mean ± SEM of the indicated number of cells. (C,D) H2O2 (10 μM) or antimycin (25 nM)
plus Na-iodoacetate (10 μM) were present in the external medium for the last 14 h of culturing only.
Representative tracings show no changes of Bz-ATP (300 μM) currents by H2O2 or antimycin plus
Na-iodoacetate (C). Mean ± SEM of the indicated number of cells (D). * p < 0.05; statistically significant
difference from the control value.

3.3. P2X7R Immunoreactivity in Organotypic Hippocampal Slice Cultures

The exemplary structure of the hippocampus in a three-week-old organotypic slice culture
shows cell bodies stained with Hoechst 33342 (Hoe) in a black-and-white confocal laser-scanning
microscopic picture (Figure 3A). Incubation with a 4-AP (50 μM)-containing medium after the initial
two weeks of culturing for a further week did not cause an appreciable change in the gross structural
view (not shown). Subsequently, we evaluated the colored images in the SGZ of the hippocampal
dentate gyrus after mechanical removal of the glial cap, interfering with visibility. For this purpose about
50 μm of the superficial tissue layers were cut away from the slice culture by means of a vibratome
(VT1200, Leica Biosystems).
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Figure 3. P2X7 receptor (R) immunoreactivity (IR) in three-week-old organotypic hippocampal
slice cultures of mice overexpressing green fluorescent protein under the control of the nestin gene
(Tg(nestin-EGFP)). (A) Black-and-white structure of the hippocampus under confocal laser-scanning
microscopic observation; the cell nuclei were stained with Hoechst 33342 (Hoe) here and in (L) and
(O). Images show, in the specimens, various immunoreactive (IR) structures in the subgranular zone of
the dentate gyrus after labeling with specific antibodies. Arrows mark the overlaying IR structures
throughout. Asterisks mark anti-glial fibrillary acidic protein (GFAP)/nestin double IR, with no
staining for P2X7 in (B–E) and (F–I). (B–E) Weak GFAP-, nestin-, and P2X7R-IR structures and their
overlay. (F–I) Stronger GFAP-, nestin-, and P2X7-IR structures and their overlay after incubation with
4-AP (50 μM) for the last week of cultivation. The number of triple IR cells also increased. (J–L) Iba-
and P2X7R-IR structures are co-localized on microglial cells. (M–O) Incubation with 4-AP caused an
increase in the number of co-labeled cells and their intensity of staining for Iba/P2X7-IR structures.
Scale bars, 200 μm (A) and 20 μm (B–O). Representative snapshots obtained from three to four animals
per group.
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Because the specimens were prepared from Tg(nestin/EGFP) mice, the staining with anti-EGFP
labeled nestin-immunoreactive (IR) NPCs. We observed weak GFAP-, P2X7-, and nestin-IR NPCs
in the control SGZ (Figure 3B–E). Incubation of the slices with 4-AP caused upregulation of the
nestin/GFAP/P2X7-IR cell number and the appropriate staining intensity (Figure 3F–I). Whereas radial
glia-like type 1 NPCs exhibit IRs for both GFAP and nestin, astrocytes are IR for GFAP only. We did
not observe P2X7-IR at these astrocytes. However, it should be mentioned that, in spite of the lack of
P2X7-IR at astrocytes, functional P2X7Rs can be detected at this cell type, e.g., in the prefrontal cortex,
especially in a low-X2+ medium [22]. We assume that the density of P2X7Rs at astrocytes is much
lower than the density of P2X7Rs at NPCs.

In the hippocampal cell formation and on the surface of the tissue slices, P2X7-IR was observed
on activated microglia (marked by anti-Iba1; Figure 3J–L); both IRs increased after incubation with
4-AP (Figure 3M–O).

Hence, in accordance with the potentiation of the Bz-ATP-induced currents of NPCs by
a long-lasting treatment with 4-AP, both the number of nestin/GFAP/P2X7 triple-labeled type 1 NPCs
and the staining intensity for the investigated antibodies at these cells were upregulated. In other
words, the facilitated P2X7R function appears to be due to an enhancement of protein synthesis,
and probably also to alleviated post-receptor signaling due to the activation of a calcium/calmodulin
binding site at the C-terminus of the P2X7R [27].

4. Discussion

The main findings of this study were the following: (1) incubation with LPS, IL-1β, or growth
factors (NGF, EGF, or FGF) facilitated the Bz-ATP sensitivity of NPCs located in the SGZ of organotypic
hippocampal slice cultures; (2) incubation with the reactive oxygen species, H2O2, or the blockade of
oxidative phosphorylation and glycolysis (antimycin plus sodium iodoacetate) had no comparable
effect; (3) incubation with 4-AP caused upregulation of the nestin/GFAP/P2X7-IR cell number and the
appropriate staining intensity, indicating that a facilitated P2X7R function may be due to enhanced
protein synthesis, and probably also to alleviated post-receptor signaling in NPCs.

Experimental evidence in rodents demonstrates that seizures largely increase the levels of
inflammatory mediators in brain regions involved in the generation and propagation of epileptic
activity [13,24,25]. Prototypic inflammatory cytokines, such as IL-1β, IL-6, and tumor necrosis
factor-α (TNF-α), are upregulated in activated microglia and astrocytes, before triggering a cascade of
downstream inflammatory events that also involve neurons and endothelial cells of the blood–brain
barrier. In models of chronic inflammation, such as transgenic mice systemically overexpressing
IL-6 or TNF-α, a reduced seizure threshold was observed, which predisposes the brain to
seizure-induced neuronal loss [28]. Furthermore, TNF-α and IL-10 were associated with the regulation
of seizure duration in experimental kindling models [29]. On the contrary, mild inflammatory
response evoked by LPS during a critical period of development caused a long-lasting increase in
hippocampal excitability in vitro, and enhanced seizure susceptibility to the convulsants, pilocarpine,
kanic acid, and pentetrazol [30]. It was concluded that cytokine-induced modifications in brain
excitability underlying seizure phenomena involve both the rapid post-translational and the long-term
transcriptional changes in voltage-gated and ligand-gated ion channels, as well as cytokine-mediated
changes in genes involved in neurotransmission and synaptic plasticity [31,32].

In view of the contribution of neuro/glio-inflammation to epileptogenesis, we investigated the
effect of LPS on IBzATP of NPCs, which is supposed to release IL-1β, e.g., from microglia/macrophages
only in case of the co-stimulation of permissive P2X7Rs [14,15,33]. Experiments in a low-X2+ external
medium showed an increase in IBzATP by pre-treatment of the organotypic slice cultures with both
4-AP [19] and LPS (present paper). A potentiation by a low divalent cation-containing external medium
of the agonist effects at P2X7Rs are most probably due to the removal of an allosteric block exerted by
Ca2+ [34]. A low extracellular Ca2+/Mg2+ concentration may, on the one hand, induce pathological
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firing in hippocampal CA1 and CA3 pyramidal cells in vitro, and, on the other hand, it corresponds to
the ionic constitution of the extracellular microenvironment during seizures in vivo [35].

It was an unexpected finding that LPS facilitated IBzATP via the release of ATP without the
involvement of IL-1β receptors; apyrase, but not IL-1RA, depressed the LPS-induced increase of
P2X7R currents at NPCs. It was reported recently that a long-lasting stimulation of P2X7Rs by ATP
increases the sensitivity of this receptor to Bz-ATP [19]. By contrast, IL-1β itself potentiated IBzATP

via activation of an interleukin 1 receptor (IL-1R), because its effect was antagonized by the selective
IL-1R antagonist, IL-1RA, but not apyrase. Thus, two different mechanisms appear to result in an
increased sensitivity of P2X7Rs toward ATP, one of them via a facilitated ATP release and the other via
the direct stimulation of P2X7Rs by inflammatory cytokines. We assume that, in both cases, increased
Ca2+ entry into the cells occurs, with subsequent occupation of an intracellular Ca2+/calmodulin
binding motif at the C-terminus of the P2X7R, leading to a potentiation of IBzATP [27], or to increased
trafficking of intracellular P2X7Rs to the plasma membrane. It should be pointed out that IL-1β is
mainly released from microglial cells, which thereby take a central position in causing a conductance
increase of P2X7Rs at NPCs. Of course it is possible that pre-incubation with 4-AP, ATP, LPS, and IL-1β
all potentiate the Bz-ATP-induced current by facilitating a non-P2X7R-mediated component of IBzATP

(Reference [19] and present paper). This is, however, unlikely; in previous experiments, we found that
the selective P2X7R antagonist, A-438079, almost completely inhibited the 4-AP-potentiated IBzATP [19].
Therefore, it is tentatively suggested that, because the last link in the sequence of events triggered by
4-AP and IL-β is identical (i.e., an elevated intracellular Ca2+ concentration), A-438079 could block
also the IL-1β-potentiated IBzATP.

Proliferation of reactive astrocytes termed astrogliosis is mediated not only by ATP acting at
P2X7Rs, but also by additional nucleotide receptors of the P2X and P2Y types [36,37]. However, ATP is
only one of the numerous endogenous factors determining astrogliosis, acting alone or together
with cytokines (IL, TNF, or interferons), growth factors (FGF-2 or leukemia inhibitory factor),
neurotransmitters (glutamate or noradrenaline), reactive oxygen radicals, nitric oxide, etc. [38]. In order
to elucidate a possible role of various growth factors in the increased function of P2X7Rs at hippocampal
NPCs, we pre-treated our organotypic brain slices with NGF or EGF plus FGF-2. In fact, all growth
factors investigated potentiated IBzATP under the present experimental conditions.

Medial cerebral artery occlusion as a model of focal cerebral ischemia leads to a massive outflow
of ATP from damaged CNS cells and upregulates P2X7R-IR in the penumbra of the damaged brain
area [39,40]. There is an early microglial response associated with the activation of this cell type
followed by a late response restricted to neurons and astrocytes. The blocking of P2X7Rs decreased the
infarct size, brain edema, and neurological deficits after cerebral infarction [41,42]. P2X7R antagonists
also ameliorated delayed neuronal death after transient global ischemia [43,44]. Because in vitro
ischemia in cerebrocortical cell cultures caused supersensitivity of P2X7Rs to their agonists [45],
we investigated whether the free oxygen radical, H2O2, known to be produced during reperfusion of
brain tissue following a temporary stop of blood flow, facilitates IBzATP in SGZ NPCs. Neither H2O2

nor the combined application of antimycin and sodium iodoacetate, to block oxidative phosphorylation
and glycolysis, respectively, had any effect on the sensitivity of P2X7Rs at NPCs.

In conclusion, our in vitro experiments supported the hypothesis that the increased release of ATP
from granule cells onto the hippocampal SGZ during a status epilepticus might foster the proliferation
of NPCs [2,18]. Subsequently, proliferating NPCs migrate into ectopic locations, differentiate into
mature neurons, and become integrated into pathological neuronal circuits. The activation of P2X7Rs
by ATP in combination with the neuroinflammatory stimulation of P2X7Rs by cytokines causes
necrosis/apoptosis of NPCs, thereby potentially preventing these deleterious processes. Thus, P2X7Rs
could inhibit the transition of a one-time status epilepticus (possibly febrile seizures in childhood/early
adolescence [46]) into chronic limbic epilepsy in humans.
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Abstract: Due to strong electrical coupling, syncytial isopotentiality emerges as a physiological
mechanism that coordinates astrocytes into a highly efficient system in brain homeostasis. Although this
electrophysiological phenomenon has now been observed in astrocyte networks established by different
astrocyte subtypes, the spinal cord remains a brain region that is still unexplored. In ALDH1L1-eGFP
transgenic mice, astrocytes can be visualized by confocal microscopy and the spinal cord astrocytes in grey
matter are organized in a distinctive pattern. Namely, each astrocyte resides with more directly coupled
neighbors at shorter interastrocytic distances compared to protoplasmic astrocytes in the hippocampal
CA1 region. In whole-cell patch clamp recording, the spinal cord grey matter astrocytes exhibit passive
K+ conductance and a highly hyperpolarized membrane potential of −80 mV. To answer whether
syncytial isopotentiality is a shared feature of astrocyte networks in the spinal cord, the K+ content in a
physiological recording solution was substituted by equimolar Na+ for whole-cell recording in spinal
cord slices. In uncoupled single astrocytes, this substitution of endogenous K+ with Na+ is known
to depolarize astrocytes to around 0 mV as predicted by Goldman–Hodgkin–Katz (GHK) equation.
In contrast, the existence of syncytial isopotentiality is indicated by a disobedience of the GHK predication
as the recorded astrocyte’s membrane potential remains at a quasi-physiological level that is comparable
to its neighbors due to strong electrical coupling. We showed that the strength of syncytial isopotentiality
in spinal cord grey matter is significantly stronger than that of astrocyte network in the hippocampal
CA1 region. Thus, this study corroborates the notion that syncytial isopotentiality most likely represents
a system-wide electrical feature of astrocytic networks throughout the brain.

Keywords: astrocytes; spinal cord; gap junctions; electrical coupling; syncytial isopotentiality

1. Introduction

A distinctive feature of astrocytes lies in the establishment of the largest syncytial networks through
gap junction coupling. The syncytial networks run through the entire central nervous system (CNS),
including astrocytes in the spinal cord [1,2]. Over several decades, this unique anatomic attribute has
sparked the speculation and exploration of the physiological mechanisms that enable astrocytes to indeed
function as a system in the brain function [3,4]. One mechanism that was revealed in our recent study shows
that strong electrical coupling enables hippocampal astrocytes to constantly equalize their membrane
potentials so that a syncytial isopotentiality can be achieved [5]. Functionally, the dependence of syncytial
isopotentiality for the operation of the K+ spatial buffering was speculated over 20 years [6]. Now, our study
indeed showed that a sustained and highly efficient K+ uptake driving force crucially depends on gap
junctional coupling, which establishes syncytial isopotentiality [5].
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Syncytial isopotentiality was initially identified from hippocampal astrocytes. Thereafter, the syncytial
isopotentiality has been further uncovered as a broadly existing electrophysiological phenomenon in other
parts of the brain, including protoplasmic astrocytes in the motor, sensory and visual cortical regions;
cerebellar Bergman glia; velate astrocytes; and fibrous astrocytes in the corpus callosum [7]. The spinal
cord constitutes a major portion of CNS, which connects the brain to the peripheral nervous system.
However, it remains unknown whether syncytial isopotentiality also operates in astrocyte networks in
this critical part of the brain. This question is important because astrocytes in different brain subregions
vary in their cell morphology, spatial organization, association with different neuronal circuitries and gene
expression [8–13]. Additionally, an early study, which used an elegant fluorescence after photo-bleaching
(FRAP) method, showed that the cultured spinal cord astrocytes exhibited poor syncytial coupling
compared to other brain regions [2].

To answer this question, we have examined the morphology, spatial organization pattern and
syncytial isopotentiality expression in spinal cord grey matter. In doing so, confocal microscopy was
used to examine the morphology of astrocytes and their spatial organizations in ALDH1L1-eGFP mice
at a high resolution. The existence of syncytial isopotentiality was examined by our newly developed
methodology, which involves the use of K+-free/Na+-containing recording pipette solutions [5].

We showed that astrocytes in cervical spinal cord grey matter are organized with more directly
coupled neighbors at shorter interastrocytic distances compared to hippocampal astrocytes. This is
associated with a higher strength of syncytial isopotentiality. This finding reinforces the notion that
syncytial isopotentiality represents a general feature of astrocytic networks throughout the brain.

2. Materials and Methods

2.1. Animals

All experimental procedures were performed in accordance with a protocol that was approved by
the Institutional Animal Care and Use Committee of The Ohio State University (2011A00000065-R2).
All experiments were performed with the use of wild-type C57BL/J6 and BAC ALDH1L1-eGFP transgenic
mice of both sexes at postnatal day (P) 15−21 [7,14,15]. Mice were housed in a 12-h light/dark cycle and
temperature controlled (22 ± 2 ◦C) environment with ad libitum access to food and water.

2.2. Preparation of Acute Spinal Cord Slices

Mice were anesthetized with 8% chloral hydrate in 0.9% NaCl saline [16]. Spinal cord slices were
prepared as previously described with modifications [17]. After deep anesthesia, the spinal cord was
removed and placed into ice-cold oxygenated (95%O2/5%CO2) cutting artificial cerebrospinal fluid
(aCSF) with reduced Ca2+ and increased Mg2+ (in mM: 125 NaCl, 3.5 KCl, 25 NaHCO3, 1.25 NaH2PO4,
0.1 CaCl2, 3 MgCl2 and 10 glucose). The spinal cord was then transferred into a solid embedding-mold
prepared by adding 4% low melt agar to the cutting aCSF, which was followed by the filling of the
mold with liquid 2% agar dissolved in the cutting aCSF at ~35 ◦C. This mixture quickly solidified on
ice. Several 400-μm sections were cut from the cervical regions using a Vibratome (MicroSlicer Zero 1N,
Ted Pella, Redding, CA, USA) in ice-cold artificial cerebrospinal fluid (in mM: 125 NaCl, 25 NaHCO3,
1.25 NaH2PO4, 3.5 KCl, 2 CaCl2, 1 MgCl2 and 10 glucose, osmolality, 295 ± 5 mOsm; pH of 7.3–7.4).
The slices were allowed to recover from any damage caused by the preparation for at least 15 min at
room temperature (RT) before electrophysiological recording.

2.3. Sulforhodamine 101 Staining

After recovery, spinal cord slices were transferred to a slice-holding basket containing 0.6 μM
sulforhodamine 101 (SR101) in aCSF at 34 ◦C for 30 min. After this, the slices were transferred back to
normal aCSF at RT before the experiment [14].
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2.4. Confocal Imaging of Spinal Cord Astrocyte Syncytia

Anesthetized mice were cardially perfused with 4% paraformaldehyde (PFA) in 0.1 M
phosphate-buffered saline (PBS). The 1-mm spinal cord cervical slices were sectioned and post-fixed in
4% PFA/0.1 M PBS at 4 ◦C overnight. Slices were incubated in a blocking solution, which consisted
of 5% normal donkey serum and 0.1% Triton X-100 in PBS, for 24 h at RT. Images were acquired by
confocal microscopy (SP8, Leica, Wetzlar, Germany).

2.5. Imaging Acquisition for Astrocyte Identification In Situ

An infrared differential interference contrast (IR-DIC) video camera was used to visualize the
macroscopic structure of the spinal cord and astrocyte cell bodies for electrode placement and
whole-cell patch clamp recording.

2.6. Electrophysiology

Individual spinal cord slices were transferred to the recording chamber and mounted on an
Olympus BX51WI microscope (Center Valley, PA, USA) with constant oxygenated aCSF (2.0 mL/min)
bath perfusion. Whole-cell patch clamp recordings were performed using a MultiClamp 700A amplifier
and pClamp 9.2 software (Molecular Devices, Sunnyvale, CA, USA). Borosilicate glass pipettes (Warner
Instrument, Hamden, CT, USA) were pulled from a Micropipette Puller (Model P-87, Sutter Instrument,
Novato, CA, USA). The recording electrodes had a resistance of 3–5 MΩ when filled with the electrode
solution that contained (in mM) 140 KCl (or NaCl), 1.0 MgCl2, 0.5 CaCl2, 10 HEPES, 5 EGTA, 3 Mg-ATP
and 0.3 Na-GTP (pH = 7.25–7.30, 280 ± 5 mOsm). The physiological 140 KCl-containing pipette solution
is referred to as [K+]P, whereas the K+-free/140 mM NaCl-containing pipette solution is referred as
[Na+]P in this study. For whole-cell recording, the liquid junction potential was compensated prior to
all recordings. The membrane potential (VM) was read in I = 0 mode or continuously recorded under
the current clamp mode in PClamp 9.2 program. To ensure the quality of current clamp recording,
the input resistance (Rin) was periodically measured by “Resistance test” (a 63 pA/600 ms pulse)
before and during the recording. Recordings with an initial Rin greater than 50 MΩ or Rin varied
greater than 10% during recording were discarded. All the experiments were conducted at RT.

2.7. Chemical Reagents

All chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA).

2.8. Data Analyses

The patch clamp recording data were analyzed by Clampfit 9.0 (Molecular Devices). Statistical analysis
was performed using Origin 8.0 (OriginLab, Northampton, MA, USA) or IBM SPSS Statistics 25.0 (IBM,
Armonk, NY, USA). Results are given as means ± standard error of the mean (SEM).

3. Results

3.1. Spatial Organization of Astrocyte Syncytium in Cervical Spinal Cord

To visualize astrocytes and their spatial organization in spinal cord grey matter, the cervical
sections of the spinal cord were prepared from ALDH1L1-eGFP mice (Figure 1). The interastrocytic
distance and the number of the nearest neighbors for each individual astrocyte were quantitatively
analyzed according to the procedure described in our previous reports [7,18].

For interastrocytic distance analysis, the distance between two astrocytes was measured between the
nearest neighbors at the central points of the soma (Figure 1C). The grey matter astrocytes were spaced
apart at an average of 30.1 ± 1.4 μm (n = 30 measurements from 3 slices). This distance is significantly
shorter than the distance between astrocytes in the hippocampal CA1 region, which was found to be
39.5 μm in our recent report [7]. We further explored this by analyzing newly prepared hippocampal
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CA1 syncytium. Consistently, astrocytes in hippocampal CA1 exhibited significantly longer interastrocytic
distances than spinal cord grey matter as they were found to have an average interastrocytic distance of
41 ± 1.2 (n = 30 measurements from 3 slices, p < 0.001, image data not shown).

In the nearest neighbor analysis, a randomly chosen astrocyte is set as the reference cell and
astrocytes were considered as the nearest neighbors if there was no intermediate astrocyte or a blood
vessel between them (Figure 1D) [18]. Each astrocyte in spinal cord grey matter was directly coupled
to 9.9 ± 0.3 astrocytes (n = 9 measurements from 3 slices), which was also significantly higher than
the number of nearest neighbors of hippocampal CA1 astrocytes (8.7 ± 0.3; n = 9 measurements from
3 slices, p < 0.01).

 

Figure 1. Astrocyte syncytial networks in the cervical spinal cord. (A) Confocal image of astrocyte
networks in a cervical section of the spinal cord from ALDH1L1-eGFP mouse. (B) Astrocytes in a
subfield of grey matter marked inside the red rectangle in (A) are shown in higher magnification.
(C,D) Representations of astrocyte syncytium anatomical parameters, which are namely interastrocytic
distance and the nearest neighbors as indicated. (E,F) In a comparison of the hippocampal CA1
(CA1 HP) region, spinal cord astrocytes show significantly shorter interastrocytic distances (E).
Furthermore, each spinal cord astrocyte is coupled to ~9 nearest neighbors, which is ~1 more than
hippocampal astrocyte. ** p < 0.01, **** p < 0.001.

Overall, astrocytes in the spinal cord grey matter are organized in a pattern that is distinct from
the patterns of astrocytes in hippocampal CA1 and cortical regions. Specifically, each astrocyte is
directly coupled to more surrounding neighbors at a shorter interastrocytic distance, which resembles
the astrocyte networks that are established by velate astrocytes in the cerebellum [7].
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3.2. Electrophysiological Properties of Grey Matter Astrocytes in the Spinal Cord

In acute spinal cord slices, astrocytes in the grey matter could be readily visualized under DIC
(Figure 2A,B). Astrocytes can be identified based on the expression of eGFP in ALDH1L1-eGFP transgenic
mice or positive staining to astrocytic marker SR101. A representative astrocyte identification based on
SR101 staining is shown in Figure 2B,C. Astrocytes in the white matter could hardly be visualized and
thus, we have focused on grey matter astrocytes for the following electrophysiological studies.

In whole-cell voltage clamp recording with a K+-based solution, astrocytes exhibited a characteristic
linear current–voltage (I–V) relationship membrane K+ conductance or passive conductance (Figure 2C,D).
This current profile was consistent with the findings of other studies that focused on spinal grey
matter [19,20]. Furthermore, these astrocytes exhibit a relatively negative resting membrane potential
of −80.8 ± 3.7 mV (n = 9) and a low input membrane resistance (Rin) of 21.1 ± 7.0 MΩ (n = 5).
These electrophysiological features also resemble astrocytes in other brain regions, which are namely
mature astrocytes in the hippocampus, cortical regions and cerebellum [7,21].

 

Figure 2. Electrophysiological properties of astrocytes in spinal cord grey matter. (A) Differential
interference contrast (DIC) image of a cervical spinal cord slice. (B) An astrocyte in grey matter identified
based on morphology during recording. Arrow and arrowhead point to the recording electrode and a
recorded cell, respectively. The astrocytic identity of the recorded cell is confirmed by its sulforhodamine
101 (SR101) positive staining. (C,D) Whole-cell recording from an SR101 positively stained astrocyte.
For whole-cell membrane current induction, the command voltages, which range from −180 mV to +20 mV
at increments of 10 mV and duration of 50 ms, were delivered. This induced an ohmic behavioral passive
K+ membrane conductance characterized by a linear current-voltage (I–V) relationship.
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3.3. Syncytial Isopotentiality—An Electrical Feature of Spinal Cord Astrocyte Networks

As a result of strong electrical coupling, astrocytes in various brain regions constantly equalize their
membrane potential (VM) so that a syncytial isopotentiality can be achieved [5,7]. Technically, the existence
of syncytial isopotentiality can be readily detected by whole-cell membrane potential (VM) recording with
K+-free/Na+-containing electrode solutions ([Na+]P) [5]. Under this condition, dialysis of the recorded
cell with [Na+]P creates a “K+-deficient astrocyte” inside a syncytial network (Figure 3A) and a VM

depolarization to ~0 mV is anticipated in the recorded cell. However, in various brain regions, this
VM depolarization can be largely suppressed by the physiological VM of astrocytes in the associated
syncytium. Consequently, a steady-state quasi-physiological VM (VM,SS) or syncytial isopotentiality
remains throughout the recording [5,7]. As shown in Figure 3B, after the rupture of the membrane
that switches on the whole-cell mode, the recorded VM remained at a steady-state level throughout the
recording with a VM,SS of −75.2 ± 1.1 (n = 8).

Figure 3. Syncytial isopotentiality in spinal cord grey matter. (A) A small field of astrocyte network
in grey matter spinal cord revealed from an Aldh1L1-eGFP mouse for illustration of examination of
syncytial isopotentiality with K+-free/Na+-containing electrode solution ([Na+]p). (B). Membrane potential
(VM) recorded from [Na+]p. After reaching a gigaohm formation, the break-in of the membrane,
which is indicated by the red arrow, led to a rapid downward deflection of VM toward the resting
VM. Thereafter, the VM remained at a steady-state quasi-physiological level (VM,SS) at around −75 mV,
which indicated a strong electrical coupling of astrocytes that prevents the anticipated depolarization as
predicted by Goldman–Hodgkin–Katz (GHK) equation. (C) In [Na+]P recording, an absence of outward K+

conductance is predicted by the GHK equation. However, the “missing” outward K+ conductance was
fully compensated for by the associated syncytium that resulted in a linear I–V K+ conductance (D).

In an uncoupled “K+-deficient astrocyte”, the absence of outward conducting K+ ions is
anticipated to eliminate the outward K+ conductance. In a syncytial coupled “K+-deficient astrocyte”,
this “missing” outward K+ conductance can be fully compensated for by its associated syncytium [5].
As shown in Figure 3C,D, in an experimentally created spinal cord “K+-deficient astrocyte”,
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the syncytial coupling was indeed able to compensate for the missing outward K+ conductance
to a level so that the resultant linear I–V relationship did not differ from the recordings made with K+

recording electrode solution (Figure 2D).
In summary, syncytial isopotentiality appears as a shared feature of astrocyte networks in

spinal cord grey matter astrocytes. Functionally, a strong gap junction coupling provides spinal
cord syncytium with the ability to effectively redistribute K+ ions throughout the network.

4. Discussion

Now, syncytial isopotentiality has been identified in various brain regions, including the hippocampus,
visual, sensory and motor cortex, cerebellar and corpus callosum [5,7]. Nevertheless, the spinal cord remains
a significant portion of the CNS that has still not been explored. In the present study, this issue was
examined using acute slices prepared from the cervical sections of the spinal cord. We showed that
syncytial isopotentiality is a shared feature of astrocyte networks in spinal cord grey matter.

4.1. Anatomical Characteristics of Grey Matter Spinal Cord Astrocyte Networks

Astrocytes are known to establish the largest syncytial networks through gap junction coupling
in the brain. This distinct anatomic attribute has led to the speculation that astrocytes may act as
a system in basic and advanced brain functions [3]. In the search for the mechanisms that enable
astrocytes to function at network system levels, syncytial isopotentiality has been revealed as a network
physiological mechanism that coordinates astrocytes into a highly efficient system for homeostatic
regulation of K+ concentration in the brain [5].

Now, the study of astrocyte heterogeneity has expanded from early cytoarchitecture to embryonic
origins, gene expression and physiological functions [22,23]. In our recent study, we showed
that the morphology and spatial organization partners vary from brain region to brain region.
However, syncytial isopotentiality is still a general feature of astrocyte syncytial networks [7].
Despite that, a question that is not fully understood is the existence of syncytial isopotentiality
in the entire brain and how this is associated with the anatomy of the astrocyte network. An early
study from cultured spinal cord astrocytes showed that spinal cord astrocytes exhibited a rather poor
gap junction coupling [2]. However, whether this early observation holds true to native spinal cord
astrocytes remains unknown.

In our morphological analysis of syncytial organization in the grey matter of the spinal cord,
we found that the morphology of individual astrocytes does not differ between the spinal cord and
protoplasmic astrocytes in other parts of the brain, such as the hippocampus and visual cortex (data
not shown). However, astrocytes in the spinal cord grey matter are characterized by having more
surrounding neighbors and a significantly shorter interastrocytic distance compared to those in the
hippocampal CA1 region and visual cortex. Interestingly, these features resemble the syncytial network
established by velate astrocytes in the cerebellar molecular layer [7].

4.2. Spinal Cord Astrocytes Establish Syncytial Isopotentiality in Their Networks

Extending from our previous studies, the present findings from spinal cord grey matter astrocytes
further corroborate the notion that syncytial isopotentiality is a general feature of astrocyte networks.
Interestingly, the strength of syncytial isopotentiality in spinal cord astrocytes appears to be stronger
than that of hippocampal astrocytes, which was indicated by a more negative VM,SS. This is correlated
with a shorter interastrocytic distance and one more nearest neighbor. However, although the
spinal cord astrocytes share a similar interastrocytic distance and nearest neighbors with velate
astrocytes, the latter exhibits a weaker strength of syncytial isopotentiality than the spinal cord.
Interestingly, spinal cord astrocytes share a comparable interastrocytic distance and strength of
syncytial isopotentiality to astrocytes in layer I motor, sensory and visual cortex, but appear to
have one more nearest neighbor.
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Previously, we have demonstrated that a minimum of 7–9 directly coupled neighbors is sufficient
for establishing syncytial isopotentiality [5]. However, it remains unknown how the fine-tuning of
coupling strength is achieved and regulated. From a structural standing point, these observations
again stress the importance of the identification of the generic astrocyte-connectome, which underpins
syncytial isopotentiality. This could be better answered by electron microscopy (EM) reconstruction of
the adjacent astrocytes in conjunction with computational modeling in future studies.

4.3. Pathological Implications Affecting Astrocyte Syncytial Isopotentiality

Astrocytes become reactive in response to neurological injuries and diseases by exhibiting changes
in cell morphology, genetic and molecular expression [24]. The expression of gap junction channels
and functional dye coupling are reported to be affected in various disease models [25]. A question that
yet unknown is how the disease conditions alter syncytial isopotentiality in the spinal cord.

It has been shown that connexin 43 (Cx43), but not connexin 30 (Cx30), plays a critical role in the
development of chronic neuropathic pain following spinal cord injury [26]. In compression injuries,
Cx43 undergo a marked alteration in localization and expression [27]. These observations suggest that
pathological conditions may alter the spatial organization of astrocyte syncytium in the spinal cord,
which may subsequently disrupt the physiological syncytial isopotentiality. Nevertheless, no study
has yet been carried out to determine a causal relationship between syncytial isopotentiality and the
pathogenesis of various types of neurological disorders in the spinal cord.
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Abstract: The pathogenesis of diabetic retinopathy is closely associated with the breakdown of the
neurovascular unit including the glial cells. Deficiency of nucleoside diphosphate kinase B (NDPK-B)
results in retinal vasoregression mimicking diabetic retinopathy. Increased retinal expression of
Angiopoietin-2 (Ang-2) initiates vasoregression. In this study, Müller cell activation, glial Ang-2
expression, and the underlying mechanisms were investigated in streptozotocin-induced diabetic
NDPK-B deficient (KO) retinas and Müller cells isolated from the NDPK-B KO retinas. Müller cells
were activated and Ang-2 expression was predominantly increased in Müller cells in normoglycemic
NDPK-B KO retinas, similar to diabetic wild type (WT) retinas. Diabetes induction in the NDPK-B
KO mice did not further increase its activation. Additionally, cultured NDPK-B KO Müller cells
were more activated and showed higher Ang-2 expression than WT cells. Müller cell activation and
Ang-2 elevation were observed upon high glucose treatment in WT, but not in NDPK-B KO cells.
Moreover, increased levels of the transcription factor forkhead box protein O1 (FoxO1) were detected
in non-diabetic NDPK-B KO Müller cells. The siRNA-mediated knockdown of FoxO1 in NDPK-B
deficient cells interfered with Ang-2 upregulation. These data suggest that FoxO1 mediates Ang-2
upregulation induced by NDPK-B deficiency in the Müller cells and thus contributes to the onset of
retinal vascular degeneration.

Keywords: angiopoietin-2; FoxO1; NDPK-B; neuroglia

1. Introduction

The pathogenesis of diabetic retinopathy (DR) is closely associated with the disturbance in the
interplay between the retinal microvasculature, neurons, and glial cells [1]. Diabetic retinopathy
is a common complication of diabetes and one of the leading causes of blindness in working-age
adults [2]. The first morphological sign of DR is the loss of pericyte coverage in the microvasculature
and the formation of acellular capillaries [1]. Several lines of evidence have indicated a pivotal role of
angiopoietin-2 (Ang-2) in initiating the loss of pericytes [3–5].

Among the retinal neuroglia, i.e., astrocytes and Müller cells, Müller cells are the principal glial
cells of the retina and play an important role in the maintenance of the retinal microenvironment [6].
Müller cells are now considered crucial players in the development of DR. For instance, Müller cells
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become activated during diabetes, which is indicated by the strong upregulation of the intermediate
filament protein glial fibrillary acidic protein (GFAP) [6–8]. They also contribute to the neurotoxicity of
glutamate during diabetes [9,10]. Furthermore, Müller cell-derived vascular endothelial growth factor
(VEGF) stimulates retinal neovascularization [11]. Müller cells are also connected to DR because they
are, besides endothelial cells, an important source of Ang-2 [12,13].

Nucleoside diphosphate kinase B (NDPK-B) is a ubiquitously expressed enzyme required for
the synthesis of nucleoside triphosphates [14,15]. It is, besides NDPK-A, the second of the two major
isoforms of the NDPK family [16]. NDPK-B has been reported to play multiple roles in cellular
functions, including cell proliferation, migration, apoptosis [17–19], and signal transduction [20–22].
NDPK-B also plays a role in retinopathies [23,24]. Our previous data showed that the deficiency
of NDPK-B resulted in increased level of Ang-2 in the retina and cultured endothelial cells, which
is likely the cause of pericyte loss in NDPK-B deficient mice [24]. As the observed pathology in
the eye is similar to DR, NDPK-B deficiency apparently mimics the effects of hyperglycemia at
normoglycemic conditions.

In this study, we therefore investigated the role of Müller cells, glial Ang-2 expression, and the
underlying mechanisms in the regulation of Ang-2 in the NDPK-B deficient retina. We found that
NDPK-B deficiency induced an activation of retinal neuroglia during vascular degeneration, and Ang-2
expression was strongly upregulated in the activated Müller cells. Using Müller cells isolated from
NDPK-B deficient retinas, we demonstrated that the transcription factor FoxO1 mediates the Ang-2
upregulation in the NDPK-B deficient retinas.

2. Materials and Methods

2.1. Animals

All animal studies were approved by the local ethics committee (Regierungspraesidium Karlsruhe,
Germany), approval number 35-9185.81/G-203/10, date of approval 7 April 2011. The care and
experimental use of animals were in accordance with institutional guidelines and in compliance with
the Association for Research in Vision and Ophthalmology statement. The generation of NDPK-B−/−

mice were as described previously [25]. Diabetes induction was achieved by intraperitoneal (i.p.)
injection of streptozotocin (STZ, 145 mg/kg body weight; Roche, Mannheim, Germany) dissolved
in citrate buffer (pH 4.5) in 2-month-old male mice. Age-matched mice injected with citrate buffer
served as non-diabetic controls. Successful induction of diabetes was confirmed by blood glucose
measurements over 250 mg/dL at one week after STZ treatment. Postnatal mice were killed at one
week for Müller cell isolation or at three months after diabetes induction for the analysis of retinas.

2.2. Immunofluorescence and Quantification

The eyes were fixed with 4% formalin for 48 h at 4 ◦C and were dehydrated, paraffinized, and
subsequently embedded in paraffin blocks. Sections of 6 μm were made and collected on silanized
glass object slides. The sections were initially deparaffinized with incubation at 60 ◦C. The slides were
then cooled and further de-paraffinized with Roti-Histol (Roth, Karlsruhe, Germany) and hydrated
with ethanol solution of decreasing concentrations. Antigen retrieval treatment was performed
by heating the slides in citrate buffer. After cooling down, the sections were washed and then
blocked/permeabilized with 2.5% bovine serum albumin (BSA) and 0.3% Triton for 1 h at room
temperature. Afterwards, the sections were incubated in primary antibodies at 4 ◦C overnight,
then with corresponding secondary antibodies conjugated with fluorescein isothyocyanate (FITC) or
tetramethylrhodamine (TRITC) for 1 h. Nuclear staining was done with 4′,6-diamidino-2-phenylindole
(DAPI) for 15 min at room temperature. The sections were mounted with Roti-Mount FluorCare (Roth,
Karlsruhe, Germany). The primary antibodies were rabbit-anti-GFAP (Dako, Glostrup, Denmark),
rabbit-anti-Ang-2 (Acris, Herford, Germany), mouse-anti-Cellular retinaldehyde binding protein
(CRALBP) (Abcam, Cambridge, UK), and mouse-anti-glutamine synthetase (GS) (Merck Millipore,
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Darmstaft, Germany). The secondary antibodies were swine-anti-rabbit FITC (Dako, Glostrup,
Denmark), swine-anti-rabbit TRITC (Dako, Glostrup, Denmark), and goat-anti-mouse FITC
(Sigma-Aldrich, Saint Louis, MO, USA). Images were taken with a confocal laser scanning microscope
(Leica Microsystems, Wetzlar, Germany). Immunofluorescence staining of the paraffin sections was
quantified by measuring the mean gray value of images. The expression pattern for GFAP and Ang-2
were measured using Image J software (NIH, Bethesda, MD, USA).

For Müller cell characterization, the cells were fixed in 4% paraformaldehyde for 10 min at room
temperature. After washing steps, the cells were incubated in blocking/permeabilization buffer with
2.5% BSA and 0.3% Triton for 1 h. Then, the cells were stained with primary antibodies against GFAP,
CRALBP, or GS overnight and corresponding secondary antibodies were used on the second day.
Nuclei were counterstained with DAPI. Finally, photos were taken with a fluorescence microscope
(Olympus, BX-51, Hamburg, Germany).

2.3. Cell Culture and High Glucose Stimulation

Müller cells were isolated from 8–10-day-old NDPK-B deficient and wild type (WT) mice as
previously described [26,27]. The cells were cultured at 37 ◦C, 5% CO2 in a humidified incubator in
DMEM containing 10% FCS, 200 mM Glutamine, which was replenished every 3–4 days. Cells until
passage 4 were used in the experiments. The cells were seeded onto 6-well plates and serum-starved
(0.5% FCS) overnight followed by stimulation with 30 mM D-glucose (high glucose, HG) or 5.5 mM
D-glucose (normal glucose, NG) for 24 h as described [24].

2.4. siRNA Mediated FoxO1 Knockdown in Müller Cells

siRNA transfection was performed using lipofectamine RNAiMax (Life Technologies, Darmstadt,
Germany) according to the manufacturer’s protocol. FoxO1-specific siRNA (GGU UCU AAU UUC
CAG AUA ATT) and control siRNA (Qiagen, Hilden, Germany) were used. Forty-eight hours after
transfection, the cells were collected and used for Western blot analysis.

2.5. Western Blot

Western blot was performed using Müller cell proteins extracted with the radioimmunoprecipitation
assay buffer (RIPA buffer) as previously described [23]. The proteins were separated by SDS-PAGE and
transferred onto nitrocellulose membranes. After blocking with Roti-block (Roth), the membranes were
incubated with primary antibodies overnight and then with corresponding secondary antibodies
and visualized using a chemiluminescent peroxidase substrate (Roche; or Thermo Scientific,
Rockford, IL, USA). Protein expression was quantified using Image J (NIH, USA). Specific primary
antibodies were mouse-anti-NDPK-B (Kamiya Biomedical, Seattle, WA, USA), rabbit-anti-Ang-2
(Acris, Herford, Germany), rabbit-anti-FoxO1 (Cell Signaling Technology, Beverly, MA, USA),
rabbit-anti-GFAP (Dako, Glostrup, Denmark), and mouse-anti-Tubulin (Sigma-Aldrich, Munich,
Germany). The secondary antibodies were rabbit-anti-mouse, goat-anti-rabbit or rabbit-anti-goat
from Sigma-Aldrich.

2.6. Quantitative Real Time PCR

Quantitative real time PCR was performed as described previously [5]. In brief, RNA was isolated
from Müller cells homogenized in 1 mL Trizol reagent (Invitrogen, Karlsruhe, Germany) at 4 ◦C
according to the manufacturer’s instructions. RNA was then reverse transcribed with Superscript VILO
cDNA synthesis kit (Thermo Fischer Scientific, Darmstadt, Germany) and subjected to Taqman analysis
using the Taqman 2 × PCR master Mix (Applied Biosystems, Weiterstadt, Germany). The expression
of genes was analysed by the 2−ΔΔCT method using β-Actin as housekeeping control. All primers
and probes labeled with MGB-FAM for amplification were purchased from Thermo Fisher Scientific,
β-Actin: Mm00607939_s1; Ang-2: Mm00545822_m1.
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2.7. Statistical Analysis

Data are represented as mean ± standard error of the mean (SEM). One-way ANOVA with
Bonferroni post-test was performed using GraphPad Prism 5 (GraphPad Software, La Jolla, CA, USA).
p-values < 0.05 were considered significant.

3. Results

3.1. Müller Cells Are Activated in NDPK-B Deficient Retinas

Müller cell activation is an important process in the development of diabetic retinopathy [6].
Vascular degeneration occurring in NDPK-B deficient retinas without hyperglycemia mimics
vascular pathology in DR [24]. Therefore, we investigated firstly, if glial cells were activated in
the NDPK-B knockout (KO) retinas by detecting the expression of GFAP using immunoblotting
and immunofluorescence. As shown in Figure 1A,B, in NDPK-B KO non-diabetic (NC) retinas,
the expression of GFAP increased significantly in comparison with WT non-diabetic retinas (WT NC)
(p < 0.01 vs. WT NC). Diabetes (DC) significantly enhanced GFAP expression in WT retinas as expected
(p < 0.05, WT DC vs. WT NC). GFAP expression in diabetic NDPK-B KO (KO DC) retinas were also
significantly enhanced compared to WT NC (p < 0.001), but diabetes induction in KO animals did not
further enhance GFAP expression as compared to WT DC and KO NC retinas.

Figure 1. Müller cells are activated in NDPK-B deficient retinas. (A,B): representative Western blot and
quantification of GFAP (glial fibrillary acidic protein) expression in the retina. In both KO NC and
WT DC retina, GFAP levels significantly increased compared to WT NC retinas; GFAP level in KO DC
retinas is similar to KO NC and WT DC retinas. (C,D): Immunofluorescence staining and quantification
of GFAP in the retina. GFAP localized in astrocytes in WT NC retinas (arrow). Diabetes increased
a radial expression pattern of GFAP immunoreactivity similar to Müller cells. NDPK-B deficiency
induced a staining pattern similar to WT DC. KO: NDPK-B knockout; DC: diabetic; NC: non-diabetic;
WT: wild type; ILM: inner limiting membrane; GCL: ganglion cell layer; IPL: inner plexiform layer;
INL: inner nuclear layer; ONL: outer nuclear layer. Scale bar: 50 μm. * p < 0.05, ** p < 0.01, n = 3–4 in
each group.
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Additionally, we assessed the localization of elevated GFAP expression in the NDPK-B deficient
retinas by staining the retinal paraffin sections with GFAP. As shown in Figure 1C, GFAP in WT NC
retinas was predominantly localized in the astrocytes. Diabetes induced increased GFAP expression
not only in the astrocytes but also a fiber-like staining pattern across the entire WT retina, indicating an
enhanced expression of GFAP in the Müller cells. NDPK-B deficient retinas showed GFAP staining
pattern similar to WT DC retinas, exhibiting markedly enhanced GFAP expression in astrocytes and
Müller cells. There was significant increase in GFAP expression in KO NC/DC and WT DC compared to
WT NC, but no difference between WT/KO DC as well as KO NC/DC. In the negative control staining,
no signal was detected in the astrocytes or in the Müller cells (data not shown). GFAP expression by
astrocytes in WT NC and by astrocyte and Müller cells in WT DC and KO retinas were confirmed
by co-staining GFAP with the Müller cell marker GS (Supplementary Figure S1). Taken together,
the elevated levels of GFAP in both the NDPK-B deficient and diabetic retinas verify the activation of
retinal astrocytes/Müller cells, confirming the similarity between these two models [24].

3.2. Ang-2 Is Preferentially Upregulated in Müller Cells in the Retina during Vascular Degeneration

Our previous data have shown that diabetes as well as the loss of NDPK-B caused a significant
increase in Ang-2 levels in the retina [24]. To identify the source of upregulated Ang-2 in the NDPK-B
retinas, we stained Ang-2 in retinal paraffin sections and investigated its localization. As shown in
Figure 2, Ang-2 prominently localized in fiber-like structure spanning across the entire thickness of the
retina, mostly in the inner retina. When the sections were co-stained against CRALBP, a Müller cell
marker, the majority of Ang-2 co-localized with CRALBP, identifying retinal Müller cells as the major
source of retinal Ang-2. In WT NC retinas Ang-2 was only detected at modest levels, whereas under
NDPK-B deficient and diabetic conditions, Ang-2 was expressed abundantly in Müller cells. The Ang-2
staining intensity in diabetic NDPK-B KO retinas was similar to NDPK-B KO NC and WT DC retinas.
Ang-2 levels were significantly enhanced in KO NC, WT DC, and KO DC groups compared to WT
NC. These results confirm our previously published data showing that Ang-2 levels are elevated in
hyperglycemia and in NDPK-B deficient retinas [24]. The main source of the upregulated Ang-2 in
hyperglycemia and NDPK-B deficient retinas appears to be the Müller cells.
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Figure 2. Ang-2 is upregulated in Müller cells in the retina. Immunofluorescence staining (A) and
quantification (B) of Ang-2. Ang-2 (red) and the Müller cell marker CRALBP (green) were stained
in the retina. Significantly enhanced levels of Ang-2 were detected in KO NC, WT DC, and KO DC
conditions compared to WT NC. As shown the merged images, the majority of Ang-2 was detected
in the CRALBP positive Müller cells. ILM: inner limiting membrane; GCL: ganglion cell layer; IPL:
inner plexiform layer; INL: inner nuclear layer; ONL: outer nuclear layer. Scale bar: 50 μm. ** p < 0.01,
*** p < 0.001, n = 4–5 in each group.
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3.3. NDPK-B Deficiency Caused Enhancement of Ang-2 in Isolated Müller Cells

To verify Müller cells as a source of Ang-2 expression in NDPK B-deficient retinas and to
further investigate the underlying mechanisms, we isolated Müller cells from NDPK-B KO and
WT mice. The Müller cells were characterized by the positive staining for GFAP, GS, and CRALBP
(Supplementary Figure S2). Firstly, we examined the GFAP levels of the WT and KO cells using
Western blotting to determine the activation status of the isolated cells. As shown in Figure 3A,B,
a basal GFAP expression was detectable in WT cells incubated in NG condition. In WT cells stimulated
with HG, GFAP levels increased significantly compared with WT NG cells (p < 0.05). In NDPK-B
deficiency GFAP levels were even higher (p < 0.001 vs. WT NG). GFAP levels in NDPK-B KO NG are
higher than WT HG cells, indicating KO NG Müller cells are more active than the WT HG cells. In KO
cells stimulated with HG, GFAP levels were significantly higher compared with WT cells stimulated
with HG (p < 0.05), but were not further increased compared to KO NG cells. The deficiency of NDPK-B
in the KO cells was confirmed by immunoblotting. These data confirm the previously stated results
from the retinal immunofluorescence and demonstrate that NDPK-B deficiency induces the Müller cell
activation, thereby mimicking the effect of hyperglycemia/high glucose.

Figure 3. NDPK-B deficiency enhanced Ang-2 content in isolated Müller cells. (A,B): Representative
Western blot and quantification of GFAP expression in the Müller cells, respectively. In both KO
normal glucose (NG) cells and WT high glucose (HG) cells, the level of GFAP increased significantly
compared to WT NG cells. GFAP in KO HG cells is significantly higher than in WT HG cells. * p < 0.05,
*** p < 0.001, n = 4. (C,D): Representative Western blot and quantification of Ang-2 expression in the
isolated NDPK-B KO Müller cells. Both NDPK-B deficiency and HG induced a significant increase in
Ang-2 levels in the Müller cells. The level of Ang-2 in KO HG cells was similar as in KO NG cells and
WT HG cells. * p < 0.05, n = 4.

Subsequently, we examined Ang-2 expression in the isolated Müller cells by Western blotting
(Figure 3C,D). HG treatment significantly increased the Ang-2 expression (p < 0.05 vs. WT NG),
which is in agreement with previously published data [28]. Similar to the whole retina lysates,
NDPK-B deficiency increased the Ang-2 content in cultured Müller cells to a similar level observed in
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WT cells stimulated with HG (p < 0.05 vs. WT NG). However, when NDPK-B KO cells were treated
with HG, no further elevation of Ang-2 was detected. There was no difference in Ang-2 levels between
KO NG, WT HG and KO HG. The data are in agreement with those on Ang-2 regulation in the diabetic
NDPK-B deficient retinas we published before [24]. To assess the transcriptional regulation of Ang-2,
we performed quantitative PCR in Müller cells isolated from KO and WT retinas with and without HG
stimulation. Neither NDPK-B deficiency nor high glucose stimulation regulated Ang-2 expression in
Müller cells (Supplementary Figure S3).

3.4. FoxO1 Is Required for NDPK-B Deficiency Induced Ang-2 Upregulation in Müller Cells

The transcription factor FoxO1 has been shown to regulate Ang-2 expression [29,30]. To examine
whether FoxO1 is involved in the NDPK-B deficiency-induced Ang-2 upregulation, we estimated the
level of FoxO1 in isolated NDPK-B KO Müller cells. As shown in Figure 4A,B, in NDPK-B KO cells,
FoxO1 expression increased significantly compared to WT Müller cells under NG condition (p < 0.05);
FoxO1 level did not further increase when KO Müller cells were stimulated with HG. In WT Müller
cells stimulated with HG, a similar increase in the FoxO1 level was observed, which however did not
reach statistical significance. Nevertheless, the data imply a possible role for FoxO1 in the regulation
of Ang-2 in NDPK-B deficient Müller cells.

Figure 4. FoxO1 is increased in NDPK-B KO Müller cells. (A,B): Representative Western blot and
quantification of FoxO1 content in the Müller cells, respectively. NDPK-B deficiency significantly
increased FoxO1 in the Müller cells compared to WT NG cells. The FoxO1 level in KO HG cells is
similar to KO NG cells. * p < 0.05, n = 5.

To examine whether FoxO1 controls the enhancement of Ang-2 induced by NDPK-B deficiency
in Müller cells, we performed siRNA-mediated knockdown of FoxO1 and quantified the expression
of Ang-2. As shown in Figure 5, FoxO1 depletion was successfully achieved by siRNA-mediated
gene knockdown. In WT Müller cells, FoxO1 knockdown resulted in a decrease in Ang-2 levels
(WT siControl vs. WT siFoxO1: p < 0.05). In KO Müller cells, NDPK-B deficiency significantly
enhanced Ang-2 (KO siControl vs. WT siControl: p < 0.001). This increase of Ang-2 in NDPK-B
KO Müller cells was suppressed by FoxO1 knockdown (KO siFoxO1 vs. KO siControl: p < 0.001).
Taken together, these data argue for FoxO1 as an important mediator in NDPK-B deficiency-induced
Ang-2 upregulation in Müller cells during vascular degeneration.
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Figure 5. FoxO1 is required for Ang-2 upregulation induced by NDPK-B deficiency in Müller cells.
(A,B): Representative Western blot and quantification of Ang-2 expression in Müller cells isolated
from WT and NDPK-B deficient mice 48 h after siRNA transfection. FoxO1 knockdown suppressed
the inhibited basal as well as NDPK-B deficiency induced Ang-2 content. siControl: control siRNA,
siFoxO1: FoxO1 siRNA. * p < 0.05, *** p < 0.001, n = 4.

4. Discussion

In this study, we demonstrated that NDPK-B deficiency led to an activation of neuroglia in
the retina during vascular degeneration, and that Ang-2 expression was strongly and preferentially
upregulated in cells stained by the retinal Müller cell marker CRALBP. We confirmed, by isolation and
culture of Müller cells, that enhanced Ang-2 expression due to NDPK-B deficiency indeed occurred
in Müller cells and required the transcription factor FoxO1 as mediator for the Ang-2 upregulation.
Importantly, hyperglycemia or HG treatment of WT Müller cells caused a similar activation of Müller
cells and upregulation of Ang-2 expression upon NDPK-B deficiency.

We have previously demonstrated that NDPK-B deficiency is a risk factor for development of
DR and showed that the retinal level of Ang-2 is elevated in NDPK-B deficiency-related vascular
degeneration in the eyes [24]. Ang-2 is normally produced and released by endothelial cells [31,32].
In the retina, however, Müller cells are considered to be another important source for Ang-2 [11,12].
Although in our previous study, a similar upregulation of Ang-2 was found in endothelial cells [24],
the immunofluorescence staining of Ang-2 in the retina performed herein fully supports that Müller
cells are a major source of Ang-2 in the retina thus at least partially responsible for driving the
vasoregressive pathology. In accordance to this, transgenic mOpsinhAng-2 mice with overexpression
of human Ang-2 in the photoreceptor cells exhibited reduced pericyte coverage [33] and intravitreal
injection of recombinant Ang-2 led to pericyte dropout [5]. These data show that Ang-2 secretion in
the retina leads to pericyte loss independent of the source of Ang-2. As Müller cells and endothelial
cells synergistically overproduce Ang-2 in the retina, both cell types are likely responsible for the
DR-like pathology occurring under NDPK-B deficiency. How NDPK-B regulates Ang-2 remains
elusive. Berberich et al. reported that NDPK-B may regulate gene transcriptional elements through the
NDPK-B/PuF binding site [34]. Our data demonstrated that NDPK-B likely regulates Ang-2 through
translational but not transcriptional levels, although NDPK-B may act as a co-transcriptional regulator.
Ang-2 might be regulated by NDPK-B in an indirect manner.

We found that the presence and expression level of the transcription factor FoxO1 is important
for the NDPK-B deficiency-induced Ang-2 in activated Müller cells isolated from NDPK-B deficient
and littermate WT retinas. Whether the observed increase in FoxO1 content occurs also in other cells
of the retina is currently not known. Due to lack of antibodies detecting FoxO1 in retinal paraffin
sections and cryosections, we were not able to address this question directly. Nevertheless, we recently
found that siRNA-mediated depletion of NDPK-B in endothelial cells increased the FoxO1 content,
and like HG treatment, induced the upregulation of Ang-2 [24]. These data indicate that FoxO1 might
be associated with the upregulation of Ang-2 in retinal endothelial cells as well as Müller cells.
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Interestingly, FoxO1 might also be the regulatory factor where the effects of NDPK-B deficiency
and hyperglycemia/HG treatment converge. Levels of FoxO1 tended to be increased in HG
treated Müller cells, and the NDPK-B deficiency-induced upregulation of Ang-2 was attenuated
by FoxO1 depletion. Indeed, a transcriptional regulation of Ang-2 by FoxO1 has been reported
previously [29,30]. FoxO1 plays an important role in the insulin pathway [35,36], and is an apoptotic
factor in retinal endothelial cells and pericytes [37,38]. The activity of FoxO1 can be regulated by
multiple pathways, such as the insulin pathway though IRS-1 and Akt, the ROS through c-Jun
N-terminal kinase (JNK) signaling [35]. Furthermore, O-GlcNAc modification of FoxO1 increases its
activity in hepatocytes [39,40]. How NDPK-B deficiency upregulates FoxO1 in Müller cells remains
unclear, but taking into account that high glucose levels also enhance protein O-GlcNAcylation of
proteins, this might be an interesting hypothesis. On the other hand, HG also upregulates Ang-2
through enhanced O-GlcNAc and methylglyoxal modification of the transcription factors Sp3 [28].
Thus, other possibilities have to be considered as well. Therefore, more work is needed to identify how
NDPK-B-deficiency and hyperglycemia regulate the activity and content of FoxO1 in endothelial and
Müller cells.
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Abstract: Glioblastoma multiforme (GBM) is an extremely malignant type of brain cancer which
originates from astrocytes or their precursors. Glioblastoma multiforme cells share some features
with astrocytes but are characterized by highly unstable genomes with multiple driver mutations
and aberrations. Effective therapies for GBM are lacking and hardly any progress has been made in
the last 15 years in terms of improving the outcomes for patients. The lack of new especially targeted
anti-GBM medications has prompted scientists in academia around the world to test whether any
of the currently approved drugs might be used to fight this devastating disease. This approach is
known as repurposing. Dozens of drugs have been reported to have anti-GBM properties in vitro
but there is no solid evidence for the clinical efficacy of any of them. Perhaps the most interesting
group of those repurposed are tricyclic antidepressants but the mechanism of their action on GBM
cells remains obscure. In this brief review we consider various approaches to repurpose drugs for
therapy of GBM and highlight their limitations. We also pay special attention to the mitochondria,
which appear to be intimately involved in the process of apoptosis and could be a focus of future
developments in search of a better treatment for patients suffering from GBM.

Keywords: glioblastoma multiforme; repurposing; tricyclic antidepressants; mitochondria

1. Introduction

Glial cells are an essential component of the mammalian brain and are primarily responsible for its
homeostasis. In contrast to neurons, which are terminally differentiated cells where genes responsible
for cell division are methylated and essentially inactive, glial cells are much more plastic and even in
the human brain they probably can divide, albeit seldomly. This can be seen particularly clearly in
case of a mechanical brain trauma, leading to the formation of the so-called glial scars, areas densely
populated by astrocytes which show signs of “reactivity”. This implies that the parts of the genome
required for cell division are accessible in astrocytes, which makes oncogenic transformation of these
cells fundamentally possible. Stochastic mutations in genes which control replication eventually
trigger uncontrollable division of these cells and formation of a tumor. These tumors can be more or
less malignant. The least malignant are low-grade astrocytomas, which in many cases can be treated
surgically. Unfortunately, in many patients, multiple mutations and chromosomal aberrations combine,
creating increasingly aggressive pools of cells and transformation into glioblastoma multiforme (GBM).

Glioblastoma multiforme is the most common central nervous system (CNS) tumor [1]. There are
around 2200 people diagnosed with GBM every year in England, accounting for 55% of malignant
brain tumors [2]. According to World Health Organization (WHO) Classification of Tumors of
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the Central Nervous System, GBM is categorized as grade IV glioma, the most malignant one [1].
Glioblastoma multiforme either appears as de novo (primary GBM), or through progression of a lower
grade glioma, leading to a secondary GBM [1]. Despite the dramatic advances in understanding
the molecular basis of malignant glioma, this type of cancer is very aggressive and still incurable.
The median survival after diagnosis is 10–11 months with standard treatment [3], and the overall
5-year survival is less than 5% [4]. Burnet et al. reported that GBM is the cause of the greatest average
loss of life-years among all cancers [5].

Standard treatment of GBM involves surgical resection with radiotherapy and chemotherapy.
However, recurrence seems to be inevitable [6]. Complete surgical resection of GMB is hardly ever
possible because the boundaries of GBM are diffuse. The tumor sends “streaks” along nervous tracts
and blood vessels, and often surgeons have no choice but to leave certain areas untouched because of
the risk of causing severe disabilities in the patients [7].

In 2005, protocols consisting of surgery followed by radiotherapy alone were supplemented by
a lipophilic alkylating agent, temozolomide (TMZ), approved by the Food and Drug Administration
(FDA). Concurrent and adjuvant chemotherapy with TMZ was found to improve median survival
by 2.5 months compared to radiotherapy alone in a large 5-year phase III randomized trial [8].
This so-called “Stupp Protocol” is, to this day, the universally accepted standard of care.

Strikingly, despite the desperate need for new treatments, there have been no other major advances
for many years now. This is partially due to the complexity of the problem but also reflects the lack
of interest of the pharmaceutical companies in this relatively rare form of cancer. From 2005 to
2015, 216 phase-II or III clinical trials on glioblastoma treatment were registered at clinicaltrial.gov
database, some of which are still ongoing [9]. Clinical trials are testing different therapeutic approaches
including molecular targeted drugs, immunotherapy, viral vector-based gene therapy, electrotherapy
and novel strategies to increase tumor sensitivity to radiotherapy [10]. In addition to the traditional
strategies based on the research into the mechanisms of oncogenesis, cell division, and tumor resistance,
multiple attempts have been made to improve the outcomes in GBM patients by “repurposing” drugs
which are already available in clinics. Quite a few various drugs have been claimed to have anti-GBM
effects. The problem with most of these studies is that they were carried out on either in vitro or,
at best, on mouse models with transplanted GBM and there is very little solid evidence for any of these
strategies to be beneficial clinically.

In this review, we summarize some of the available information on repurposed drugs suggested
for therapy of GBM. We specifically focus on two key issues. First, how strong is the evidence that
any suggested drug is actually more harmful to GBM than to the healthy cells, are the concentrations
used to demonstrate the anti-GBM effects physiologically and clinically relevant? Second, is there any
common potential cellular mechanism or target for such drugs, something what might be a point of
convergence for the action for at least some of them. We believe that GBM mitochondria could be such
a “weak spot” of GBM.

2. Repurposing of Drugs for Glioblastoma Multiforme

Fairly low output of new and effective therapies stimulates efforts directed towards finding
any possible new treatments among existent medicines. Table 1 illustrates the plethora of drugs
suggested for repurposing against GBM, but the list of such studies is actually significantly longer.
Specific anticancer drugs developed for other types of tumors and tested against GBM are not included.
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Table 1. Some of the drugs suggested for repurposing as glioblastoma multiforme (GBM) therapeutics
and their proposed mechanisms of action.

Agent Proposed Anti-GBM Mechanism
Existing Indication and Main

Mechanism (If Known)
Reference

Nelfinavir PI3K-Akt signaling inhibition HIV protease inhibitor [11]

Cimetidine Immunomodulation Peptic ulcers (Histamine H2 blocker) [12]

Diclofenac Prostaglandin synthesis inhibition Inflammation and pain (COX-2
inhibitor) [13]

Nitroglycerin Nitric oxide donor Angina [14]

Thioridazine Induces autophagy and
upregulates AMPK activity

Antipsychotic psychosis (blocks D2,
5-HT2A and other receptors) [15]

Pimozide Serotonin receptor-7 inhibition
Antipsychotic (blocks D2, 5-HT2A

receptors, has relatively high affinity
to 5-HT7 receptors)

[16]

Risperidone Serotonin receptor-7 inhibition Schizophrenia, bipolar disorder, and
irritability [16]

Paliperidone Serotonin receptor-7 inhibition
Antipsychotic (blocks D2, 5-HT2A

receptors, has relatively high affinity
to 5-HT7 receptors)

[16]

Apomorphine Mitochondrial metabolic gene
downregulation

Emetic, sometimes used in Parkinson
disease.

Agonist of DA2, DA1, 5-HT2 and
α-AR

[17]

Flupenthixol Dopamine receptor modulation Antipsychotic (typical anti-D2-agent) [18]

Mebendazole Tubulin polymerization inhibition Nematode infestations [19]

Disulfiram Proteasome and alcohol
dehydrogenase inhibition Alcoholism [20]

Valproic acid Histone deacetylase inhibition Epilepsy [21]

Levetiracetam MGMT activity inhibition Epilepsy [22]

Methadone cAMP reduction Severe pain, opioid agonist [23]

Sulfasalazine NF-κB activity suppression Inflammatory bowel disease [24]

Captopril Angiotensin-converting enzyme
inhibitor Hypertension [25]

Nicardipine EGF and calcium channel
antagonism Hypertension and angina [26]

Mibefradil T-type calcium channel inhibition Hypertension and angina [27]

Prazosin AKT pathway inhibition Hypertension [28]

Nimodipine Calcium channel antagonism Hypertension and angina [29]

Minocycline Apoptosis and autophagy Antibiotic has multiple known central
side effects [30]

Quinidine Ornithine decarboxylase activity
inhibition Heart arrhythmia [31]

Accutane Reduction of EGFR activity Acne (13-cis-retinoic acid. Has known
central side effects) [32]

Thalidomide Angiogenesis inhibition Multiple myeloma, leprosy. [33]

Dichloroacetate Inhibition of anaerobic
metabolism

Topically: warts removal. Congenital
lactic acidosis. Inhibits pyruvate

dehydrogenase kinase, which increase
mitochondrial consumption of

pyruvate.

[34]

Hydroxy-chloroquine Autophagy inhibition Malaria [35]

Chloroquine Oxidative stress enhancement Malaria [36]

PI3K-Akt: phosphoinositide 3-kinase-protein kinase B, HIV: human immunodeficiency virus, COX-2:
cyclooxygenase 2, AMPK: adenosine monophosphate activated protein kinase, EGFR: epidermal growth factor
receptor, DA: Dopamine, 5-HT: Serotonin, cAMP: Cyclic adenosine monophosphate, NFκB: Nuclear factor
kappa-light-chain-enhancer of activated B cells. Table 1 has been compiled based on the literature searches
at the time of writing using standard keywords, data from clinical trials database and recent reviews. Conventional
anti-cancer therapies are not included, since cancer is their main indication.
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Already a quick look at Table 1 suggests that there is very little commonality between the proposed
drugs or their suggested mechanisms of action. Moreover, for all these drugs, evidence for their clinical
anti-GBM efficacy is weak or lacking altogether. Often anti-GBM effects are reported based on in vitro
tests on cultured GBM cells, which in many cases are commercially available lines, which have been
in vitro for decades and therefore perhaps are hardly representative of the real biology and genetics
of the GBM. It is also noticeable that many of the drugs proposed for therapy of GBM have not
been shown to cross the blood-brain barrier (GBM core might have leaky barrier but it the periphery
it is probably still sufficiently tight). Importantly, many studies used drugs in vitro without much
regard to what is known about the biologically relevant concentrations in humans, or the effect
of these chemicals on normal cells at the same concentrations at which they had a negative effect
on the GBM. An example of these issues is the reported antiproliferative effect of quinidine which
was demonstrated using C6 cell line and a high concentration of the drug, half maximal effective
concentration (EC50) = 112 μM [31]. For reference, an average therapeutic plasma concentration of
quinidine is 1.68 μg/mL [37], which equals to 2.5 μM when converted to molar concentration. This is
just one of many studies with the same limitation. It seems logic that even if an anti-GBM effect
of a drug can be demonstrated, one would expect the malignant cells to be more sensitive to such
an effect, than the healthy ones. However, studies where accurate comparisons have been made are
extremely rare.

Some scientists believe that combination of many repurposed drugs can be advantageous.
Kast et al. [38] developed the Coordinated Undermining of Survival Paths protocol, known as CUSP9,
based on a combination of nine repurposed drugs which are to be combined with continuous low
dose TMZ administration. It was expected to augment the clinical efficacy and tolerability of TMZ.
Patients in Belgium are currently being recruited to take part in a phase I clinical trial of this CUSP9
protocol. The primary completion date of this study is March 2019. In theory, combinations of drugs
could improve their efficacy but equally their side effects could combine. It remains to be seen whether
CUSP9 will be any more successful that previous attempts.

Below we further discuss some commonly used drugs in clinical practice that have been tested on
GBM for possible repurposing and try to illustrate some of the limitations of this research.

3. Biguanides: Metformin and Phenformin

Metformin is one of the most commonly prescribed drugs in clinical practice. It is used to treat
type II diabetes, polycystic ovary disease, and metabolic syndrome [39]. The use of phenformin has
been discontinued because of its side effects.

Biguanides are known to inhibit gluconeogenesis in the liver and stimulate glycolysis by altering
the activity of different enzymes involved in these pathways [39]. They also improve the sensitivity
of insulin receptors in skeletal muscle cells and enhance insulin-mediated glucose uptake through
enhanced activity and translocation of glucose transporters, such as glucose transporter type-4 [39].
Moreover, biguanides increase circulating levels of glucagon-like peptide-1 (GLP-1) and stimulate
expression of GLP-1 receptor in the pancreas. GLP-1 increases insulin secretion and decreases glucagon
secretion [39]. All these effects are either directly or indirectly related to biguanides’ inhibitory effect
on complex I of the mitochondrial electron transport chain, reducing ATP and increasing adenosine
monophosphate (AMP) production and AMP-activated kinase activity [39]. This effect is stronger with
phenformin, thus the higher incidence of side effects, i.e., lactic acidosis [39].

Anti-cancer properties of biguanides were first demonstrated with metformin on pancreatic,
breast, and lung cancer [40–43]. Metformin was also found to inhibit proliferation, induce apoptosis,
and reduce cell adhesion and invasion of GBM [44–48]. Likewise, phenformin was found to inhibit
proliferation of glioma stem cells (GSCs), impair sphere formation, decrease stemness, and induce
apoptosis [49].

Some of the proposed mechanisms for the antitumor effect of biguanides include: (1) activation
of AMPK which leads to blockade of Rheb (Ras homolog enriched in brain)-mTOR (mammalian target

313



Neuroglia 2018, 1

of rapamycin) pathways of protein synthesis and cellular growth and activation of tumor suppressor
gene p53 [39], (2) reduction of available insulin which reduces the activity of insulin-like growth factor-1
(IGF-1) anabolic pathway [39], (3) suppression of Febulin-3 and Matrix Metalloproteinase-2 expression [44],
(4) stimulation of the expression of tumor suppressor micro RNA (miRNA) Lethal-7 [49].

Anticancer effects of metformin described above were achieved using millimolar concentrations
of the drug. Lower concentrations either failed to show statistical significance or did only affect
a few (1 of 5) glioma cell lines tested [46,47]. The commonly used concentrations are much higher
than average plasma concentration for diabetes treatment; 0.86 mg/L (6.6 μM) [50]. In fact,
plasma concentrations exceeding 2.5 mg/L (20 μM) are associated with the risk of lactic acidosis [50].

4. Statins: Atorvastatin, Lovastatin, Simvastatin, and Pravastatin

Statins are 3-hydroxy-3-methyl-glutaryl-coenzyme A reductase (HMG-CoA-R) inhibitors,
which are prescribed for their lipid-lowering effect. They inhibit the rate limiting step in the mevalonate
pathway in hepatocytes, leading to decreased de novo cholesterol synthesis, intracellular lipid stores,
and circulating low-density lipoproteins [51].

The reduction in availability of downstream products of the mevalonate pathway is thought to be
a key mechanism for the observed growth inhibiting effect of different statins on different cancer cell
types including glioma cells [51–58]. Downstream products of the mevalonate pathway are important
for prenylation (activation) of cellular proteins Ras, Rho, and Rac, which are small GTPases critical
for regulation of cell growth and survival [51]. Other proposed mechanisms include induction of
apoptosis and inhibition of cell migration: Apoptosis may be induced by altering the cellular response
to stress through the Jun N-terminal kinase (JNK)-dependent cell death pathway [59], by indirectly
activating Caspase-3 [56,57], or by decreasing the expression of antiapoptotic proteins such as Bcl-2
and upregulating the expression of proapoptotic proteins such as Bax and Bim [52]. Cellular migration
and invasion may be inhibited through inactivation of focal adhesion kinase (FAK) [60], or decreasing
the amount of extracellular matrix-degrading enzymes and matrix metalloproteinases released from
microglia into the glioma environment [61]. Atorvastatin was also suggested to decrease the expression
of proinflammatory proteins and interleukins (IL) [57].

Therapeutic lipid-lowering doses of statins range between 5–80 mg/day and produce plasma
concentrations that range from approximately 2 to 15 nM [62]. However, statin concentrations
employed in the above-mentioned in vitro experiments commonly ranged between 1–10 μM. The lower
end of this range is already 100-fold higher than the average therapeutic plasma concentration of
statins in human. One may also wonder why, if these drugs under realistic in vivo conditions inhibit
Ras, Rho and Rac signaling, they do not lead to general toxicity, which would have prevented their
wide-spread use.

5. Antimicrobial Agents: Dapsone and Nitroxoline

Dapsone is one of three antibiotics used as first line treatment for leprosy [63]. It is also used
to treat dermatitis herpetiformis, malaria, and as a disease-modifying anti-rheumatoid drug [64].
Dapsone is bactericidal and bacteriostatic. It works by inhibiting folic acid synthesis in bacteria [63].
For noninfectious indications, dapsone is used for its ability to inhibit synthesis or function of
immune chemotactic factors which impairs functions of neutrophils and limits neutrophil-induced
tissue destruction [63].

A recent study has shown that dapsone and dapsone derivatives inhibit glioma cells’
anchorage-independent growth (colony formation) and impair glioma cell migration [65]. The authors
hypothesized that the antineoplastic effect of dapsone is mediated by inhibition of IL-8. Interleukin-8
is well recognized as growth-promoting and pro-angiogenic factor in many cancer types [64].
By inhibiting IL-8, dapsone impairs neutrophil chemotaxis and migration, and interferes with
neutrophil-dependent delivery of vascular endothelial growth factor to glioma cells [65]. In vitro
antineoplastic effects of dapsone were achieved using concentrations ranging from 10 to 50 μM,
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which are slightly higher than average therapeutic molar plasma concentration of dapsone (2–20 μM,
calculated from the reported concentration range of 0.5 to 5 mg/L) [66].

Nitroxoline (5-nitro-8-hydroxy-quinoline) is a quinoline-based antibiotic that is FDA approved for
treatment of urinary tract infection [67]. Nitroxoline is bactericidal and/or bacteriostatic depending on
the type of microorganism [68]. Generally, its mode of action depends on its ability to chelate divalent
cations and disrupt the organization of the bacterial cell wall [69]. Nitroxoline has been tested against
different types of neoplasia, including bladder, gastrointestinal, lung and breast cancers [67,70,71].

Nitroxoline has been shown to have anti-angiogenic properties. A screen of a library
of 175,000 compounds has identified nitroxoline as an inhibitor of methionine aminopeptidase
2 (MetAP-2), which it inhibited in a dose-dependent fashion, with half maximal inhibitory
concentration (IC50) = 54.8 nM [71]. Inhibiting MetAP-2 suppresses endothelial cell proliferation.
Nitroxoline was also found to inhibit non-cancerous Human Umbilical Vein Endothelial Cells
proliferation dose-dependently with IC50 = 1.9 μM [71]. In vivo, 60 mg/(kg·day) of nitroxoline was
able to inhibit neovascularization in breast cancer [71] and bladder cancer xenografts [67]. This dose
for mice is equivalent to the common antimicrobial dose used in human (750 mg/day) [67].

Another mechanistic theory explains the anti-cancer effect of nitroxoline through its inhibitory
effect on cathepsin B. Cathepsin B is an enzyme which degrades extracellular matrix enabling invasion,
migration, and metastasis of tumor cells. Cathepsin B is found in higher concentrations in invading
edges of tumors including glioma tumors [72]. Nitroxoline at concentrations ranging from 0.1–100 μM
was shown to reversibly inhibit cathepsin B [73].

In relation to GBM, nitroxoline inhibited growth of U251 and U87 glioma cell lines, induced cell
cycle arrest at G0/G1, induced apoptosis and decreased invasion in vitro in a dose-dependent
manner [74]. Toxic concentrations ranged from 5 to 100 μg/mL (≈26 to 520 μM) [74]. In vivo, a specific
strain of genetically engineered mouse (PTEN/KRAS mouse, where PTEN is deleted in astrocytes and
human Kirsten rat sarcoma viral oncogene homolog KRAS is overexpressed) which spontaneously
develops grade III glioblastomas were injected intraperitonially with 80 mg/(kg·day) nitroxoline.
Magnetic Resonance Imaging taken on days 0, 7, and 14 after treatment showed a significant decrease
in tumor sizes in treatment group compared to controls [74]. Immunohistochemical staining of brain
slices for TUNEL (terminal deoxynucleotidyl transferase dUTP nick end labeling assay of apoptosis),
revealed significantly more apoptotic cells in treated mice than control mice [74]. It is important to
remember that this study used “long term” GBM cell lines which are in many ways different to the
cellular populations found in human GBM patients. There is also no good evidence for nitroxoline to
accumulate in the brain.

6. Quinolines: Chloroquine and Quinidine

Since 1947, chloroquine has been used to treat malaria infection. It is also used to treat symptoms of
some connective tissue disorders, such as systemic lupus erythematosus and rheumatoid arthritis [75].

Quinolines are widely investigated as adjuvant therapy in cancer treatment [76]. They are believed
to inhibit lysosome-dependent autophagy and improve chemo and radio sensitivity [76]. Some of
the most recent publications on this matter included breast cancer [77], pancreatic cancer [78,79],
lung cancer [80], colon cancer [81], and bladder cancer [82].

Chloroquine was found to increase GBM cells’ sensitivity to TMZ by inhibiting autophagy and
increasing the production of reactive oxygen species induced by TMZ [83–86]. Golden et al. have
demonstrated this effect in vivo in mice bearing human glioma xenografts, with concentrations similar
to therapeutic concentrations used for the original indication of the drug (10 mg/kg of chloroquine) [83].
Chloroquine was also reported to potentiate radiation induced apoptosis in GBM cells [87–89]. It seems
that the anti-GBM effect of chloroquine deserves more focus, especially as a supplement to TMZ.
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7. Antidepressants

Antidepressants often receive special attention as putative anti-GBM agents. Serendipity played
a part in their appearance in this field because many cancer and GBM patients are prescribed
antidepressants against depression which is a common comorbidity. Depression is not only a result of
the psychological burden of the diagnosis but is a consequence of the standard treatment procedures.
Interest to the anti-GBM potential has been motivated by findings from retrospective studies such as
the large-scale epidemiology study conducted by Walker et al. [90], who found an inverse association
between treatment with tricyclic antidepressants (TCA) and the incidence of GBM. Antidepressants
have several features which are expected for drugs which could be potentially retargeted towards
GBM. They are small and lipid soluble molecules which cross the blood-brain barrier and sequester in
the brain in relatively high concentrations. In addition, these drugs are relatively nontoxic and induce
few serious side effects.

Many studies investigated the possibility of repurposing antidepressants for GBM treatment.
Levkovitz et al. [91] studied the effect of several different antidepressants on apoptotic markers in
both glioma C6 and neuroblastoma SH-SY5Y cell lines. They reported that paroxetine and fluoxetine,
two serotonin selective reuptake inhibitors (SSRIs), and clomipramine, a TCA, caused apoptosis
in both cell lines. Interestingly, the toxic effect of clomipramine on C6 cells developed in almost
all-or-nothing manner. At 12 μM there was hardly any toxicity while at 25 μM the effect was already
maximal. Similarly, with fluoxetine there was little toxicity at 25 μM but 50 μM had a strong negative
effect on viability. This is consistent with the results from a much earlier study in the C6 cell line,
showing that fluoxetine caused DNA fragmentation, which is a major known step in apoptosis [92].
Similarly, Liu et al. [93] reported that fluoxetine suppressed the growth of GMB cell lines. The effective
concentration of fluoxetine in that study was 25–30 μM in vitro. The authors explained this effect
by activation of the intrinsic apoptotic pathway (see below). In vivo, fluoxetine strongly suppressed
growth of tumors from U87 implants in the brains of Nu/Nu mice when administered daily at
10 mg/kg orally. Its effect was comparable to that of TMZ at 5 mg/kg intraperitonially. This study
illustrates a stark contrast between the available models of GBM and clinic, where fluoxetine has
never shown such potency against GMB. Fluvoxamine, another SSRI, at 40 μM was able to suppress
migration and invasion of human GBM cell lines (A172, U87-MG, and U251-MG) [94]. This effect
was accompanied by inhibition of FAK/Akt mTOR pathway activity. Regarding the feasibility of the
concentrations of fluoxetine and other TCA used in anti-GBM studies, human data suggest that they
do accumulate in the brain, reaching remarkably high concentrations, up to 10 μg/ml, which converts
to approximately 20–30 μM [95,96]. Bielecka-Wajdman et al. [97] examined the influence of six different
antidepressants on the phenotypic signature and viability of GSCs isolated from a human GBM cell line.
In that study only imipramine and amitriptyline significantly altered cell viability. Imipramine and
amitriptyline were most effective in reducing quantity and expression of various stem cell markers,
thus silencing the GSC profile. Jeon et al. [98] also used two different GBM cell lines (U87 and C6)
and reported that 40 and 60 μM of imipramine-induced cell death in GBM models but, remarkably,
not normal primary rat astrocytes. The authors explain the effects of imipramine by activation
of autophagy and implicate protein Beclin-1 in this process, because short hairpin RNA (sh-RNA)
mediated knock-down of this protein conferred resistance to imipramine-induced cell death. Again,
limitations of this study are the use of very old and hypermutated cell lines, and the use of very
high concentrations of the antidepressant [98]. In yet another study, Shchors et al. [99] reported that
imipramine treatment prolonged the overall survival of glioma-bearing mice by 18 days compared
to that of a control cohort. These authors also concluded that TCAs induce autophagic cell death.
Their explanation for this effect, however, was different to the previous two studies. The authors
proposed that TCAs activate the G-protein αs subunit which, in turn, activates adenylyl cyclase
resulting in an elevation of cellular cyclic adenosine monophosphate (cAMP). This was thought to
induce autophagy associated cell death in glioma cells via the EPAC branch of the cAMP signaling
cascade. This hypothesis was supported by an additional finding that inhibition of the purinergic
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receptor P2Y12, activation of which inhibits adenylyl cyclase, potentiated the effects of imipramine,
making the combination of drugs particularly effective [99]. The problem with this explanation is
that it relies on the monoamine theory for the mechanism of action of TCA which is the canonical
explanation of the antidepressant effect of TCA. It poses that TCA act by inhibiting reuptake of
noradrenaline and serotonin into the monoaminergic terminals from which they are released in
the brain. Meanwhile in the in vitro experiments on GBM cultures there are neither monoamines,
nor the terminals which could release and then reuptake them and therefore the very substrate for the
“classic” monoamine-dependent action is lacking. In addition, TCAs block re-uptake of monoamines
in nanomolar concentrations, which is orders of magnitude lower than what is commonly used in
GBM experiments. Therefore, the effects reported in that paper require a different explanation.

The studies listed above illustrate the issues common to the literature on anti-GBM effects of
TCAs (and, in fact, other repurposed drugs). These issues include: (a) use of the GBM cell lines
such as C6, which have been in vitro for decades and accumulated mutations and acquired qualities
which make them very different to the real tumors in human brain, (b) the use of unrealistically high
concentrations of antidepressants, and (c) lack of coherency in terms of the proposed molecular targets
for these drugs between different studies. Another major general limitation is the lack of an adequate
model for studying toxic effects of these drugs on healthy human cells. Typically, researchers use
either primary rodent astrocytes or human embryonic astrocytes. Neither of these are a close replica of
mature human astrocytes or a good match for the GBM cells found in the human brain in the second
half of life. Therefore, we do not know whether high concentrations of antidepressants used in GMB
studies can be tolerated by healthy adult human brain cells or we are dealing with some un-specific
cellular toxicity.

8. Are Mitochondria a Possible “Weak Spot” of Glioblastoma Multiforme?

Of many different explanations for the anti-GBM effects of repurposed drugs, one mechanism
stands out. Quite a few studies by unconnected groups of researchers eventually implicate
mitochondria in anti-tumor and pro-apoptotic effects, registered under different conditions (Figure 1).
Abnormalities in mitochondrial gene regulation and metabolism in GBM are well known and have
been reviewed elsewhere [100]. From the analysis presented in that review, it appears that multiple
mutations of mitochondrial genes reported in various studies do not directly drive onco-transformation
into the GBM but may significantly affect the properties of the individual lines or subclones of GBM
cells within the same tumor. It is also important to remember that most mitochondrial proteins are
encoded by nuclear DNA and it is the changes in the nuclear DNA which result in onco-transformation.
Chaotization of gene expression caused by genomic instability may have an impact on the fine tuning
of the reactions mediated by these nucleus-encoded proteins in the mitochondria, which depend on
the supply of these proteins, possibly making GBM mitochondria more vulnerable. On the other
hand, the principle of clonal selection which takes place in tumors, can lead to elimination of the GBM
cells with severely dysregulated mitochondrial function. It is worth notice, that there is a paucity of
information, concerning differences between mitochondria in “regular” GBM cells and GSCs [100].

Although mitochondria have been suggested to be the key organelle to target in GBM,
different studies approach this idea from completely different angles. Some authors believe that
it is possible to use the ability of mitochondria to initiate apoptosis by acting on the GBM mitochondria
directly with some of the repurposed drugs [101,102]. It has also been proposed that mitochondrially
induced apoptosis can be induced indirectly, via Ca2+ overload [93] or proteasome inhibition [103].
Finally, there is evidence that mitochondrial biogenesis induced by activation of cAMP-mediated
signaling can reduce malignancy of GBM cells [104].

In normal glial cells, cellular energy is mainly produced in mitochondria through aerobic
respiration [105]. Yet, metabolism starts with glycolysis, whereby glucose is converted into pyruvate
with production of ATP in the cytosol. Pyruvate is then transported into the mitochondria
where it is oxidized to acetyl-CoA and then used in the citric acid cycle. Unlike normal cells,
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GBM has a lower number of mitochondria, indicating high mitochondrial degradation activity [106].
Glioblastoma multiforme, as well as other cancer cells, are known to have active aerobic glycolysis
despite the presence of normal oxygen concentrations, and rely on it, rather than on oxidative
phosphorylation as the main source of energy [107,108]. Early studies have found that this metabolic
shift, known as Warburg effect, is due to mitochondrial dysfunction in many tumor cell types including
glioma [109,110]. The Warburg effect seems to be an essential feature of GBM, but to this day the
exact reason for high glycolytic activity of tumor cells is unknown [111]. Possibly, cancer cells
cannot fully use pyruvate due to decreased pyruvate transporter activity [106], which transports
pyruvate inside the mitochondrial matrix. Pyruvate transporters isolated from mitochondria of tumor
cells are slower and have lower affinity to pyruvate than transporters isolated from normal cells’
mitochondria [112], limiting pyruvate uptake. In addition, pyruvate in mitochondria of tumor cells
undergoes decarboxylation into acetaldehyde instead of oxidation [113]. Two acetaldehydes condense
to form acetoin which inhibits pyruvate dehydrogenase complex so that pyruvate cannot be converted
into acetyl-CoA [113]. In any case, active glycolysis is a landmark of tumors including GBM and seems
to confer to them some important survival advantages, possibly by supplying actively dividing cells
with new building blocks for lipids, nucleotides and proteins [111].

9. Mitochondria Are the Central Hub of the “Intrinsic” Apoptotic Pathway

Apoptosis is a cascade of events that leads to programmed cell death which can be triggered
by both extrinsic and intrinsic pathways (Figure 1). The extrinsic pathway, also known as the
death receptor pathway, is initiated when specific ligands bind and stimulate death receptors
on the cell surface, initiating a signaling pathway eventually leading to activation of proteases,
called caspases [114]. First, procaspases 8 and 10 are cleaved and activated. Next, they cleave and
activate the executioner caspases 3 and 7, which start the apoptotic cascade [114]. The intrinsic pathway
of apoptosis is activated by direct damage to the cell, such as metabolic failures, hypoxia, radiotherapy,
and chemotherapy. In case of direct damage to DNA, upregulation of proapoptotic and downregulation
of prosurvival proteins trigger the opening of the mitochondrial permeability transition pore [114].
This pore allows the release of cytochrome C. Cytochrome C binds to apoptotic peptidase activating
factor-1 (Apaf-1) eventually leading to the activation of caspase 9 which, similarly to what was
described above for the extrinsic pathway, leads to cleavage of the procaspases into the executioner
caspases 3, 6 and 7 and triggers fatal apoptotic events [114–116]. Another factor released by
mitochondria into the cytoplasm is Smac, which blocks the function of inhibitor of apoptosis proteins,
thus facilitating activation of the executioner caspases [114].

Abnormalities in both apoptotic pathways are usually found in GBM. The extrinsic pathway is
inhibited by developing resistance to TRAIL apoptosis cascade (apoptosis triggered by Tumor necrosis
factor-Related Apoptosis-Inducing Ligands) in glioma [117]. This apoptotic resistance may result
from suppression by mammalian target of rapamycin (mTOR), which is closely associated with cell
proliferation and growth [118].

In the intrinsic pathway, inhibitors of apoptosis proteins are overexpressed in human malignant
glioma cells [119]. Immunostaining of the mitochondria in human glioma cell lines showed that the
prosurvival Bcl-2 protein is upregulated. This pathway may suppress apoptosis in GBM cells after
DNA damage [120]. It has been also reported that more than 90% of human GBM samples exhibit
elevated levels of pro-survival Bcl-2 such as 12 (BCL2L12) protein which suppresses the executioner
caspases 3 and 7 directly [121]. Other studies show elevated levels of prosurvival Bcl-2 family members
but also proapoptotic proteins in GBM compared to normal astrocytes [122,123] However, a significant
upregulation of prosurvival Bcl-2 and Bcl-XL and downregulation of proapoptotic Bcl-2 associated
X protein (Bax) are shown in GBM recurrences after treatment [124]. Therefore, GBM cells appear to
actively counteract the proapoptotic events initiated via mitochondria. Nevertheless, several studies
indicate that GBM mitochondria can be affected by drugs leading to the anti-tumor effects.
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Figure 1. Some of the drugs which could be acting via mitochondria in GBM [107]. Involvement of
mitochondria in the mechanism of action of some of the drugs suggested for therapy of GBM. (1) Effect
of imipramine and P2Y12 purinergic receptor blocker ticlopidine (TIC) on GBM cells, as described
by Shchors et al. [99]. Imipramine and TIC together act synergistically. Imipramine activates Gsα
protein-coupled monoamine receptors, which in turn activate adenylate cyclase. Ticlopidine blocks
P2Y12 receptor, a Gi protein-coupled purinergic receptor that normally inhibits adenylyl cyclase.
eventually, activity of adenylate cyclase increases and cAMP level rises leading to -via EPAC
pathway- autophagy and cell death. (2) Dibutyryl-cAMP (dbcAMP) activates phosphoprotein kinase
A and across cAMP response element-binding protein (CREB protein) activates the synthesis of
Peroxisome proliferator-activated receptor γ (PPARγ) coactivator 1α (PGC-1α) protein. It finally
leads to mitochondrial biogenesis, metabolic reprogramming, and tumor cell differentiation [104].
(3) Clorgyline alone or with TMZ acts as monoamine oxidase A inhibitor and reduces tumor
growth [125]. (4) TCA clomipramine and SSRIs directly interact with complex III of respiratory
chain, decreasing O2 consumption and stimulating reactive oxygen species generation. Mitochondrial
membrane potential is reduced finally resulting in apoptosis [101]. (5) Chlorpromazine interacts
with cytochrome c oxidase and reduces its activity, this leads to cell cycle arrest and inhibition of
proliferation of GBM cells [126]. (6) Fluoxetine interacts with GluR1 subunit of AMPA receptors,
leading to an increase in intracellular Ca2+, mitochondrial calcium overload and activation of the
intrinsic apoptotic pathway [93].

10. Antidepressants and Glioblastoma Multiforme Mitochondria

Antidepressants appear to be one group where the involvement of mitochondria has been
considered by many studies (Figure 1). Daley et al. [101] demonstrated that the TCA clomipramine
can cause cell death of human glioma cells without affecting human fetal astrocytes. A toxic effect of
clomipramine on GBM cells was evident within 2 hours of exposure, by which time fetal astrocytes
exhibited no clear signs of toxicity. However, this effect only became significant with 114 μM of
clomipramine, which is improbable in vivo. In that study, clomipramine concentration-dependently
decreased oxygen consumption of glioma cells but, again, the lowest concentration used was 140 μM.
This was accompanied by a decrease in mitochondrial membrane potential, which is a direct indicator
of the activity of oxidative phosphorylation mechanisms. To explain these effects, the authors measured
the effect of clomipramine on the activity of mitochondrial complexes I, II, III and IV, isolated from
the mitochondria from various organs. The most consistent effect was the inhibition by 25 μM
of clomipramine of complex III activity which was approximately the same in mitochondria from
different organs (Figure 1). Importantly, mitochondria were not from GBM cells but were isolated
from normal rat tissues. The study also reported activation of caspases which was explained by the
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insult to the mitochondria caused by clomipramine and the consequent recruitment of the intrinsic
pathway mentioned above. On balance, while the study highlights the mitochondria as the direct target
for clomipramine, the effective concentrations of the drug appear to be very high and human fetal
astrocytes cannot be seen as an adequate model of postnatal human astrocytes, raising the possibility
that such high concentrations of clomipramine could be equally toxic to malignant and healthy cells
in living brain. At least the study offers no answer as to why mitochondria in GBM could be more
sensitive to clomipramine. It is also not entirely clear why the focus was on the short-term effects
(1–3 h) while it could be more relevant to look for the effects of lower concentrations developing over
longer time scale. For further discussion of this topic see [102].

Mitochondria appear to be the ultimate target for the effect of fluoxetine in the study mentioned
previously [93]. That study used glioma cell lines C6 (rat) and U87, GBM8401, Hs683 (human).
Fluoxetine had a highly non-linear effect on glioma cell lines, decreasing their viability at concentrations
25–30 μM while at 15–20 μM the effect was hardly visible. Fluoxetine evoked strong elevations in
intracellular Ca2+ in GBM cell lines, which was attributed to its ability to directly bind to the R1 subunit
of glutamate receptors (GluR1) and activate the receptor. Remarkably, normal rat primary astrocytes
in that study were fairly resistant to fluoxetine, which the authors explain by high expression of GluR1
on the cell membrane in GBM but not normal astrocytes. It is unclear, though, why GluR1 expression
should lead to a strong Ca2+ influx because normally Ca2+ permeability of AMPA receptors which are
formed with GluR1 is low. Nevertheless, the study concludes that Ca2+ overload eventually led to
mitochondrial damage and activation of the intrinsic apoptotic cascade.

Interestingly, in another study where the effect of fluoxetine was studied on non-GBM cancer
cell lines, mitochondrial calcium overload and cell death were explained by a completely different
mechanism [127]. The effects were observed after exposure to 100 μM of fluoxetine, a clearly
supra-pharmacologic concentration. Fluoxetine is known to enter and accumulate in the mitochondria
and seems to be able to inhibit the respiratory chain directly at these concentrations. This could
reduce ATP production, which is required for maintenance of the low intracellular Ca2+ concentration.
Eventually the increased Ca2+ load was causing direct damage to the mitochondria and release of
pro-apoptotic molecules [127].

Overall, it seems that antidepressants can affect mitochondria in GBM when administered at high
concentrations but the explanations for this effect put forward by different groups are inconsistent.
It is also worth noting that cytochromes residing in mitochondria are involved in oxidation of
numerous molecules and drugs, including antidepressants. One might then ask whether this additional
chemical activity, caused by extensive oxidation of xenobiotics, is not the reason these molecules
become cytotoxic at sufficiently high concentrations, especially if GBM mitochondria are, indeed,
somewhat vulnerable.

11. Can Differences in Glioblastoma Multiforme Mitochondria Be Used for Targeted Therapy?

Typically, GBM mitochondria produce rather high quantities of reactive oxygen species (ROS)
which is a consequence of inefficient coupling and oxidative phosphorylation. As mentioned above,
one possible reason for this is the loss of fine tuning between mitochondrial and nuclear genomes
which is required for perfect functioning of these semi-autonomous organelles. Temozolomide is
a typical alkylating agent which primarily disrupts nuclear DNA making cell vulnerable to all kinds
of damaging factors including ROS. Interestingly, however, in TMZ-resistant lines mitochondrial
coupling is improved compared to the susceptible lines and ROS production is reduced, which is
probably a result of the clonal selection mentioned above. It is likely that any treatment targeted at
mitochondria in GBM mitochondria can make tumors more susceptible to TMZ chemotherapy [128].
An example of realization of this concept is the development of cytochrome C oxidase inhibitors with
tropism to chemo-resistant GBM cells [129,130].

Another interesting idea is based on the high activity of one of the isoforms of monoamine oxidases
(MAO), MAO-B in GBM [131]. Monoamine oxidase-B is located on the outer mitochondrial membrane,
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it is normally highly expressed by astrocytes and oxidizes various amines and other molecules. Activity
of MAO-B is also particularly high in glial tumors. The authors generated a pro-drug called “MP-MUS”
which can be activated by MAO-B and found that this new molecule was selective to primary human
glioma cells but, remarkably, had very little toxicity against normal human astrocytes for which the
study used commercially available embryonic cells. Encouraging as they are, these results suffer from
the same limitation as many other studies mentioned above, because embryonic astrocytes may not be
a close match to the astrocytes and other brain cells which populate the brain in the second half of life.

12. Summary

In this brief review we have illustrated some of the current ideas for possible re-targeting of
currently available drugs to improve the outcomes for the patients suffering from GBM. Glioblastoma
Multiforme represents one of the most difficult cancers to attack not only because of its location and the
issues of drug penetration through the blood-brain barrier, but also because of the specific molecular
and cellular features of this tumor. Unfortunately, being a relatively small market, GBM does not
attract enough interest from the pharmaceutical industry. This puts additional pressure on basic
researchers to find new, possibly unconventional, approaches which could help offer a better prognosis
to the patients. We have also noted, that within the plethora of suggested mechanisms of action for
re-targeted drugs and new developments, mitochondria seem to occupy a particularly prominent
place. Potentially mitochondria are the weak spot of GBM which could be exploited to find new
therapeutic opportunities.
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Abstract: Obesity, insulin resistance, and type 2 diabetes mellitus are associated with diabetic
cognopathy. This study tested the hypothesis that neurovascular unit(s) (NVU) within cerebral
cortical gray matter regions may depict abnormal cellular remodeling. The monogenic (Leprdb)
female diabetic db/db [BKS.CgDock7m +/+Leprdb/J] (DBC) mouse model was utilized for this
ultrastructural study. Upon sacrifice (20 weeks), left-brain hemispheres of the DBC and age-matched
nondiabetic control C57BL/KsJ (CKC) mice were immediately immersion-fixed. We observed an
attenuation/loss of endothelial blood–brain barrier tight/adherens junctions and pericytes, thickened
basement membranes, adherent red and white blood cells, neurovascular unit microbleeds and
pathologic remodeling of protoplasmic astrocytes. In this second of a three-part series, we focus
on the observational ultrastructural remodeling of microglia and mitochondria in relation to the
NVU in leptin receptor deficient DBC models. This study identified novel ultrastructural core
signature remodeling changes, which consisted of invasive activated microglia, microglial aberrant
mitochondria with nuclear chromatin condensation and adhesion of white blood cells to an activated
endothelium of the NVU. In conclusion, the results implicate activated microglia in NVU uncoupling
and the resulting ischemic neuronal and synaptic damage, which may be related to impaired cognition
and diabetic cognopathy.

Keywords: astrocyte; db/db mouse model; microglia; mitochondria; neuroglia; neurovascular unit;
type 2 diabetes

1. Introduction

Previously, we have overviewed the background, and documented the observations of the 20-week
old female db/db [BKS.CgDock7m +/+Leprdb/J] (DBC) and its comparison to the age-matched control
(CKC) model with a focus on ultrastructure protoplasmic astrocyte remodeling in relation to the
neurovascular unit (NVU) [1]. We demonstrated marked multicellular ultrastructure remodeling
comprised by the following: (i) attenuation and/or loss of blood–brain barrier tight and adherens
junctions (TJ/AJ); (iia) adherent red blood cells to endothelial cell(s) (EC) of the NVU; (iib) microbleeds
of the NVU; (iic) endothelial cell thinning and activation with white blood cell adherence to
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ECs; (iii) maladaptive pericyte attenuation and/or loss; (iv) NVU basement membrane thickening;
(v) detachment and retraction of protoplasmic astrocytes from the NUV [1]. In this second of a
three-part series our focus will be on the microglia, mitochondria and white blood cell adhesion to the
neurovascular unit endothelial cell in the diabetic DBC as compared to the nondiabetic control CKC
models. The identifying ultrastructure characteristics of microglia have been described in our previous
article [1] and are illustrated (Figure 1). Additional supplemental videos are also provided.

Figure 1. Comparison of ramified microglia to glia and pyramidal cells in cortical grey matter layer III
to supplement the extracted description from Table 1 [1]. (A) Depicts an astrocyte (AC) with electron
lucent cytoplasm with a neuronal pyramidal (PYR) cell immediately adjacent. (B) Depicts a ramified
microglial cell (rMGC) with its highly electron-dense cytoplasm and nucleus outlined by white dashed
line. (C) Depicts just a partial image of an oligodendrocyte (OL) in the transition zone between the
cortical grey matter and white matter. Note the ramified cytoplasmic extensions. Microglia are the
smallest of the glia cells and their cytoplasm is the most electron-dense of the neurovascular unit
(NVU) cells and brain cortical grey matter. In their nonactivated phenotypic state, they have elongated
cytoplasmic process in ramified form. They have an extensive endoplasmic reticulum, Golgi body
system and contain multiple mitochondria. Their cytoplasmic processes are known to be capable of
extending and contracting. They have a unique morphology of their nuclei with an outer stippled
chromatin at its neurolemma and a more stippled diffuse chromatin electron-dense appearance of the
central nuclei. Magnification 1200×; bar = 2 μm.

Microglial cells are the resident innate immune cells of the brain, which represent approximately
5–20% of the brain neuroglial population and have a large number of membranous and intracellular
microglial markers; a large number of signaling molecules, which include numerous microglial
cytokines and chemokines [2]. Microglia contribute to the regulation of brain development, shaping
synaptic connectivity within neuronal networks and are of major importance in brain defense
injury [2–4]. In the healthy brain, ramified microglia are constantly surveilling their regional
environment and provide the necessary housekeeping-cleaning-gatekeeping functions to maintain
brain tissue homeostasis (Figure S1, Figure S2 and Video S1). Microglia are capable of producing
numerous free radicals (superoxide, reduced nicotinamide adenine dinucleotide phosphate (NADPH
Ox), inducible nitric oxide and mitochondrial-derived reactive oxygen/nitrogen (mtROS)) and are the
major killing and phagocytic cell in the brain if bacterial, viral or parasitic infections become invasive.
Importantly, microglia are able to return to return to their surveilling-ramified phenotype once the
invaders or danger–damage signals have been eradicated and assume their normal cellular debris
housekeeping role [2–12].

Mesoderm (yolk sac)-derived microglia cells are the first and main form of active immune defense
in the brain [2–12]. Microglia are unique from bone marrow derived peripheral monocyte-macrophage
cells in that they are not dependent on recruitment from the peripheral systemic circulation but are
capable of undergoing proliferation mechanisms if needed [13]. Microglia may play both a protective
role of surveillance for injury to the NVU unit (Figure S2, Figure S3 and Video S2) as well as a possible
damaging role to the NVU in the DBC models due to microglia invasiveness with resulting detachment and
separation of protoplasmic astrocytes from the BM of the endothelial cells and pericytes of the NVU [1].
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We originally hypothesized that microglia might demonstrate some of their reactive changes
similar to our previous observations in the diet-induced obesity and insulin resistant Western models
with impaired intermittent glucose elevation [14].

Microglia in CKC animals display distinct phenotypes in transmission electron microscopy
(TEM) (Joel 1400-EX TEM JOEL (JOEL, Peabody, MA, USA) images and these cells will be referred
to as ramified microglial cells (rMGC). These cells survey their surrounding milieu of endothelial
cells, pericytes, astrocytes of the NVU and neurons. They maintain this ramified phenotype and
function in association with intact tight and adherence junctions of the ECs blood–brain barrier
and the intact adherent protoplasmic astrocytes to the basement membrane of the NVU. Ramified
microglia cells are constantly prepared to undergo a rapid diverse phenotypic remodeling change to
what we will reference as the activated-amoeboid microglial cell phenotype (aMGC). These changes
may be due to morphological remodeling and/or the expressions of their cell surface receptors in
response to danger or damage signals such as pathogen associated molecular patterns (PAMPs) or
damage associated molecular patterns (DAMPS) due to oxidized/glycated proteins/polypeptides,
lipids, and nucleic acids from their diabetic hyperglycemic microenvironment [2–13]. The phenotypic
remodeling changes need to be qualified by the model (i.e., control CKC or diabetic DBC), the region
of the brain (as in our gray matter cortical layer III), the disease state (obesity, insulin resistance and
type 2 diabetes mellitus (T2DM)) and their age (20 weeks) [2–13]. Activated microglial phenotypes
have been classified by some to be similar to peripheral macrophages, i.e., M1 (classically activated
macrophages) and M2 (alternatively activated macrophages) cells [7,8]; however, the possibly more
preferred method of identification of MGCs relies on individual cell surface markers or their response
to inducible cytokines [9–11]. We have chosen to utilize only rMGC or aMGC when referring to our
morphofunctional–pathomorphologic phenotypic polarization in TEM observations (Figure 2).

Figure 2. Microglia spectrum phenotypes in type 2 diabetes mellitus (T2DM). The microglia cell(s)
(MGC) are very unique and capable of undergoing a marked diversity of morphological and
functional phenotypic remodeling change as they pass along a spectrum of phenotypes from the
ramified MGC (rMGC) (green colorization) on the far left-hand side of this cartoon to the chronically
activated-amoeboid microglia cells (aMGC) (red colorization) on the right hand in addition to some
microglia progressing to a senescent type of MGC on the far right (grey colorization), which may
implicate advanced aging. Note the various cytokines profiles associated with each of the rMGC
and the aMGC phenotypes. In our age-matched nondiabetic control C57BL/KsJ (CKC) models,
the predominate MGC would be rMGC and in the DBC models the predominant microglia would be
aMGC since we are only studying the ultrastructural phenotypic ultrastructural remodeling changes.
Note that in health or homeostasis we demonstrate that the MGC may be in a flux or spectral change
between rMGCs and more activated/amoeboid MGCs. The regions between open arrows may even
represent a range of homeostasis between rMGCs and versatile aMGCs phenotypes, while the dashed
lines suggest multiple spectral morphologic phenotypes. IL-1β: interleukin 1 beta; IL-14: interleukin
14; IL-10: interleukin 10; TGF-β: Transforming growth factor beta; TNFα: tumor necrosis factor alpha;
IL-6: interleukin 6; NADPH Ox: reduced nicotinamide adenine dinucleotide phosphate; Inos: inducible
nitric oxide synthase; GSH: glutathione; SOD: superoxide dismutase.
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2. Materials and Methods

2.1. Sample Preparation for Serial Block Face Imaging: Focused Ion Beam/Scanning Electron Microscopy for
Supplemental Video 3

Samples were prepared following a modified version of NCMIR (National Center for Microscopy
and Imaging Research) methods for three-dimensional (3D) EM. Unless otherwise stated, all reagents
wefre purchased from Electron Microscopy Sciences and all specimen preparation was performed at the
Electron Microscopy Core Facility, University of Missouri. Tissues were fixed in 2% paraformaldehyde,
2% glutaraldehyde in 100 mM sodium cacodylate buffer pH = 7.35. Next, fixed tissues were rinsed
with 100 mM sodium cacodylate buffer, pH = 7.35 containing 130 mM sucrose. Secondary fixation
was performed using equal parts 4% osmium tetroxide and 3% potassium ferrocyanide in cacodylate
buffer and incubated on ice for 1 h, then rinsed with cacodylate buffer and further with distilled
water. En block staining was performed for one hour in a 1% thiocarbohydrazide solution followed by
distilled water rinses. Rinsed tissues were incubated in an additional 2% aqueous osmium tetroxide
solution for 30 min at room temperature, then rinsed with distilled water. Additional en bloc staining
was performed using 1% aqueous uranyl acetate and incubated at 4 ◦C overnight, then rinsed with
distilled water. A final en bloc staining was performed using Walton’s Lead Nitrate solution (Lawrence
Livermore Laboratory University of California, Livermore, CA, USA) for 30 min at 60 ◦C. Tissues were
rinsed and dehydrated using ethanol, transitioned into acetone, and then infiltrated with Durcapan
resin and polymerized at 60 ◦C overnight. Block faces were prepared using an ultramicrotome
(Ultracut UCT, Leica Microsystems, Germany) and a diamond knife (Diatome, Hatfield, PA, USA)
and mounted on an SEM stub and coated with 20 nm of platinum using the EMS 150T-ES Sputter
Coater (Leica Microsystems Inc. Buffalo Grove, IL USA). Serial block face data was acquired on a
Thermo Fisher Scientific Scios Analytical Dualbeam (Hillsboro, OR, USA). The region of interest was
identified using established landmarks and protected with a 1-μm layer of platinum using the ion
column. Trenches were rough cut to the side and the front of the block face using a high ion beam
current (30 kV 5 nA) to expose the desired block face. Next, the block face was polished using an ion
beam current of 50 pA prior to collecting serial images using the Slice &View automated software
package. Serial sections were cut at a thickness of 20 nm (30 kV 1 nA) and SEM images were acquired at
2 keV and 25 pA using the T1-BSE detector and reverse contrast. Image segmentation was performed
using ThermoScientific Amira 6 Software (Thermo Fisher Scientific). Approximately 250 slices were
obtained to create the video for Supplementary Video S3.

2.2. Microglia Ultrastructure Examination and Observation

Three models per group were studied by TEM (n = 3 in control CKC and in diabetic DBC models).
Regions of interest were selected based on the presence of NVU capillaries in gray matter cortical layer
III. A total of 60 microglia were eventually studied for all models with 10 from each model providing
30 microglia from CKC and 30 from DBC models. Age-matched nondiabetic control C57BL/KsJ
microglia demonstrated 28 of 30 with ramified cytoplasmic projections, 5 of 30 microglia with aMt
of 5–6 or more and 3 of 30 with some degree of nuclear chromatin condensation, while in DBC 9 of
30 microglia demonstrated ramifications, 25 of 30 microglia demonstrated aberrant Mt (aMt) with
6–14 aMt and 24 of 30 depicted marked chromatin condensation. Herein, we depict representative
ultrastructural remodeling changes in aMGC of the diabetic DBC compared to the rMGC in control
CKC models.

3. Results

3.1. Microglial Cell of the Neurovascular Unit in Control CKC Model

Microglial cells reside throughout the brain parenchyma and are frequently adjacent to the
endothelial cell, pericytes, mural cells and astrocytes of the NVU in the cortical grey matter of layer III.
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The normal ultrastructure morphology of ramified microglial cells in control models (CKC) in relation
to the NVU and other interstitial regions are depicted (Figures 3 and 4).

Figure 3. Ramified microglia as a part of the neurovascular unit in control CKC models. (A,B) Depict
the normal ultrastructure of the ramified microglia cells in the control CKC models at different
magnifications. (A) Depicts a ramified microglia cell (rMGC) phenotype surveilling the NVU. Note how
the rMGC cytoplasmic processes (pseudo-colored green) appear to slide in between the intact astrocytes
(pseudo-colored golden iAC) in panel (A,B) as if surveilling or probing the NVU (arrows in panel (B)
for danger or damage signals. Ramified MGCs are known to have a stippled outer chromatin electron
density and also a diffuse inner stippled chromatin arrangement. Also, note the aberrant Mt (aMt)
numbering 3 in panel (A) and two in panel (B) (pseudo-colored yellow with red outline), which are
in contrast to the multiple aMt in the DBC depicted later. (A) Magnification ×1000; scale bar = 2 μm;
(B) Magnification ×2000; scale bar = 1 μm. Cl: capillary lumen; EC: endothelial cell; G: Golgi body;
iAC: intact astrocyte; N: nucleus: Pc: pericyte.

Figure 4. Ultrastructure of ramified microglia in control CKC models. (A–D) Depict the normal
ultrastructure of the ramified microglia (rMGC) in nondiabetic control CKC models. Ramified microglia
typically have elongated cytoplasmic processes (yellow-dashed lines) and they typically have a large
prominent nucleus (N) (pseudo-colored green and outlined with white-dashed line). Note the diffuse
electron-dense chromatin pattern that will undergo extensive chromatin condensation-clumping in
activated microglia of diabetic DBC models depicted later. Magnification ×1000; scale bar = 2 μm.
AC: astrocyte; CL: capillary lumen; NVU: neurovascular unit; PYR: pyramidal cell.
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We have previously demonstrated how the ramified microglia with their elongated processes
are very responsive and mobile in cleaning Layer III of the cortical grey matter in the diet-induced
Western models (Figure S1, Figure S2 and Video S1). Interestingly, the more proximal somal regions of
microglia appear linearly and are observed to be attached to one another similar to box cars of a train
between layer III and layer IV and thus, we refer to them as ‘trains of microglia’ (Video S2). We also
observed microglia interrogating the NVU; however, in Western models they appear to back away and
do not invade the NVU (as in diabetic DBC models discussed later) since they do not detect any danger
or damage signals and do not invade the NVU and appear to back away from the NVU (Video S2).

3.2. Microglia Remodeling in Diabetic DBC Models

The aMGC in DBC models were observed to invade the endothelial cells of the NVU and were
associated with the detachment and separation / retraction of the astrocyte from the NVU, attenuation
and/or loss of the TJ/AJ in the blood brain barrier (BBB) of the NVU and have aberrant mitochondria
and chromatin condensation (Figures 5 and 6)

Figure 5. Comparison of ramified MGC to an activated MGC in control CKC and diabetic DBC
models. (A–D) Depict the ramified (rMGC) (colorized with green nucleus) to demonstrate at low
magnification the different morphology of the rMGC as compared to the activated aMGC DBC model
(B–D). One notes the aMGC assumes a more amoeboid morphology in the DBC model (B–D) on the
right outlined in red as compared to the CKC models on the left with CKC with ramified cytoplasmic
extensions (outlined with yellow dashed lines). Also note that the nuclear chromatin is condensed,
aggregated/clumped in the DBC models on right when compared to the diffuse nuclear chromatin
in the CKC on the left. Importantly, note the major differences between the CKC and DBC in the
upper 1–4 numbered major differences between CKC rMGC and DBC aMGC. The low magnification
in these images is unable to demonstrate or appreciate the differences in mitochondria in these images.
Magnification ×1000 (A–D in CKC) and ×1200 (A–D in DBC); Scale bar = 2 μm.

Microglial cells undergo ultrastructural maladaptive remodeling changes to the cytoplasmic
and nuclear components including cytoplasmic aMt that are characterized by markedly swollen
mitochondria with loss of electron-dense mitochondrial matrix proteins and crista in the cytoplasm
and nuclear chromatin condensation in addition to becoming invasive of the NVU (Figure 7) (Figure S4
and Video S3).
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Figure 6. Comparison of microglia invasion in the diabetic DBC and interrogation in control
CKC models. The top four panels depict the invasiveness of an activated microglial cell (aMGC)
(pseudo-colored red) with marked chromatin clumping–aggregation invading a NUV with capillary
lumen in progressively increased magnifications from left to right. Note the thin rim of the aMGC
cytoplasmic extensions as it approaches the NVU and begins to encircle the enclosed endothelial
and pericyte basement membrane with early detachment of the normally adherent intact astrocyte.
In some images they will result in the complete astrocyte detachment and retraction from the NVU.
Magnifications at the top right of each image and scale bars are indicated in the lower left of each panel.
In the lower four panels of comparable magnifications note how the rMGC is only undergoing an
interrogating function and does not invade the NVU.

Figure 7. Activated microglia become invasive of the neurovascular unit in diabetic DBC models.
Panels (C–F) depict how activated MGCs (aMGCs) become invasive to the NVU in DBC models.
In contrast to the CKC ramified MGC (rMGC), which are surveilling, aMGC (pseudo-colored red except
for the ‘frown-faced’ aMGC (pseudo-colored blue)) nucleus in (C). Panel F depicts a mononuclear
white blood cell (lymphocyte) (WBC) adherent to the luminal NVU endothelial cell. Magnification
×2000 (A); ×1200 (B–D); ×4000 (E); ×3000 (F) with varying scale bars lower left of each panel.
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Activated-amoeboid microglia have a marked increase in cytoplasmic aMt and also demonstrate
extensive nuclear chromatin condensation in contrast to a diffuse stippled chromatin pattern in CKC
and contain increased numbers of aberrant mitochondria within the cytoplasm, as compared to the
ramified microglia in controls Figures 8–12.

Figure 8. Nuclear chromatin condensation of activated microglia in diabetic DBC models. (A) Depicts
the appearance of the nucleus with diffuse nuclear chromatin pattern (outlined in white dashed lines)
and ramified cytoplasmic extensions (yellow dashed lines). Panels (B–D) demonstrate a distinct
phenotypic nuclear chromatin condensation (arrowheads) within the nuclei of the activated microglia
cells (aMGC) in the diabetic DBC as compared to the ramified microglia cells (rMGC) in control
nondiabetic CKC models. Specifically, note the unusual ‘frown-faced’ nuclei in panel B due to
nuclear chromatin condensation. Magnification ×1200; scale bar = 2 μm. CL: capillary lumen;
NVU: neurovascular unit.

Figure 9. Activated microglia cells depict aberrant mitochondria in diabetic DBC models. Panels (B,C)
illustrate the pseudo-colored red nuclei of activated microglia cells (aMGC) and the aberrant
mitochondria (aMt) (pseudo-colored yellow with encircling red lines) (arrows) that are markedly
increased in number and demonstrate marked mitochondrial (Mt) swelling with loss of electron-dense
Mt matrix and crista as compared to control CKC model (Panel A) in diabetic DBC. Aberrant Mt will
also be observed in other neurovascular unit cells and neurons in later images. Also, some aMGCs
were extremely dark as in panel (B). However, all MGC are dark when compared to other glia and
neurons. Magnification ×2000; bar = 1 μm in panels (A,B) and bar = 2 μm in panel (C). CC: chromatin
condensation; CL: capillary lumen; N: nucleus.
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Figure 10. Chromatin condensation in the diabetic DBC. The above images depict ramified and
amoeboid-activated microglia in a side-by-side comparison. A ramified microglia (rMGC) on the left
with a stippled outer chromatin at the neurolemma and a diffuse stippling of chromatin within the core
of the nucleus in the control CKC. In contrast, the amoeboid-activated microglia (aMGC) on the right
depicts marked nuclear chromatin condensation in the DBC. Note that in the aMGC of the diabetic DBC
the nuclear chromatin condensation–compaction volume is markedly greater than in the nondiabetic
control rMGC CKC models. Magnification ×2000; scale bar = 1 μm and was copied and placed within
the nuclei to appreciate the sizes of the chromatin.

Figure 11. Activated microglia with aberrant mitochondria and tethering spikes and pouches in diabetic
DBC. (A) Depicts a pseudo-colored red aMGC. (B) Depicts a high magnification of a portion of an outer
cytoplasmic MGC phagocytosing lipofuscin-like debris. In (A), the plasma membrane appears to be
taking up a residual body (dashed line with yellow color) and uptake of lipofuscin-like debris (white
dashed line) in (B). Panel (A) depicts spikes (arrows) and pouches or clefts and aberrant mitochondria
(aMt) (pseudo-colored yellow with red outer lines). Panel B illustrates bulk phase macropinocytosis
of lipofuscin-like debris across the plasma membrane and appears to be being deposited within the
cytoplasm of an aMGC. These two aMGCs are different cells but both are within the cerebral cortical
grey matter in layer III and demonstrate the important process of phagocytosis. Note the prominent
chromatin condensation (CC) within the nucleus. Panel A magnification ×2000; bar = 1μm. Panel B
magnification ×10,000; bar = 200 nm. G = Golgi apparatus; MN = myelinated neuron.
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Figure 12. Activated microglia cells are associated with chromatin condensation and invasiveness of
the neurovascular unit in the diabetic DBC Models. Panels (A–F) depict an activated ‘frown-faced’
activated/amoeboid microglia cell (aMGC) and follows it through progressively increased
magnifications to demonstrate how the aMGC invades the NVU and associates with early astrocyte (AC)
detachment. Additionally, note how the blood brain barrier (BBB) tight and adherent junctions (TJ/AJ)
are attenuated via interruption of the normally continuous TJ/AJ of the BBB in panel (F). Also note in
panel (F) that the aMGC of the ‘frown-faced’ microglia with marked chromatin condensation appears to
not only invade but may also lift and promote the early separation of the intact AC from the basement
membrane of the NVU inferiorly and superiorly. CL: capillary lumen.

The observation of aMt in aMGCs may set the stage for redox injuries not only to the microglia
itself and their organelles but also the surrounding cells of the NVU.

In summary, aMGCs in the diabetic DBC may be characterized by four ultrastructure remodeling
core signature changes: (i) Loss of ramified cytoplasmic extensions with amoeboid phenotypes;
(ii) invasive phenotypes of the NVU; (iii) aberrant mitochondria with swelling, loss of electron-dense
matrix, and loss or fragmented crista; (iv) nuclear chromatin condensation when compared to
nondiabetic CKC models.

We have included the newer technology of Focused Ion Beam/Scanning Electron Microscopy
(FIB/SEM) videos of the aMGC in the DBC models, which demonstrate not only the nuclear chromatin
condensation but also help to better understand the 3D motion of the aM) as they come into and out of
view within the cytoplasm of the DBC aMGC (Figure S4 and Video S3).

3.3. Aberrant Mitochondria in the Diabetic DBC Models

Mitochondria play a vital and essential role in nutrient metabolism of brain cells including the
vascular mural cells, glia, dendritic synapses and neurons [13,15–17]. Aberrant mitochondria were
primarily found to be observed in the cytoplasm of aMGCs; however, these similar aMt remodeling
changes also were found in some EC, pericyte (Pc) and Pc foot processes, AC, myelinated and
unmyelinated neurons within the neuropil (Figure 13).
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Figure 13. Aberrant mitochondria in endothelial cells, pericytes and foot processes, astrocytes,
oligodendrocytes, myelinated and unmyelinated neurons. Panels (A–F) demonstrate that aberrant
mitochondria (aMt) are found to be present in multiple cells in addition to activated microglia cells
(aMGCs). The aMt are pseudo-colored in each of these panels (yellow outlined in red lines) in order
to allow rapid recognition. Panels (B,F) are especially important since they demonstrate the aMt
characterized by swollen mitochondria (Mt), loss of electron-dense Mt matrix and crista. Panel (A)
illustrates the aMt within the endothelial cells and surrounding aMGC. Panel (B) depicts aMt in ACs.
Panel (C) demonstrates aMt in pericytes and foot processes (Pc and Pcfp). Panel (D) depicts aMt in a
dysmyelinated neuronal axon. Panel (E) depicts aMt in an oligodendrocyte and Panel (F) illustrates
aMt in an AC to the left and an unmyelinated axon on the right within the neuropil. Magnifications are
noted in the upper part of each panel and scale bars are located at the lower left-hand side of all panels.
Scale bars = 0.5 μm in all images except for panel (B) with scale bar = 1 μm.

3.4. Implications of White Blood Cell (Mononuclear) Lymphocyte Adherence in DBC Models

Adherence of the mononuclear white blood cell (WBC) (lymphocyte) in some NUVs of the diabetic
DBC models have allowed not only the concept of an activated endothelium in DBC to be strongly
considered as compared to CKC but also have stimulated the question as to the possibility that the
aMGC may also be playing a role in signaling the WBC to come in contact with the EC and adhere to
an activated endothelium (Figure 13).

Previously, we had to include images of WBC adherence in Part I because there is such widespread
multicellular remodeling that it is difficult to just examine one aspect of cellular remodeling in
one image without including other cellular remodeling changes that concurrently occur in DBC
models [1]. Also, these glial remodeling changes are associated with hyperglycemia and it is important
to understand how hyperglycemia may drive the chronic neuroinflammation and the associated
compromise of BBB TJ/AJ, which promote an increase in permeability and leads to memory loss and
impaired cognition in T2DM mouse models in the diabetic DBC [18]. Activated microglia are known
not only to contain certain cell surface receptors but also are responsible for the secretion of a specialized
group of signaling cytokines and chemokines, which include monocyte chemoattractant protein 1
(MCP-1) chemokine also known as CCL2. Monocyte chemoattractant protein and other inflammatory
signaling molecules are thought to signal peripheral monocytes, neutrophils and lymphocytes to
adhere to the NVU endothelial cell and eventually undergo chemotaxis into the brain and migrate to
regions of injury (Figure 14) [19].
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Figure 14. Compilation of white blood cell adherence in diabetic DBC models. Panels (A,C–G) depict
multiple increasing magnifications of a white blood cell (WBC) adhering to the luminal activated
endothelial cell (EC). Panel B demonstrates a surveilling ramified microglia (rMGC) and note how it is
only surveilling the NVU for danger or damage signals. Also note the intact golden halo of astrocyte
end feet surrounding the NVU. This is in contrast to the reactive-activated (aMGC), which appears to
be invading the NVU. Note that in higher magnified images in panels (E–G) that the ECs also have
aberrant mitochondria (depicted as yellow cores with encircling red lines). Also, note in (C,D) that there
are some remaining intact astrocytes (iAC) to the right of the NVU (pseudo-colored golden); however to
the left, note the absence of iACs adjacent to the outer basement membrane (BM) of the EC and pericyte
of the NVU. Panel A depicts not only the adherence of a WBC to the activated EC but also depicts a
region of microbleeds (encircled pseudo-colored yellow with yellow dashed line and the abnormal
NVU with adherent WBC enclosed in a white line oval with pseudo-colored red interior. Panels (C–G)
depict adhesion sites (asterisks) with a dashed line where the adherence appears to be continuous.
The adherent mononuclear WBC cell is too small (2.5 × 4.5 μm) to be a monocyte and because of the
thinned nearly absent cytoplasm is morphologically considered to represent a lymphocyte. Varying
magnifications are present in the identifying boxes and the scale bars are present in the lower left of
each image. 2;1;1;1 μm (panels (A–D) respectively) and 0.5 μm (panels (E,G) respectively).

4. Discussion

Previously, we have presented the data supporting concurrent multicellular maladaptive
remodeling in the cells comprising the NVU structures I [1]. In the present paper we describe
ultrastructural remodeling of activated microglia, which also contain aberrant mitochondria and NVU
adherent WBCs to the activated luminal endothelial cell of the diabetic. Previously, we have posited
that activated microglia may be related to accelerated aging and the increased risk of developing
age-related neurodegeneration associated with T2DM (1). Furthermore, the ultrastructural changes
noted in the DBC models may possibly contribute to the increased risk of developing age-related
neurodegenerative disease and dementia such as sporadic Alzheimer’s disease (AD) and Parkinson’s
disease (PD) [1].

Mitochondrial dynamics are of critical importance in T2DM [20] and it has previously been
documented that there is an increase in dynamin-1-like protein (Drp1) fission protein and increased
activity of the glycogen synthase kinase 3 beta (GSK3β) proteins, while fusion proteins mitofusin-2
(Mfn2) and optic atrophy 1 (OPA-1) remain similar in T2DM as healthy controls [21,22]. Subsequently,
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the aberrant mitochondria are locked into a state of fission/fusion imbalance with mitochondrial
fission being predominate. Further, these aberrant mitochondria may result in damage not only to the
inner membranes but also the outer mitochondrial membranes that may allow for herniation and loss
of the mitochondrial matrix proteins and sometimes result in mitochondria swelling (Figure 15) [23].

Figure 15. Possible mechanisms for the development of aberrant mitochondria (aMt) in the diabetic
DBC models. (A,B) Illustrate possible Mt herniation with loss of Mt matrix proteins and crista with
intact scale bars. Panel (A) original magnification ×20,000 with intact scale bar = 100 nm. Panel
(B) original magnification ×4000 with intact scale bar = 500 nm. (A) depicts the loss of Mt matrix
proteins and crista with protein aggregation into the surrounding EC cytoplasm in the aMt possibly
via herniation (pseudo-colored yellow with encircling red line). Note that the outer Mt and inner
Mt membranes appear to be disrupted allowing it contents to herniate outward or leak into the
surrounding EC cytoplasm (arrows and red dashed lines). Interestingly, note the interruption of tight
junction/adherens junction (TJ/AJ electron-dense staining where there are overlapping ECs in (A).
Panel (B) also demonstrates three aMt with the superior aMt demonstrating possible herniation in a
dysmyelinated neuronal axon (pseudo-colored yellow with encircling red line). Importantly, note the
adjacent normal electron-dense Mt (encircled white) with electron-dense matrix and smaller size as
compared to the aMt in this myelinated axon. aMt: Aberrant mitochondria; BM: Basement membrane;
EC: endothelial cell; Mt: mitochondria; RBC: red blood cell.

Recently, there has been an interest in hyperglycemia-driven neuroinflammation, which may
compromise the integrity of BBB with increased permeability that leads to memory loss and impaired
cognition [18]. This, along with the increasing interest in the vascular contributions to cognitive
impairment and dementia, wherein scientific experts convened to discuss the research gaps in our
understanding of how vascular factors contribute to Alzheimer’s disease and related dementia has
been discussed. [24,25]. These contributions to cognitive impairment and dementia could be considered
inclusive of our current findings of the NVU remodeling including the glia ultrastructural remodeling
in the diabetic DBC models. We propose that this terminology would be even more inclusive and
put forth the title of microvascular contributions to cognitive impairment and dementia (Figure 16).
The clinical importance of which, may be discussed over the coming years and could possibly remain
a constant when discussing the microvascular and glia remodeling of the brain as an end-organ in
T2DM and diabetic cognopathy. The process of neuroinflammation including the activated microglia
remodeling abnormalities in the DBC are also now candidates to be included in this microvascular
contribution to cognitive impairment and dementia scenario. Importantly, a recent publication
regarding the virtual kaleidoscopic presentation of identifying core gene microglial phenotypes and
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disease-specific microglial signatures has been shared, which aid in our trek into the future along with
the concept of metabolic shifts and reprogramming of microglia [12,26].

Figure 16. Microvascular contribution to cognitive impairment and dementia. This cartoon image
with transmission electron microscopic image inserts (a–d) depict impaired glucose tolerance (IGT),
obesity and insulin resistance (IR) in diet-induced obesity (DIO) as the disease process progresses
to increased glucotoxicity to overt type 2 diabetes mellitus (T2DM) in humans and our DBC models
and may be associated with increasing cognitive impairment and dementia. As previously discussed,
this is associated with a plethora of morphological ultrastructural multicellular remodeling changes
and abnormalities, which include activated-amoeboid microglia cells (aMGC) (insert c) that may be
associated with increased synthesis and secretion of functional toxic cytokines and chemokines in
the DBC models. These abnormalities may contribute to neurodegeneration in addition to aMGC
nuclear chromatin condensation (insert d) and leaky aberrant Mt (aMt) (insert a). These aMGCs
may be associated and contribute to neuroinflammation, which may lead to the development
of microvascular contributions to cognitive impairment and dementia (MVCID) and furthermore,
may contribute to the development of sporadic Alzheimer’s disease (SAD) and sporadic Parkinson’s
disease (PD). AGE = advanced glycation end products; BBB: Blood brain barrier; DIO: Diet-induced
obesity; Inos: Inducible nitric oxide synthase; NOX = NADPH Ox (reduced nicotinamide adenine
dinucleotide phosphate); NV: Neurovascular; RAGE: Receptor for advanced glycation endproducts;
ROS: Reactive oxygen species; TJ/AJ: Tight junctions/adherens junctions; 3NT: 3 nitrotyrosine;
4HNE: 4 hydroxynonenal; 8oxodG: 8-Oxo-2′-deoxyguanosine, which are biomarkers of oxidative
stress for proteins, lipids, nucleic acids respectively.

Indeed, these are exciting times having identified microglial core ultrastructural phenotype
signatures consisting of amoeboid phenotypes, invasive NVU phenotypes, aberrant mitochondria and
chromatin condensation-compaction as described by utilizing the established technique of TEM and
the newer techniques of FIB/SEM. These established and newer techniques have allowed us to further
explore some of the hidden secrets as put forth in part I and now this part II series of the microglia
and mitochondria.

On October 2nd, 2018, we found the following paper updating the role of microglia and feel
that our readers should supplement our ultrastructural remodeling changes with a summary of the
functional microglia changes put forth by Hammond T.R., Robinton D. and Stevens B. in their published
preprint [27]. In the past few years there has been an explosion of functional information regarding
microglia receptors and secreted proteins for surveillance and immune responses to better understand
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their multiple roles. It is now very clear amongst microglia researchers that microglia may assume
a myriad of activation states or spectrum changes of activation (Figure 2) from their development
to their roles in forming ramified microglia to their spectrums of activated states, which includes
synaptic pruning in health and disease and their supportive role of synaptic maintenance [6,27],
Hammond T.R. et al. [27] state the following: “First, we must better understand the states that
microglia assume in both development and disease. It is widely agreed that the term activation, or the
bimodal M1/M2 scheme, does not sufficiently describe the multitude of ways in which these cells can
respond to changes in their environment or the diversity of their functional states.” Because of these
evolving current concepts, we only discussed our observational ultrastructural remodeling changes of
the microglia in relation to the neurovascular unit and other glial cells found in the female diabetic
db/db models (DBC) and did not go into any depth regarding their functional changes as we were only
performing ultrastructural remodeling changes. Indeed, these are exciting times to study the brain
and microglial cells and reflect on the secret (the tissues [1]) to see how they undergo ultrastructural
remodeling changes.

Supplementary Materials: The following are available online at http://www.mdpi.com/2571-6980/1/2/21/
s1, Figure S1: Cubed image pyramidal layer III region of interest, Figure S2: Region of Interest, Figure S3:
Neurovascular Unit with intact astrocytes, Figure S4: Activated microglia with aberrant mitochondria and
chromatin condensation, Video S1: Microglia actively cleaning pyramidal layer III, Video S2: Ramified microglia
surveilling the Neurovascular Unit, Video S3: Activated microglia with aberrant mitochondria and chromatin.
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Abstract: The unique properties of single-walled carbon nanotubes (SWCNTs) have made them
interesting candidates for applications in biomedicine. There are diverse chemical groups that can be
attached to SWCNTs in order for these tiny tubes to gain various functionalities, for example, water
solubility. Due to the availability of these “functionalization” approaches, SWCNTs are seen as agents
for a potential anti-cancer therapy. In this context, we tested different chemically-functionalized
forms of SWCNTs to determine which modifications make them better combatants against
glioblastoma (astrocytoma grade IV), the deadliest brain cancer. We investigated the effects that
two types of water soluble SWCNTs, functionalized with polyethylene glycol (SWCNT-PEG) or
tetrahydrofurfuryl-terminated polyethylene glycol (SWCNT-PEG-THFF), have on the morphology
and vitality, that is, cell adhesion, proliferation and death rate, of the D54MG human glioblastoma cells
in culture. We found that SWCNT-PEG-THFF solute, when added to culture media, makes D54MG
cells less round (measured as a significant decrease, by ~23%, in the form factor). This morphological
change was induced by the PEG-THFF functional group, but not the SWCNT backbone itself. We also
found that SWCNT-PEG-THFF solute reduces the proliferation rate of D54MG cells while increasing
the rate of cell death. The functional groups PEG and PEG-THFF, on the other hand, reduce the cell
death rate of D54MG human glioma cells. These data indicate that the process of functionalization of
SWCNTs for potential use as glioma therapeutics may affect their biological effects.

Keywords: glioblastoma multiforme; carbon nanotubes; morphology; cell adhesion; cell proliferation;
cell death rate

1. Introduction

Gliomas comprise the large majority of malignant brain tumors and are one of the deadliest
cancers, with a median survival of 14 months. The most aggressive glioma type is classified, based on
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its cell origin, as astrocytoma (high) grade IV, traditionally referred to as a glioblastoma multiforme
(GBM), which is the subject of this work. High grade gliomas are characterized by extensive
dispersal throughout the brain, indicative of their highly invasive nature [1]. Glioma cells have
to adjust their morphology, that is, become less round, during their invasion through the narrow and
tortuous extracellular space of the brain [2]. Aside from their invasive nature, their adhesion and
proliferative capabilities are factors contributing to their malignancy [3,4]. Finding new treatments
that would stop/attenuate the spread of GBMs would be a milestone; this requires a detailed analysis
of GBM biology.

The unique properties of single-walled carbon nanotubes (SWCNTs) have made them interesting
candidates for applications in biotechnology and biomedicine [5,6]. In the context of glioma
nanotechnology and translational therapeutics, functionalized SWCNTs have been used as carriers
in advanced drug delivery systems [7–9] or as agents for photothermal therapy [10–13] in variety
of human GBM and murine models, capitalizing on the availability of diverse and well established
chemistries for the functionalization of SWCNTs [5,6] (i.e., attachment of various chemicals to the
SWCNTs in order for tubes to gain a functionality, e.g., water solubility) and their properties to produce
heat when exposed to non-ionizing near-infrared radiation [14]. These investigations have driven
the development of functionalized SWCNTs as a carrier/delivery agent to cancer tissue; a variety
of functionalizations of SWCNTs with molecules rendering their water solubility, a prerequisite for
bio applications, have been developed. However, there has been a void in understating the effect
of the components of such conjugate nanomaterials on GBM cells. For instance, possible effects of
the functionalization group(s) of the conjugate SWCNT nanomaterial are not well described in the
literature. Similarly, basic cell biology measurements, such as cell morphology, adhesion, proliferation
and death rate, caused by the conjugate SWCNTs vs. their solubilization functional groups, have not
been well described. In the present work we set to investigate these issues.

Our present work logically sprouts from our previous studies of the effect that SWCNTs have
on primary astrocytes, as reviewed elsewhere [15]. Briefly, to investigate the effects of SWCNTs on
primary mouse astrocytes in culture, we used graft copolymers/conjugates of SWCNTs chemically
functionalized with polyethylene glycol (PEG) or poly-m-aminobenzene sulfonic acid (PABS) making
SWCNTs water soluble (wsSWCNTs) [16,17]. When added to the culturing medium, wsSWCNTs
were able to make astrocytes larger and less round compared to the untreated astrocytes, but these
nanomaterials did not affect astrocyte vitality, that is, cell adhesion, proliferation and death rate [17].
Generally, the data indicated the necessity of the SWCNT backbone for the changes induced by the
water-soluble graft copolymers, while some subtle differences in the effects that SWCNTs had on
astrocytes (for clarity details omitted here, but summarized and reviewed in [15] and Table 1 of [17];
also see discussion) were due to the various functional groups attached to the SWCNTs.

In the present study, we aim to investigate the effects that two types of wsSWCNTs, SWCNTs
functionalized with polyethylene glycol (SWCNT-PEG) [16,17] and SWCNTs functionalized with
tetrahydrofurfuryl-terminated polyethylene glycol (SWCNT-PEG-THFF) [18], have on the morphology
and vitality of the D54MG human glioma cell line. We found that SWCNT-PEG-THFF solute induces
morphological changes in D54MG human glioma cells. These changes were induced by the functional
group, and not the SWCNT backbone itself. Other findings show that, SWCNT-PEG-THFF solute
reduces the proliferation potential of D54MG human glioma along with increasing the relative cell
death rate, while the functional groups PEG and PEG-THFF reduce the cell death rate of D54MG
human glioma cells. Taken together, our present work indicates that additional care should be taken
in the process of functionalization of SWCNTs for potential use as glioma therapeutics, as SWCNT
conjugates may cause differential biological effects pending on the functional group rendering their
water solubility.
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2. Materials and Methods

2.1. Water-Soluble Single-Walled Carbon Nanotubes

Single-walled carbon nanotubes were rendered water soluble by covalent attachment of PEG
(molecular mass 600 g/mol) or PEG-THFF (molecular mass 200 g/mol) to their walls. These graft
copolymers were synthesized and characterized as described in detail elsewhere [16,18]. Single-walled
carbon nanotubes- polyethylene glycol used in this study contained, 23 wt% PEG, while the
SWCNT-PEG-THFF contained 21 wt% PEG-THFF. Both the SWCNT graft co-polymers were used
as colloidal aqueous solutes in cell culture media (see below) at a concentration of 5 μg/mL, chosen
based on our previous work [16,17,19]. The functional groups, PEG or PEG-THFF, were used at a
concentration of 1 μg/mL, corresponding to 20 wt% of the functionalized wsSWCNTs.

2.2. Human Glioblastoma Multiforme Cell Culture

The human glioma cell line D54MG (classified as a glioblastoma multiforme, GBM, also known
as grade IV astrocytoma) modified to stably express enhanced green fluorescent protein (EGFP),
as previously described [20,21], was provided by Dr. Harald Sontheimer (at that time at The University
of Alabama at Birmingham). From here, we refer to these cells as D54MG-EGFP cells, which were
used in all the experiments with the exception of the immunocytochemistry data in Supplementary
information, where we used unmodified D54MG cells, also provided by Dr. Harald Sontheimer [20],
which originate from Dr. Darrell D. Bigner (Duke University, Durham, NC, USA). We maintained
these cells in tissue culture dishes at 37 ◦C in a 90% air/10% CO2 atmosphere incubator in cell
culture media containing Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/F-12,
Life Technologies, Carlsbad, CA, USA) supplemented with 2 mM L-glutamine and 7% Fetal Bovine
Serum (HycloneTM, ThermoFisher Scientific, Waltham, MA, USA) and used them in the experiments
within 20 passages. For the experiments, glioma cells propagating in the dishes were washed
with Hank’s balanced salt solution (ThermoFisher Scientific, Waltham, MA, USA) and treated with
0.25% trypsin-EDTA (ThermoFisher Scientific, Waltham, MA, USA) for 2 mins to detach the cells.
The resulting cell suspension was pelleted by centrifugation for 7 mins at 100× g. The pellet was
resuspended in fresh culture media and plated onto round glass coverslips (12 mm in diameter)
pre-cleaned with RBSTM 35 (ThermoFisher Scientific, Waltham, MA, USA) [22]. To allow cells to
settle, coverslips were returned to the incubator for 1 h, after which the cell suspension was replaced
with fresh cell culture media. At this point, a subset of the cells on coverslips received treatments of
SWCNT-PEG or SWCNT-PEG-THFF, or the functional groups, PEG or PEG-THFF, added to the culture
media and returned to the incubator until used in the experiments.

2.3. Live Cell Imaging

The coverslips with D54MG-EGFP cells were mounted onto an imaging chamber filled with
external solution (pH 7.4), consisting of sodium chloride (140 mM), potassium chloride (5 mM),
calcium chloride (2 mM), magnesium chloride (2 mM), D-glucose (5 mM) and HEPES (10 mM), at room
temperature (22–25 ◦C) and standard atmospheric conditions. An inverted microscope (Nikon TE300;
Nikon, Inc., Melville, NY, USA) equipped with differential interference contrast (DIC) and wide-field
epifluorescence illumination (100 W halogen and 75 W metal halide lamps, respectively) was used
with a standard fluorescein isothiocyanate (FITC) filter set to visualize the D54MG-EGFP cells. Images
were acquired using a CoolSNAP®-HQ cooled charge coupled device camera (Photometrics, Tucson,
AZ, USA) driven by MetaMorph® 6.1 imaging software (Molecular Devices, Chicago, IL, USA).

2.4. Morphometric Analysis

To assess the cellular morphology, solitary D54MG-EGFP cells were imaged, 1-day post-plating,
using the above described microscope and a 60× Plan Apochromatic oil-immersion objective. The images
were analyzed using a previously described algorithm [16] to measure the area and perimeter of the
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individual cells, except that here we used the EGFP fluorescence instead of the previously used calcein
fluorescence to obtain the outline of the cell. The area and perimeter values were further used to calculate
the form factor (FF; defined as [4π × (Area)/(Perimeter)2]) which is a measure of the roundness of an
object/cell; a perfectly round/circular object has a FF = 1, while FF ≈ 0 describes a line.

2.5. Vitality Assay

To assess the vitality characteristics of SWCNT-treated D54MG-EGFP cells, that is, cell adhesion,
proliferation and death rate, coverslips with cells were imaged 2 h and 2 days post-plating. The 2-h
time point was used to establish initial plating density, that is, cell adhesion, while the 2-day time point
was used to assess the proliferation of cells, under each condition. Prior to imaging, all the cells were
incubated for 10 min in external solution containing 1 μg/mL of the cell permeable nuclear dye Hoechst
33342 (2′-[4-ethoxyphenyl]-5-[4-methyl-1-piperazinyl]-2,5′-bi-1H-benzimidazole trihydrochloride
trihydrate; ThermoFisher Scientific, Waltham, MA, USA) to label the nuclei. After rinsing, the cells were
then imaged using the above described microscope and a 20× Plan Fluor objective. The fluorescence
of Hoechst 33342 was visualized using a standard 4′,6-diamidino-2-phenylindole (DAPI) filter set,
while a FITC filter set was used to image the cytosol of cells, containing EGFP, with their plasma
membranes intact. The FITC and DAPI images where then merged, using ImageJ software (National
Institutes of Health, Bethesda, MD, USA), to visualize the cells and their corresponding nuclei. The cells
positive for EGFP and Hoechst were considered live, while positively stained nuclei with Hoechst
lacking surrounding EGFP stain were considered to represent dead cells. The number of nuclei per
total viewed area (0.75 mm2) was counted, as we described in detail elsewhere [23]; cell density was
expressed as number of cells per cm2.

2.6. Statistics

Statistical analysis was done using GB-STAT version 6.5 software (Dynamic Microsystems, Inc., Silver
Spring, MD, USA) and SAS Software, version 9.2 of the SAS software for Windows (SAS Institute Inc.,
Cary, NC, USA). The number of subjects (cells or coverslips) required for comparison was estimated
using power analysis (set 80% and α = 0.05) and guided by our previously published work [16,17,19,23].
Some groups deviated from normality based on Shapiro-Wilk or D’Agostino-Pearson tests for normality.
Consequently, all the data are reported as median with interquartile range (IQR) and nonparametric
statistics were used. To test the difference between the 2-h and 2-day time points in the vitality assay,
the two groups were compared using Mann-Whitney U-test. For all the other experiments, the multiple
independent groups were analyzed using Kruskal-Wallis One-Way ANOVA followed by Dunn’s test
(significance established at p < 0.05).

3. Results

3.1. Effect of wsSWCNTs on the Morphology of D54MG-EGFP Glioma Cells

During their invasion through the extracellular space of the brain, glioma cells have to adjust
their morphology and become less round [2]. Thus, we assessed the effects of wsSWCNTs on the
morphological parameters of D54MG-EGFP human glioma cell line (Figure 1). To accomplish this,
D54MG-EGFP cells were plated onto glass coverslips and incubated for 24 h in the absence or the
presence of 5 μg/mL SWCNT-PEG or 5 μg/mL SWCNT-PEG-THFF, and then imaged using a standard
FITC filter set and a 60× objective (Figure 1A). Images of solitary cells, that is, cells devoid of contact
with other cells, were analyzed to obtain the area and perimeter values of the cells (Figure 1B).
These values were further used to calculate the form factor, a measure of cell roundness (Figure 1B).
We found that D54MG-EGFP cells, when treated with SWCNT-PEG, did not show any differences in
the morphological parameters compared to the untreated cells (Figure 1B). D54MG-EGFP cells treated
with SWCNT-PEG-THFF also showed no significant changes in the area and perimeter of the cells
compared to the untreated cells. However, they showed a significant decrease (by ~23%) in the form
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factor compared to the untreated cells implying that the SWCNT-PEG-THFF causes a change in the
cell shape (cells were less rounded), but not the size of D54MG-EGFP cells.

Figure 1. Single-walled carbon nanotubes functionalized with tetrahydrofurfuryl-terminated polyethylene
glycol (SWCNT-PEG-THFF) solute induces morphological changes in D54MG- enhanced green fluorescent
protein (EGFP) human glioma cells. (A) Images of solitary control, SWCNT-PEG-treated and
SWCNT-PEG-THFF-treated D54MG-EGFP glioma cells in culture plated onto glass coverslips. Scale bars,
20 μm. (B) Summary graphs showing the effects of SWCNT-PEG and SWCNT-PEG-THFF on the
morphology of D54MG-EGFP human glioma cells. Number of D54MG-EGFP cells studied in each
condition is given in parentheses. The boxes represent medians with interquartile range (IQR). Asterisk
indicates a statistical difference when compared to the control group. Kruskal-Wallis one-way ANOVA
followed by Dunn’s test. *: p < 0.05.

Since the SWCNTs have been chemically functionalized to render aqueous solubility, the question
arose if the functional groups by themselves could cause any changes in the morphology of
D54MG-EGFP cells. To assess this, D54MG-EGFP cells were treated with the functional groups
PEG (1 μg/mL) or PEG-THFF (1 μg/mL), imaged (Figure 2A) and the morphological parameters of
the cells were quantified (Figure 2B); the rationale for choosing the concentration of functional groups
used is provided in Material and Methods. We found similar results to those obtained when cells
were treated with wsSWCNTs, that is, the cells treated with PEG showed no significant differences
in all the morphological parameters assessed and PEG-THFF-treated cells showed no significant
differences in the area and the perimeter compared to the untreated cells (Figure 2B). However, there
was a significant decrease (by ~24%) in the form factor of cells treated with the functional group
PEG-THFF compared to the untreated cells as well to that of cells treated with PEG alone (Figure 2B).
As the magnitude of this decrease in the form factor was comparable to that seen in cells treated
with SWCNT-PEG-THFF (24% vs. 23%, compare Figures 1B and 2B, respectively), morphological
changes observed in D54MG-EGFP cells treated with SWCNT-PEG-THFF appear to be caused by the
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functional group, likely its THFF moiety (as per additional comparison to SWCNT-PEG data), and not
the SWCNT backbone itself.

Figure 2. The functional group PEG-THFF induces morphological changes in D54MG-EGFP human
glioma cells. (A) Images of solitary control, PEG-treated and PEG-THFF-treated D54MG-EGFP glioma
cells in culture plated onto glass coverslips. Scale bars, 20 μm. (B) Summary graphs showing the effects
of the functional groups PEG and PEG-THFF on the morphology of D54MG-EGFP human glioma cells.
Asterisks indicate a statistical difference when compared to the control group. The other difference is
marked with a bracket. Other annotations as in Figure 1. *: p < 0.05; **: p < 0.01.

3.2. Effect of wsSWCNTs on the Vitality of D54MG-EGFP Cells

Cell adhesion and proliferation are the factors contributing to malignancy of GBM [3,4]. Thus,
we studied whether wsSWCNTs cause changes in the vitality of D54MG-EGFP cells, by assessing
adhesion, proliferation and death rate of these glioma cells (Figure 3). We plated D54MG-EGFP
cells onto glass coverslips and incubated them for 2 h or 2 days in the absence, or the presence of
5 μg/mL SWCNT-PEG or 5 μg/mL SWCNT-PEG-THFF. The 2-h time point was used to establish
the initial plating density reporting on cell adhesion, while the 2-day time point was used to assess
the proliferation capability of the cells. The nuclei of the cells were labeled with a cell permeant dye
Hoechst 33342. The cells were imaged using standard FITC (for cytosolic EGFP) and DAPI (nuclear
Hoechst stain) filter sets and a 20× objective (Figure 3A). We quantified and reported the number of
live D54MG-EGFP in each of the conditions along with the percentage of dead cells (Figure 3B,C).
We found that the number of live D54MG-EGFP cells, at the 2-h time point, did not show any significant
differences between the groups assessed, implying that the initial seeding density was similar across
all the groups (Figure 3B). We also found that the number of live cells at the 2-day time point were
significantly higher in all the groups compared to their corresponding 2-h time point implying that
the cells undergo proliferation in all the conditions (Figure 3B); the proliferation rate (ratio of counts
of live cells at 2-day vs. 2-h time points) was 2.1 in control, 1.6 in SWCNT-PEG-treated and 1.3 in
SWCT-PEG-THFF-treated groups. However, we found that the cells treated with SWCNT-PEG-THFF
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show a significant decrease in the number of live cells compared to the untreated cells at the 2-day
time point indicating that SWCNT-PEG-THFF reduces the proliferation rate of D54MG-EGFP cells.
The percentage of dead D54MG-EGFP cells, however, did not show any significant differences between
the groups at each of the time points (Figure 3C). We also did not find any significant differences
between the two time points in the control and SWCNT-PEG-treated groups. However, the cells treated
with SWCNT-PEG-THFF showed a significant relative increase (~35%) of dead cells at the 2-day as
compared to 2-h time point (Figure 3C). Taken together, these results imply that the SWCNT-PEG-THFF
solute causes a reduction in the proliferation rate of D54MG-EGFP cells along with an increase in their
cell death rate.

Figure 3. SWCNT-PEG-THFF solute reduces the proliferation rate of D54MG-EGFP human glioma cells.
(A) Images of D54MG-EGFP glioma cells (left column) and their corresponding nuclei labeled with the
cell permeable nuclear dye Hoechst 33342 (middle column); right column shows the merge of the images.
Rows (top-bottom) show images of the control, SWCNT-PEG-treated and SWCNT-PEG-THFF-treated
D54MG-EGFP glioma cells, 2 days post-plating. Scale bar, 50 μm. (B) Summary graph showing
the median and IQR numbers of live cells per cm2 of the control, SWCNT-PEG-treated and
SWCNT-PEG-THFF-treated coverslips, 2 h (red) and 2 days (green) post-plating. (C) Summary graph
showing the median and IQR percentages of dead cells in the above setting. The numbers in parentheses
represent the number of coverslips imaged in each group. Asterisks indicate a statistical difference
compared to the control group. The other differences are marked by the brackets. Mann-Whitney
U-test was used for the comparison between the time points and Kruskal-Wallis one-way ANOVA
followed by Dunn’s test was used for the comparison between the different conditions at each time
point; *: p < 0.05; **: p < 0.01.

As in the morphology study, we assessed whether the functional groups by themselves could
cause any change in the vitality of D54MG-EGFP cells (Figure 4). D54MG-EGFP cells were plated onto
glass coverslips and incubated for 2 h or 2 days without or with the addition of the functional groups
PEG (1 μg/mL) or PEG-THFF (1 μg/mL). We imaged and quantified the number of live cells in each of
the conditions and time points and found that the number of live cells were not significantly different
between the groups at each of the time points (Figure 4A,B). The numbers of live D54MG-EGFP cells
in all the groups were significantly higher at the 2-day time point compared to the corresponding
2-h time point confirming that the cells are proliferating in all the conditions. The proliferation
rates were 2.1 in control group and 1.6 in PEG-treated D54MG-EGFP cells, matching those rates
obtained in SWCNT-PEG-treated cells and their controls (compare Figures 3B and 4B). The sole
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mismatch was a proliferation rate of 1.5 in the PEG-THFF-treated group (Figure 4B) as compared to
that of 1.3 seen in SWCT-PEG-THFF-treated D54MG-EGFP cells (Figure 3B). This indicates that the
effect of SWCNT-PEG-THFF on D54MG-EGFP proliferation rate seem to be mainly caused by the
SWCNT backbone.

Figure 4. The functional groups PEG and PEG-THFF reduce the cell death rate of D54MG-EGFP human
glioma cells. (A) Images of D54MG-EGFP glioma cells (left column) and their corresponding nuclei
labeled with the cell permeable nuclear dye Hoechst 33342 (middle column); right column shows
the merge of the images. Rows (top-bottom) show the control, PEG-treated and PEG-THFF-treated
D54MG-EGFP glioma cells, 2 days post-plating. Scale bar, 50 μm. (B) Summary graph showing the
median and IQR numbers of live cells per cm2 of the control, PEG-treated and PEG-THFF-treated
coverslips, 2 h (red) and 2 days (green) post-plating. (C) Summary graph showing the median and IQR
percentages of dead cells in the above setting. Other annotations as in Figure 3.

We then analyzed the percentage of dead cells and found that the cells treated with PEG or
PEG-THFF did not show any significant difference in the percentage of dead cells at the 2-h time
point compared to the untreated cells (Figure 4C). However, the cells treated with PEG-THFF showed
significantly lower percentage of dead cells at the 2-h time point compared to the cells treated with
PEG. We also found that the percentage of dead cells was significantly lower at the 2-day time
point compared to the corresponding 2 h time point for the cells treated with PEG and PEG-THFF;
the untreated cells did not show any difference between the two time points. In addition, we found that
the cells treated with PEG-THFF showed a significantly lower percentage of dead cells compared to the
untreated cells, as well as the cells treated with PEG, at the 2-day time point. Taken together, it appears
that both the functional groups, PEG-THFF in particular, have a protective effect on D54MG-EGFP
human glioma cells survival (Figure 4C), and that the increase death rate seen in cells treated with
SWCNT-PEG-THFF is mediated by the SWCNT backbone (Figure 3C).

4. Discussion

In the present study, the application of SWCNT-PEG to D54MG-EGFP cells didn’t cause a change
in the morphological characteristics of these malignant human astrocytes. This is in stark contrast
with the results we previously obtained using primary cultures of mouse cortical astrocytes, which
exhibited a reduction in the form factor upon exposure to SWCNT-PEG [16,17]. That effect, associated
with an increase in glial fibrillary acidic protein (GFAP) immunoreactivity [16,17], was taken as a
sign of astrocyte maturation and was ascribed to the SWCNT backbone, because PEG alone had no
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effect on the form factor [17]. However, SWCNT-PEG failed to induce changes in the form factor of
astrocytes isolated from knock-out mice lacking GFAP expression [17], pointing to a GFAP-dependent
process. Interestingly, D54MG glioblastoma cells lack expression of GFAP (Supplementary Information,
Figure S1), as expected for a high malignancy grade glioma [20,24]. Whether GFAP absence in D54MG
cells render their irresponsiveness to the SWCNT-PEG in terms of form factor dynamics, observed in
the present work, could be experimentally addressed in future by transfection of these cells to express
GFAP. Similarly, the differences between the effects that SWCNT-PEG-THFF has on glioma cells,
obtained here, as opposed to those it might have on primary astrocytes await further experimentation.
It should be noted, however, that in the previous work on astrocytes, we plated astrocytes onto
polyethyleneimine-coated coverslips, while in the present work the same kind of glass coverslips have
been used plain/uncoated for the plating of D54 glioblastoma cells. As earlier studies suggested that
substrate qualities play a role in neuronal [25,26] and astrocytic morphology [23], it is possible that
the differential effects of SWCNT-PEG on astrocytes and D54MG-EGFP glioblastoma cells have arisen
from the use of different, plain vs. coated, glass coverslips for cell plating.

The vitality assay shows that the D54MG-EGFP cells treated with SWCNT-PEG have similar
adhesion, proliferation and death rate as control, untreated cells. These findings are in agreement
with the results we previously obtained using wild-type GFAP-expressing astrocytes exposed to this
nanomaterial (Figure 4 of [17]). However, based on that previous work, we would predict SWCNT-PEG
to promote cell death rate in GFAP-negative D54MG cells. Namely, unlike their control (wild-type
GFAP-expressing astrocytes), GFAP knock-out astrocytes exposed to SWCNT-PEG had a significantly
increased cell death rate (Figure 4B of [17]). At the time, that finding led us to speculate that GFAP in
wild-type astrocytes might have a protective role against hitherto unacknowledged harmful effects of
SWCNT-PEG. The present results showing unaffected percentage of dead D54MG-EGFP cells when
treated with SWCNT-PEG indicates that the very notion cannot be extended to malignant astrocytes.

In the present work, we find that PEG itself reduced the number of dead D54MG-EGFP cells
(Figure 4C). This finding is at odds with our previous data collected from wild-type astrocytes showing
the opposite effect, that is, increased astrocyte cell death rate in presence of PEG (Figure S2 of [17]).
Thus, it appears that PEG itself is harmful to normal astrocytes, while protective of D54MG-EGFP
glioma cells. These disparate finding warrants future investigation regarding the underlying molecular
mechanisms that might mediate the differential effect of PEG on normal vs. malignant astrocytes.
More importantly, our findings raise concerns in regard to the use of PEG itself for therapeutics in
gliomas [27–29].

At present, we are unaware of a study using SWCNT-PEG-THFF on astrocytes, and hence
we cannot attempt any comparison on the effects of this nanomaterial on primary astrocytes vs.
their malignant counterparts. However, we compare the effects exerted by SWCNT-PEG and
SWCNT-PEG-THFF on D54MG-EGFP glioma cells. The reduction of form factor seen in D54MG-EGFP
cells treated with SWCNT-PEG-THFF appears to be caused by the THFF moiety of the functional
group. Albeit we have not directly tested this idea, the lack of the effect on D54MG-EGFP cells
form factor by PEG and SWCNT-PEG supports this inference. Whether presumed direct THFF effect
on D54MG-EGFP morphology, as these malignant astrocytes become less round, is an expression
of an increase in their invasiveness [2], or perhaps it represents their re-differentiation, similar to
stellation/maturation in normal astrocytes [16], remains to be investigated. Vitality assay using
D54MG-EGFP cells indicates that SWCNT-PEG-THFF also reduces cell proliferation and increases
the cell death rate, both of which were unaffected by SWCNT-PEG (Figure 3B,C); this intuitively
points again towards THFF as a mediator of the co-polymer effect on D54MG-EGFP cells. However,
this idea is not supported by the effects of functional groups alone (Figure 4C), and the possible
explanation is rather more complex. Namely, both functional PEG and PEG-THFF groups, without
affecting cell proliferation, reduce the cell death rate (Figure 4C), an effect that is more pronounced
in D54MG-EGFP cells treated with PEG-THFF. Taken together, it appears that the functional groups
we use are protective for D54MG-EGFP cells, while the SWCNT backbone seems detrimental to these
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malignant human astrocytes. It is tempting to speculate that the differential effect of SWCNT-PEG and
SWCNT-PEG-THFF is due to an increase in the bioactivity of SWCNT-PEG-THFF, likely due to the
utilization of THFF, which is known to prevent possible PEG cross-linking between SWCNT-PEG [18]
and thus increases water solubility of SWCNT-PEG-THFF and its bioactivity. Consequently, any use of
SWCNT co-polymers in therapeutic approaches for gliomas will need to be preceded by the synthesis
and characterization of SWCNT copolymers utilizing some functionalization group(s) that would
not oppose the SWCNT harmful effect. Given the multitude of chemistries and functional groups
available for carbon nanotubes [5], this task seems doable, albeit time-consuming. Moreover, our
data raise concerns over the use of THFF groups to enhance bioavailability of variety of compounds
(e.g., thiamine) in the brain for in vivo clinical translational applications [30,31].

Interestingly, Santos et al. [10] used carboxylated SWCNTs (SWCNT-COOH) on human U251
glioma cell line. They found that U251 cells had reduced proliferation rate by ~20% upon a 3-day
treatment with SWCNT-COOH at the concentration of 3 μg/mL. Furthermore, they observed an
increased cell death rate (~36% for apoptotic death rate and ~170% for necrotic death rate; estimated
from their Figure 1A) at the concentration of 10 μg/mL [10]. These findings are similar to those we
observe when treating D54MG-EGFP cells with SWCNT-PEG-THFF, with the proliferation rate reduced
by ~21% (control vs. SWCNT-PEG-THFF; Figure 3B) and the cell death rate percentage increase by
~35% (2-h vs. 2-day time period for SWCNT-PEG-THFF group; Figure 4C). It should be noted that we
use SWCNT-COOH (albeit from a different source than those used in Santos et al.) as an initial reactant,
which gets completely consumed, in the synthesis of both SWCNT-PEG and SWCNT-PEG-THFF
(details available in [16,18]). As the treatment of U251 glioma cells with the COOH functional group
was not reported [10], we cannot make further comparisons to our data. Also, the comparison made
above is based on two different glioma cell lines grown on two different strata and under different
culturing conditions; U251 cells were grown on a plastic stratum [10], while here D54MG-EGFP cells
grew on plain glass coverslips. However, these technicalities should not distract from the emerging
picture that, depending on conditions and cells treated with SWCNT conjugates, it appears as both
the SWCNT backbone and/or functionalized groups, albeit the latter only meant to increase water
solubility of SWCNT conjugate, can exert a biological effect.

In the context of glioma SWCNT therapeutics, our present work indicates that additional care
should be taken in the selection of functional groups, as SWCNT conjugates may cause differential
biological effects mediated by the SWCNT backbone and/or functional group.

Supplementary Materials: The following are available online at http://www.mdpi.com/2571-6980/1/2/22/s1,
Figure S1: GFAP expression in primary mouse astrocytes and lack thereof in D54MG human glioma cells.
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Abstract: Aging-related tau astrogliopathy (ARTAG) is an umbrella term that encompasses a
spectrum of morphological abnormalities seen in astrocytes of the aging brain using immunostaining
for pathological forms of the microtubule-associated protein tau. Morphologies of ARTAG include
thorn-shaped astrocytes (TSA), and additionally granular/fuzzy astrocytes (GFA) characterized by
fine granular tau immunoreactivity extending into the astrocytic processes. Thorn-shaped astrocytes
can be present in the same brain in subpial, subependymal, perivascular, and white and gray
matter locations together with GFAs, which are seen in the gray matter. Primary tauopathies show
ARTAG-related morphologies as well, moreover, GFA has been proposed to present a conceptual link
between brain ageing and primary tauopathies. Sequential distribution patterns have been recognized
for subpial, white and gray matter ARTAG. This either suggests the involvement of astrocytes in the
propagation of tau pathology or reflects the consequence of a long-term pathogenic process such as
barrier dysfunction, local mechanical impact, or early response to neuronal degeneration. The concept
of ARTAG facilitated communication among neuropathologists and researchers, informed biomarker
researchers with focus on tau-related indicators and motivated further exploration of the significance
of astrocytic lesions in various neurodegenerative conditions.

Keywords: aging-related tau astrogliopathy (ARTAG); aging-related tau astrogliopathy; astroglia;
barrier; neurodegenerative disease; protein-astrogliopathy; protein astrogliopathy (PAG); tau

1. Introduction: What Is ARTAG?

Aging-related tau astrogliopathy (ARTAG) is an umbrella term that encompasses a spectrum
of morphological abnormalities seen in astrocytes using immunostaining for pathological forms of
the microtubule-associated protein tau, mainly in the aging brain [1]. This term was introduced to
harmonize the nomenclature and evaluation strategies for the different morphological forms of tau
immunoreactive astrocytes previously described by several authors. ARTAG includes morphologies
described originally as thorn-shaped astrocytes (TSA) as well as fine granular tau immunoreactivity
extending into the astrocytic processes in the gray matter, now called granular/fuzzy astrocytes
(GFA) [1].

Ikeda and colleagues were the first to describe TSAs in the subpial or subependymal regions
of the gray and white matter, and frequently in the depths of the gyri, as well as in the basal
forebrain and brainstem, in aged individuals [2–4]. This was followed by a study from Schultz
et al. reporting a high prevalence of TSAs in the aged human medial temporal lobe, particularly at the
level of the amygdala [5]. Interestingly, TSA-like morphologies have been described in aged gorillas,
and particularly in baboons, but not in other primates [6–9]. This is possibly due to differences in
the tau sequence or the lack of sufficient neuropathological studies focusing on tau pathologies in
animals [10]. Diffuse granular tau immunoreactivity in astrocytic processes has been described in
the context of a study on a peculiar constellation of tau pathology in aged demented individuals [11].
However, the term GFA was introduced only in the consensus paper on ARTAG [1].
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In TSAs, tau immunoreactivity is localized in the astrocytic perikarya with extension into the
proximal parts of the astrocytic processes, with inclusions also in the astrocytic end feet at the glia
limitans around blood vessels and at the pial surface [1]. The processes are thick and short and
thus reminiscent of thorns. In contrast, GFAs exhibit fine granular immunoreactivity of branching
processes with a few dilations, and the perinuclear soma is densely immunoreactive in most of these
astrocytes [1]. These two types of tau immunoreactive astrocytes can both be present in the same brain.
Thorn-shaped astrocytes are seen mostly in subpial, subependymal, or perivascular areas, as well as in
the white, and less so, in the gray matter. Granular/fuzzy astrocytes are observed in the gray matter.
In both the white and gray matter, TSAs and GFAs may build clusters.

For the evaluation of ARTAG a simple strategy has been proposed [1]:

1. Identify the morphologic and distribution types of ARTAG based on parenchymal localization of
TSA and GFA: i.e., subpial, subependymal, perivascular, white matter, and gray matter.

2. Identify involvement of gross anatomical regions such as the medial temporal lobe, further lobes
of the brain, subcortical structures, and the brainstem.

3. Document the severity of ARTAG pathology; in particular, whether this is seen in occasional or
in numerous astrocytes and whether clusters or widespread distribution is noted.

4. Finally, particularly for scientific discovery studies, detailed anatomical mapping
is recommended.

In a consecutive study, digital images were evaluated by a group of researchers to evaluate
whether these strategies are reproducible [12]. This study revealed the challenging issues of always
being able to readily differentiate and clearly classify tau-positive astrocytic lesions. Still, this motivates
further exploration of the significance of astrocytic lesions in neurodegenerative disorders and further
consensus meetings to reach high agreement. Otherwise, the comparability of research studies will
be questionable.

2. ARTAG and Primary Tauopathies

Morphologies of ARTAG may be seen in so-called primary tauopathies as well. Indeed TSA as
described by Ikeda et al. [2–4] were similar in morphology to the tau-positive astrocytes described
by Nishimura et al. in progressive supranuclear palsy (PSP) [13]. The concept of GFAs has only
recently been added to the spectrum of primary tauopathy-related astroglial tau pathologies [14].
Primary tauopathies are biochemically, genetically, clinically and neuropathologically heterogeneous
neurodegenerative disorders characterized by the abnormal deposition of tau protein in different cell
types of the central nervous system, including neurons and neuroglia. Tauopathies are classified
based on the distribution and spectrum of cell types involved and also on a biochemical level.
In spite of showing a wide spectrum of biochemical modifications, currently the most widely accepted
classification focuses on the predominance of four-repeat (4R) or three-repeat (3R) isoforms of the tau
protein, or the presence of both [15].

Importantly, TSAs and GFA-like astrocyte morphologies are common, but not the distinguishing
astrocytic morphologies seen in primary tauopathies. The most characteristic astrocytic tau
pathologies in primary tauopathies comprise tufted astrocytes in PSP, astrocytic plaques in corticobasal
degeneration (CBD), globular glial inclusions in globular glial tauopathies (GGT), and ramified
astrocytes in Pick’s disease (PiD) [15]. 4R-tauopathies comprise PSP, CBD and GGT, while PiD is a
3R-predominant tauopathy [15]. A further disease affecting the limbic system showing characteristic
grains in the neuronal dendrites, hence called argyrophilic grain disease (AGD) also exhibits
tau immunoreactive astrocytes in the medial temporal lobe often termed bushy astrocytes in the
literature [16,17]. However, these are now also called GFAs due to their similarity to gray matter
ARTAG [1]. Finally, the mixed 3R + 4R disease primary tauopathy (PART), which shows neurofibrillary
tangles as in Alzheimer‘s disease (AD), but without significant amyloid-β plaques, does not show the
specific tau pathology of astrocytes, but can be associated with ARTAG [14,18]. FTDP-17, or hereditary
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frontotemporal dementia associated with mutations in the MAPT gene, shows a wide variety of tau
pathologies and various constellations of tau isoforms [19]. Although astrocytic tau pathology has been
readily recognized in several hereditary conditions [9,20], the descriptions vary considerably making
comparisons difficult. Tau pathologies resembling ARTAG are also recognized [20]. Interestingly,
subpial ARTAG was prominently seen in a recently reported 49-year old demented individual with
MAPT gene duplication [21,22], suggesting that an imbalance of tau homeostasis may contribute to
the early development of an otherwise age-related pathology.

Since GFA-like morphologies are seen in primary tauopathies, we introduced the concept that,
analogously to the pretangles, which might be a preceding form of neurofibrillary tangles, the first
step of astrocytic pathology might be the fine granular accumulation in astrocytic processes [14,20].
These tau deposits are then potentially redistributed to distal or proximal segments of the astrocytic
cytoskeleton and eventually aggregate and become detectable using silver-stainings or anti-ubiquitin
antibodies [14,23]. This concept allows the speculation that pure detection of single astrocytes with fine
granular phospho-tau immunoreactivity in the human brain might represent an early preclinical form
of primary tauopathy or ARTAG, or eventually the first moment of a response to a neurodegenerative
event [14,20].

Ferrer et al. [24,25] showed that the biochemical signature of astroglial tau pathology in the elderly
in both white and gray matter (i.e., representing ARTAG) differs in some aspects from that of other
astrocytic tau pathologies in primary tauopathies. For example, astroglial tau pathologies in the white
matter and gray matter in aging brains were not consistently detectable using tau truncated at aspartic
acid 421 (tau-C3), or conformational tau modifications at amino acids 312 to 322 (antibody MC1), or
phospho-specific anti-tau antibody Ser262 [24,25].

3. ARTAG and Various Disorders Including Chronic Traumatic Encephalopathy

A peculiar aspect of ARTAG is its relation to chronic traumatic encephalopathy (CTE). Astrocytic
tau pathology that resembles TSAs (although usually termed astrocytic tangles), is an important
component of the morphological alterations reported in CTE, a disorder associated with mild repetitive
brain trauma and progressive neurological deterioration [26,27]. Examples of overlapping aspects
of CTE and ARTAG include accumulation of subpial, perivascular and gray matter astrocytes in
basal brain regions, but also in dorsolateral lobar areas, overrepresentation of males, or association
with ventricular enlargement [14,26,28–30]. Importantly, the definition of CTE-associated lesions
emphasizes the presence of neuronal tau pathology [26]. Hence, the presence of pure subpial or cortical
clusters of astrocytic tau immunoreactivities such as seen in ARTAG should not be at once interpreted
as CTE. A study on potential sequential distribution of ARTAG (see below) [31], however, raises an
interesting point. Can it be that, at least in some cases, these represent the earliest stage, preceding
neuronal tau accumulation, of CTE type pathology? Further studies on CTE cases with early stage tau
pathology [30] might be able to address this point.

A wide range of disorders can associate with ARTAG, which could suggest that it is a non-specific
condition. Indeed, gray matter ARTAG has been reported in prion diseases, Lewy body disorders,
psychiatric conditions (i.e., here mostly restricted to the amygdala), multiple system atrophy,
and amyotrophic lateral sclerosis (i.e., here also in the spinal cord) [14,28,32]. However, it might
also reflect a response to early neuronal degeneration irrespective of the predominating proteinopathy.
Since it is not seen in all cases with some form of neuronal degeneration, a yet unidentified driving
force or additional factor need to be considered.

4. Sequential Distribution of ARTAG

In the human brain, hierarchical or stereotypical involvement of anatomical regions (i.e., stages or
phases) have been described for several neurodegeneration-related protein pathologies [33]. These
focus only on neuronal (tau, α-synuclein, TDP-43) or extracellular (amyloid-β) protein depositions.
A recent study evaluated frequencies and hierarchical clustering of anatomical involvement and used
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conditional probability and logistic regression to model the sequential distribution of ARTAG and
astroglial tau pathologies across different brain regions [31]. It has been emphasized that ARTAG does
not show such clear stages as neuronal protein pathologies, or in other words not all cases can be
put in one box. Therefore, first patterns have to be recognized and then the sequential distribution
becomes more visible. Except for subependymal ARTAG, the following sequential patterns have been
described for different ARTAG types [31].

4.1. Subpial ARTAG (Thorn-Shaped Astrocytes Morphology)

Pattern 1 (Figure 1): Basal brain regions show subpial ARTAG first (stage 1) followed by a
bidirectional sequence rostral (lobar, stage 2a) or caudal (brainstem, stage 2b), which, however,
are usually affected together (stage 3).

Figure 1. Representative images and sequential distribution patterns of subpial (upper panel) and
white matter (lower panel) types of aging-related tau astrogliopathy (ARTAG) in the human brain.
For both, two major patterns are seen; one beginning in the basal brain areas, in particular the amygdala
(indicated by red arrows), and a second initiated in lobar areas and/or the brainstem (indicated by blue
arrows). The arrowheads point towards the direction of sequential involvement and a deeper color
represents an earlier stage of involvement. A double-headed arrow means both regions can be involved
together as a specific stage of sequential involvement. The deeper color represents the first stage.

Pattern 2 (Figure 1): Subpial ARTAG is initiated in lobar regions (stage 1a) or in the brainstem
(stage 1b) followed by the involvement of both (stage 2) preceding basal brain regions (stage 3).
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Pattern 3 (Figure 1): This is seen only in CBD, since the morphology of subpial tau accumulation
is different. One form, characterized by the immunoreactivity of astrocytic end-feets but not the
cell body, is seen regularly in CBD. However, typical TSA morphology can be recognized as well in
some CBD cases. Thus, in CBD subpial tau immunoreactivity of astrocytic feet in lobar areas is the
predominant pathology independently of subpial ARTAG in basal brain regions (together representing
stage 1) and both are followed by the involvement of the brainstem, representing stage 2. We termed
this a “masked” bidirectional sequence [31]. This means that pattern 1 as described above, seen in
non-CBD cases with the typical subpial TSA morphologies is masked by the predominant end-feet tau
immunoreactivity appearing in the lobar subpial location in CBD.

4.2. White Matter ARTAG (Thorn-Shaped Astrocytes Morphology)

Pattern 1 (Figure 1): This is similar to pattern 1 of subpial ARTAG; thus, basal brain regions
(stage 1) are followed by the involvement of lobar regions (stage 2a), or brainstem (stage 2b), and then
all regions are involved (stage 3).

Pattern 2 (Figure 1): Lobar white matter ARTAG seems to be independent from involvement of
the basal brain region. In this case lobar involvement (stage 1) is followed by the involvement of the
basal brain regions (stage 2a) or occasionally the brainstem (stage 2b) and then all regions are involved
(stage 3).

4.3. Gray Matter ARTAG (Granular/Fuzzy Astrocytes Morphology)

Pattern 1, Figure 2 (striatum first): The striatal pathway (stage 1) proceeds either towards the
amygdala (stage 2a), cortex (stage 2b), or rarely to the brainstem (stage 2c), followed by stage 3a
(striatum + amygdala + cortex), or stage 3b (striatum + amygdala + brainstem), and eventually
involves all regions (stage 4). The constellation of striatum + cortex + brainstem has not been observed,
hence there is no stage 3c.

Pattern 2, Figure 2 (amygdala first): The amygdala (stage 1) precedes the involvement of the striatum
(stage 2a), the cortex (stage 2b) or the brainstem (stage 2c). This is followed by three combinations of
stage 3 (a: amygdala + striatum + cortex; b: amygdala + striatum + brainstem; c: amygdala +cortex +
brainstem) and is eventually followed by the involvement of all regions (stage 4).

A sequential pattern of astrocytic tau pathology can be better recognized for CBD and PSP [31].
This included the combined evaluation of both GFAs and astrocytic plaques CBD, and GFAs and
tufted astrocytes (PSP). In CBD a four-stage sequence was proposed: frontal (including premotor) and
parietal cortex (stage 1) is followed by temporal and occipital cortex (stage 2), with parallel movement
into subcortical areas, including either, or both, the striatum and the amygdala (stage 3), followed by
the brainstem (stage 4) including the substantia nigra followed by the pons and medulla oblongata.
In PSP striatum (stage 1) to cortical (frontal-parietal to temporal to occipital) areas (stage 2a and b,
respectively) to the amygdala (stage 3) and to the brainstem (stage 4), including the substantia nigra
followed by the pons and medulla oblongata, sequence was recognized. Interestingly, the striatal
pattern as summarized above for gray matter ARTAG is reminiscent of the combined pattern of tufted
astrocytes and GFAs seen in PSP. Therefore, theoretically some cases with gray matter ARTAG in these
regions could represent a preclinical form of PSP. Some of these cases might even not proceed to the
full-blown neuropathological phenotype either due to a yet unidentified host response that does not
allow this, or due to the presence of another predominating neurodegenerative condition.

That study addressed also whether in the same region any type of ARTAG precedes another
type or neuronal tau pathology [31]. It has been suggested that in the amygdala, subpial, white
matter, and perivascular areas, ARTAG appear together and precede the appearance of subependymal
ARTAG. On the other hand, gray matter ARTAG is independent from these. Interestingly, based
on the conditional probability values, gray matter ARTAG might precede the presence of dendritic
tau-positive grains. This observation would be in line with those showing that in certain regions
astrocytic tau pathology may come before neuronal tau pathology (see below) [14,31,34].
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Figure 2. Representative images and sequential distribution patterns of gray matter ARTAG in the
human brain. One of these begins in the striatum (upper panel), and another in the amygdala
(lower panel), followed by the cortical and brainstem regions. A double-headed arrow with a dashed
line means both regions can be involved together as a specific stage of sequential involvement.
The deeper color represents the first stage.

5. Considerations on Pathogenesis

Historical studies have identified neuroglia as highly important for barrier function [35].
Importantly, specific types of ARTAG tend to develop at interface regions. Interestingly, tufted
astrocytes in PSP and astrocytic plaques in CBD are also often located near the blood vessels [36];
moreover, in a familial disorder with astrocyte-predominant tauopathy, perivascular accumulations
are noted as well [37]. Furthermore, tau-containing astrocytes do not always match the distribution of
tau-containing neurons in tauopathies [9].
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A recent study evaluated the astrocytic markers connexin-43 (Cx43) and aquaporin-4 (AQP4)
in relation to ARTAG [38]. A dramatic increase of Cx43 density of immunoreactivity was seen in
ARTAG cases and types correlating strongly with tau positive astrocytes, irrespective of the presence
of neuronal tau pathology or reactive gliosis measured by glial fibrillar acidic protein (GFAP) density.
This could suggest a response to blood-brain barrier dysfunction. However, since this was seen also
in the gray matter, it might be that Cx43 expression may promote neuronal survival, for example,
by sensing and reducing elevated levels of extracellular glutamate. Therefore, it can be theorized that
gray matter ARTAG reflects the efforts of astroglia perceiving early neurodegeneration and leading
to tau accumulation in astrocytes as a response of an overwhelming pathogenic process. On the
other hand, ARTAG can reflect effective take-up of locally produced and released neuronal tau, thus
preventing its accumulation in neurons. Indeed, astrocytes have been found to highly express an array
of phagocytic receptors and can phagocytize synapses [39] or axonal mitochondria [40] in the brain.

Aquaporin-4 density of immunoreactivity was increased only in the white and gray matter,
and was associated with increased ARTAG density only in white matter and perivascular areas [38].
Aquaporin-4 is a member of the water-channel proteins expressed in the foot processes of glial
cells surrounding capillaries, and it is associated with water transfer into and out of the brain
parenchyma [41]. Thus, the presence of ARTAG associated with increased AQP4 density in the white
matter further supports the notion that pathogenic events are associated with the blood-brain barrier.

And what can we learn about pathogenesis from the sequential distribution patterns? In two
studies we reported that GFA-like morphologies appear in cortical areas without local neuronal tau
pathology and without obvious clinical symptoms related to this region in primary tauopathies [14,31].
Indeed, this may reach up to 30% of PSP and PiD cases in the occipital lobe [31], which is usually
less affected by neuronal tau pathology. The concept that astroglial pathology precedes neuronal
tau pathology has also been discussed in presymptomatic cases showing CBD–type pathology [34].
Thus, these tau positive astrocytes might phagocytize pathological tau derived from the endings of
projecting neurons, or this may simply represent local astroglial upregulation of tau as a response to a
yet unidentified event. We can speculate that GFA astrocytes have the role of scouts in regions not
yet affected by neuronal tau pathology. These concepts seem to be supported by animal inoculation
studies as well. By injecting pathological tau extracted from post-mortem brains of AD, PSP, and CBD
patients into different brain regions of non-transgenic mice, differences in tau strain potency between
disorders have been identified [42]. This study found a significant inverse correlation between
neuronal and astrocytic tau pathology, supporting the notion of transmission of pathological tau
seeding from neurons to neighboring astrocytes. As an alternative mechanism, they proposed that
astrocytic tau pathology might spread from one astrocyte to another, possibly through astrocytic gap
junction networks [42]. A recent study using tau-enriched fractions of brain homogenates from pure
ARTAG (with no associated tauopathy) inoculated into wild-type mice generated intracytoplasmic
hyper-phosphorylated tau inclusions in astrocytes, oligodendrocytes and neurons [43]. It has been
proposed that ARTAG-related tau might have a cardinal role in seeding tau to neurons and glial
cells [43]. Further aspects are highlighted by observations in a tau transgenic mouse model of astrocytic
tau pathologies, suggesting its contribution to glial degeneration [44]. As a functional consequence of
astrocytic tau pathology, neuronal degeneration can occur in the absence of neuronal tau inclusions [45].

Does the sequential pattern always mean cell-cell-spreading of tau pathology? It might be feasible
for gray matter ARTAG, although this needs to be clarified. For subpial, subependymal, white matter,
and perivascular ARTAG, however, sequential involvement of regions might reflect consequences of a
permanent (or repeated) pathogenic process. For example, subpial ARTAG initiated in basal regions
proceeding towards the convexity of the brain (lobar areas), or dorsolateral parts of the brainstem,
might indicate a pathogenesis related to the circulation of the cerebrospinal fluid [31]. In contrast,
the existence of a second pattern of subpial ARTAG initiated in the dorsolateral lobar areas and
dorsolateral parts of the brainstem, suggests a local mechanical inducing factor such as the role of mild
traumatic brain injury in some cases [31].
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6. What Is the Clinical Relevance of ARTAG?

To understand this, it is crucial to recognize the different ARTAG types. The possibility that
TSA may have clinical significance was first discussed by Munoz and colleagues [46]. In a cohort of
patients with a non-fluent variant of primary progressive aphasia associated with AD pathology, they
detected “argyrophilic thorny astrocyte clusters (ATACs)” and observed them in the frontal, temporal,
and parietal cortices and in subcortical white matter in [46]. Further reports also linked TSAs to
symptomatology; however, not all found an association between ATACs and focal syndromes [47,48].
Recent studies however, have shown that white matter ARTAG in lobar regions is frequently associated
with AD-related pathology [14]. This suggests that a subset of AD cases have additional pathogenic
components; for example, hypoperfusion in the white matter, which can eventually be associated with
focal symptoms. These concepts merit further confirmation.

A peculiar constellation of tau pathology was reported in elderly patients with dementia
with or without parkinsonism [11]. Diffuse granular tau immunoreactivity in astrocytic processes
(retrospectively these could be called GFAs) was described as the most characteristic feature [11].
The study emphasized additional neuronal pathologies, including threads and diffuse neuronal
cytoplasmic tau immunoreactivity (pretangle-like). A subsequent study found these pathologies
and suggested four different patterns based on the anatomical distribution of the tau astrogliopathy
and its combination with neuronal tau pathology [49]: (1) medial temporal lobe type; (2) amygdala
type; (3) limbic-basal ganglia-nigral type with neuronal tauopathy; and (4) hippocampus-dentate
gyrus-amygdala type with neuronal tauopathy. It has been suspected that these might represent
stages of the same process whereas other might be distinct conditions. Accumulation of TSAs in the
dentate gyrus of the hippocampus were recognized by others as well [49,50]. Mathematical modeling
of hippocampal tau immunolabeling patterns suggested that some forms of tau astrogliopathy in the
elderly involve hippocampal subregions in a different pattern from that of primary tauopathies [51].

A recent study highlighted an interesting aspect of ARTAG. A study on individuals 90 years
or older found an association with cortical but not limbic or brainstem ARTAG, independent of AD
pathology, with cognitive decline [52]. Thus, the non-AD dementia group showed more hippocampal
sclerosis, cortical ARTAG, TDP-43 and Lewy body pathology, while the cognitive resilient group had
less of these [52]. Moreover, the authors found that cortical ARTAG independent of both limbic and
brainstem ARTAGs is very rare (4%, 7/185). They speculated on an outward spread of ARTAG from
limbic to the brainstem areas and then to the neocortical areas, and that neuronal tau pathology and
astrocytic tau pathology are related in the oldest-old [52].

In summary, ARTAG most likely reflects the various impacts that individuals suffer during
life, be it barrier dysfunction, mechanical impact, perfusion disturbance or a yet unidentified
neurodegenerative event including propagation of pathological tau. Depending on the type and
location of ARTAG it might be a sign of a reduced threshold that might lead to, or be associated
with, decompensation of cognitive functions. And, especially when combined with other pathologies,
perhaps with different pathogenesis, an additive effect might be seen, and individuals reach this
threshold for cognitive decompensation more easily.

7. Perspectives

The accumulation of neurodegeneration-related proteins in astrocytes is not unique for
tauopathies. Therefore, the term protein astrogliopathy (PAG) has been introduced to encompass
different protein accumulations in astroglia in distinct neurodegenerative conditions. This emphasizes
the yet unidentified role of astrocytes in the protein pathology of neurodegenerative diseases. Indeed,
the variability of astrocytes associated with specific roles is being recognized [53]. Markers are
developed [9,54–56] that still need to be linked to the involvement of specific glial cell populations
affected by protein pathology. Eventually, these markers can be translated into bodily fluid biomarkers
or probes for neuroimaging. These will help to understand the dynamics of astrocytic responses in
various neurodegenerative conditions. The role of astrocytes in the processing and propagation, and the
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exact cytopathological mechanism of neurodegeneration-related proteins, are still not understood
across the full spectrum. All these aspects position astrocytes in the center of current research on
neurodegenerative conditions. Harmonizing the nomenclature of astrocytic tau pathologies leading to
the definition of ARTAG enhanced these studies and further motivated researchers.
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Abstract: Obesity, insulin resistance, and type 2 diabetes mellitus are associated with diabetic
cognopathy. In this study, we tested the hypothesis that neurovascular unit(s) (NVU),
oligodendrocytes, and myelin within cerebral cortical grey matter and deeper transitional zone
regions between the cortical grey matter and white matter may be abnormal. The monogenic
(Leprdb) female diabetic db/db [BKS.CgDock7m +/+ Leprdb/J] (DBC) mouse model was utilized
for this ultrastructural study. Upon sacrifice (20 weeks of age), left-brain hemispheres of the
DBC and age-matched non-diabetic wild type control C57BL/KsJ (CKC) mice were immediately
immersion-fixed. We found prominent remodeling of oligodendrocytes with increased nuclear
chromatin condensation and volume and increased numbers of active myelination sites of the
cytoplasm in transition zones. Marked dysmyelination with outer myelin lamellae sheath splitting,
separation, and ballooning with aberrant mitochondria in grey matter and similar myelin remodeling
changes with marked disarray with additional axonal collapse in transitional zones in DBC as
compared to CKC models.

Keywords: db/db mouse model; myelin; neurovascular unit; oligodendrocyte; subcortical white
matter; type 2 diabetes

1. Introduction

Myelin is a multilayered lamellar sheath that enwraps axons in the grey and white matter in
the brain and is synthesized in the brain by the oligodendroglia. The myelin sheath provides axonal
protection and allows the saltatory conduction of the action potential. Oligodendrocytes (OLs),
oligodendrocyte precursor cells (OPC), and oligodendrocyte lineage cells are specialized glial cells
responsible for the synthesis, wrapping ensheathment, and compacting of myelin in myelinated
axons [1–3]. Rudolf Ludwig Virchow (1821–1902) introduced the term myelin and defined it as
medullary matter (Markstoff), or myeline, that in extremely large quantity fills up the interval between
the axon axis-cylinder and the sheath in primitive nerve-fibers [4].

Michalski and Kothary [1] have set forth a paradigm for development of mature OLs in
four distinct phases: (i) the birth, migration and proliferation of OPCs, that occurs in waves;
followed by (ii) morphological differentiation with the OL establishing an expansive synthetic
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network of OL cytoplasmic processes; followed by (iii) axonal contact, which leads to myelin
wrapping—ensheathment of targeted neuronal axons with ensuing generation of extremely electron
dense and compact myelin with an enduring (iv) long-term trophic and metabolic support system for
maintenance and protection of myelinated neurons [1].

As OPCs differentiate into mature OLs they undergo an extensive development of active
cytoplasmic reorganization of cytoskeleton proteins and endoplasmic reticulum, which increases
their intermediate cytoplasmic electron density and helps to identify them when studying with
transmission electron microscopy (TEM) (Figure 1). Identifying characteristics have been presented in
Part I Table 1 [5] as follows: Oligodendrocytes are intermediate in size and their thinned cytoplasm
also have an intermediate electron density that is helpful when comparing to astrocytes and microglia.
They also may occur in groups or nests and are more often found in the white matter regions of the
brain. In addition to their small cytoplasmic volume, they have multiple protoplasmic extensions,
which allow OLs to concurrently myelinate multiple axons [1–4].

Figure 1. Comparison of astrocyte, ramified microglial cell, and oligodendrocyte to illustrate
intermediate electron dense and thin cytoplasm. (A) Depicts an astrocyte (AC) with electron lucent
cytoplasm and a ramified microglial cell (rMGC) with its electron dense cytoplasm. (B) Illustrates a
thinned intermediate electron dense cytoplasm of the oligodendrocyte (OL) obtained from the transition
zone in subcortical white matter (TZ SCWM) just deep to layer VI as compared to ACs and microglia
cells. Note that the OL is in the process of enwrapping at least 5 axons (1–5) with myelin in (B) and its
pseudo-colored image, far right. Between (A,B) the cytoplasm has been cut from each cell to further
demonstrate the intermediate electron (e) density of the OL cytoplasm. Also note the small amount of
cytoplasm as compared to nucleus volume as well as the incorporation of myelin at its outer margins
of the cytoplasm plasmalemma. A pseudo-colorized image is inserted far right to aid in identifying OL
nucleus (purple); cytoplasm (C green); fibrous astrocyte (fib AC blue); axons (yellow). Magnification
×3000; scale bar = 1 μm in A and 0.5 μm in (B). C: cytoplasm; MGC: microglial cell; M: myelin; CKC:
age-matched non-diabetic wild type control C57BL/KsJ.

The small cytoplasmic volume of oligodendrocyte may be related to its function of constantly
supplying its plasma membrane (up to three-times its volume of plasma membranes) in order to create
the multiple myelin lamellar sheaths. These myelin lamella that enwrap multiple unmyelinated axons
increase the speed of neuronal transmission of their action potentials via membrane depolarization
by high-density voltage-gated sodium channels that creates the saltatory (jumping) conduction of
their action potentials and signaling at the nodes of Ranvier (Figure 1B). Importantly, this saltatory
conduction allows electrical nerve signals to be propagated long distances at high rates without any
degradation of the action potential signaling [1–4].

Myelin also serves as a protective sheath of myelinated neurons in order to provide for long-term
axonal integrity and maintenance survival. Myelinated axons are present in the cortical grey matter;
however, they are the most abundant within the white matter and give rise to the white matter tracts.
The bulk of myelinated axons localizes within the white matter, which are important for carrying large
amounts of information from one region of the brain to distant regions and must rapidly transmit this

370



Neuroglia 2018, 1

information. This rapid transmission is primarily due to its compacted electron dense myelin sheaths.
Therefore, if myelin undergoes any significant abnormal remodeling change there may be a delay
in the in the arrival of information to the more distant regional neurons with subsequent cognitive
impairment [6,7].

2. Materials and Methods

2.1. Animal Models

As previously presented in Part I [5]: All animal studies were approved by the Institutional
Animal Care and Use Committees at the Harry S Truman Memorial Veterans’ Hospital and University
of Missouri, Columbia, MO, USA (No. 190), and conformed to the Guide for the Care and Use of
Laboratory Animals published by the National Institutes of Health (NIH). Eight-week-old female
db/db [BKS.Cg-Dock7m +/+ Leprdb/J] (DBC) and wild-type control C57BLKS/J (CKC) mice were
purchased from the Jackson Laboratory (Ann Harbor, MI, USA) and were housed under standard
laboratory conditions where room temperature was 21–22 ◦C, and light and dark cycles were 12 h each.
Two cohorts of mice were used: lean non-diabetic controls (CKC, n = 3), and obese, insulin-resistant,
diabetic db/db (DBC, n = 3), which were sacrificed for study at 20 weeks of age.

2.2. Tissue Collection and Preparation

Have been previously presented in Part I [5].

3. Results

3.1. Dysmyelination in the Cortical Grey Matter Primarily Layer III

Splitting and separation of myelin lamellar sheaths (dysmyelination) in the cortical grey matter
layer III was readily observed in the female diabetic db/db [BKS.CgDock7m +/+ Leprdb/J] (DBC) as
compared to the nondiabetic age-matched non-diabetic wild type control C57BL/KsJ (CKC) models.
Additionally, axonal remodeling was noted, which consisted of aberrant mitochondria and increased
axonal cytoplasm electron density as compared to the nondiabetic CKC model (Figures 2 and 3).

Figure 2. Comparison of control CKC and diabetic diabetic db/db [BKS.CgDock7m +/+ Leprdb/J] (DBC)
myelination in layer III cortical grey matter. These panels depict the marked difference between the
myelination of axons in the cortical grey matter of Layer III. Note in the diabetic DBC panel (to the
right) the marked splitting and separation of myelin (dysmyelination) and the grouping of suspected
aberrant mitochondria (encircled white dashed line). The insert in the DBC panel is from another
model in cortical layer III with dysmyelination. Also note the increased thickness of myelin which
measures approximately 0.5 μm in the DBC as compared to the 0.1 μm thickness of the myelin in the
CKC model. Also note the elongated axonal mitochondria in the CKC model in contrast to the smaller
rounded mitochondria in the DBC. Importantly, note the increase in electron density of the axoplasm
of the neuron in the DBC as compared to the CKC. Magnification ×2000; bar = 1 μm. Magnification of
insert ×4000 and scale bar = 0.5 μm.
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Figure 3. Dysmyelination and aberrant mitochondria in cortical grey matter layer III of diabetic DBC
models. (A) Depicts the normal compact myelin (M) ensheathing the axons of the nondiabetic control
CKC models and note the normal electron dense mitochondria (Mt) (encircled by yellow dashed
line). Panels (B,C) depict the marked splitting and separation of myelin ensheathment in DBC models
(arrows). Also note the aberrant Mt (aMt)—(pseudo-colored yellow with red lines) and increased
electron dense cytoplasm in the DBC. Magnification ×4000; bar = 0.5 μm.

Also, ballooning of myelinated axons was detected, but not with the frequency of myelin splitting
and separation (Figure 4).

 

Figure 4. Examples of ballooning in myelinated axons of diabetic DBC models in cortical grey matter.
This three-panel image depicts ballooning of myelinated axons that were only observed in the diabetic
DBC and did not occur in nondiabetic control CKC. The left-hand panel depicts a myelinated axon
with ballooning superiorly (open arrow 1) and a ballooning inferiorly (open arrow 2) and note the
interruption of the myelin sheath in mid axon (red dashed oval) and the cropped image insert from this
region exploded in Microsoft paint with intact scale bar of 2 μm. Mid panel has open arrow pointing to
balloon 1 and right-hand panel has open arrow pointing to balloon 2. Note the aberrant mitochondria
pseudo-colored yellow with red outline. Magnification ×1500; scale bar = 2 μm far left, Magnification
×4000; scale bar = 0.5 μm in mid and far right-hand panels.

An unexpected finding within the cortical grey matter consisted of fragmented
microtubules—neurofilaments and electron dense proteinaceous aggregations in three different
unmyelinated axons at higher magnifications (Figure 5).

 

Figure 5. Larger axons, loss of microtubule neurofilament linearity, fragmentation and proteinaceous
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aggregation and deposition within axoplasm in some of diabetic DBC models. (B,C) Depict a loss
of linearity of neurofilaments (nf) with fragmentation and aggregated proteinaceous electron dense
deposits (within the lower half, below the red dashed line) axoplasm of diabetic DBC as compared to
nondiabetic CKC controls (A). Some of the larger electron densities are microtubules (MT), while others
could be protein aggregations. (B,C) Are from different regions of the same unmyelinated axon. Note
that the axon width of the DBC is ~1.5 μm as compared to 0.5 μm in CKC. Magnifications ×10,000 (A,C);
scale bar = 0.2 μm. (B) Magnifications ×6000; scale bar = 0.5 μm.

3.2. Dysmyelination in the Transitional Zone between Cortical Layer VI and White Matter

Due to the observations of splitting and separation of myelin lamellar units in the cortical grey
matter, we decided to make deeper cuts to see if the transitional zone (TZ) between cortical layer
and subcortical white matter also demonstrated abnormalities in myelinated axons since we were
unable to examine any specific white matter tracts. One of the first things we noted was a decrease
in neurovascular units in these regions as compared to cortical grey matter. These findings were
anticipated, since it is known that the white matter has decreased capillary density as compared to
cortical grey matter regions [8].

We noted a marked difference in myelinated axons in the TZ in the DBC models. These regions
were observed to have a marked disarray of myelin with splitting—separation and collapse of axons
from the myelin lamellar sheaths (Figure 6).

 

Figure 6. Extensive myelin remodeling disarray in diabetic DBC at deeper transition regions of the
subcortical white matter regions. (A) Illustrates the normal appearance of the transitional subcortical
white matter regions just deep to layer VI grey matter. (B,C) Depict markedly abnormal myelin
remodeling in the diabetic DBC models. (B) Even demonstrates a demarcation between more severe
remodeling to the left side of the demarcation (yellow dashed line) with more severe myelin splitting
and axonal—axoplasm collapse (open red arrows) within the abnormal myelin lamellar sheaths.
(C) Depicts a centrally located oligodendrocyte (OL outlined by yellow dashed line) that appears
to be in the process of wrapping multiple axons with myelin. Importantly, note the very electron
dense chromatin clumping—condensation within the nuclei and the very small amount of cytoplasm.
(B,C) Depict marked disorganization of myelin lamella—dysmyelination with disordered myelin
lamella, which is associated with splitting and separation of the myelin sheath lamella. Also, this region
demonstrated marked abnormal remodeling changes of myelinated neurons in the diabetic DBC
models as compared to control CKC models. Magnification ×2000; scale bar = 1 μm (A). Magnification
×1200; scale bar = 1 μm (B,C).

Also, there were abnormalities of OLs in the diabetic DBC models in the transitional zone
subcortical white matter between layers VI and deeper white matter (Figures 7 and 8).
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Figure 7. Increased chromatin condensation volume in nuclei of diabetic DBC models in the transitional
zone subcortical regions as compared to nondiabetic CKC models. The nondiabetic CKC model to
the left (cytoplasm pseudo-colored green and outlined with white dashed line) depicts an OL in
the transitional zone subcortical (TZSC) region with surrounding myelinated axons and displays at
least 1–7 numbered regions of myelination and maintenance zones. Note that the cytoplasm (C) in
control models to the left has approximately seven regions of myelination as compared to diabetic
DBC model to the right, which depicts up to 16 regions of myelination and maintenance zones with
adjacent numerous electron dense myelinated axons (cytoplasm is pseudo-colored red with white
dashed outline). Of great interest in the TZSC regions of the DBC, note that nuclear chromatin (Chr) is
markedly increased (outlined by yellow dashed lines) in volume compared to nuclear volume when
compared to the CKC nuclear chromatin on the left (outlined by yellow dashed lines). This was a
consistent remodeling abnormality in the TZSC regions in the DBC models. Magnification ×2000;
bar = 0.5 μm in CKC and 1 μm in DBC.

Figure 8. Markedly abnormal subcortical white matter myelin in diabetic DBC models. (C,D) Depict
marked disorganization—disarrangement of the transitional zone subcortical white matter (SCWM)
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myelin and the neuronal axon in the diabetic DBC models. (B) Illustrates axon-axoplasm collapse
(double arrows) in myelinated neurons. Also note that the neuronal axons become very electron dense
once they collapse (pseudo-colored yellow and outlined by yellow dashed lines). Additionally, note the
aberrant mitochondria (pseudo-colored yellow and outlined by red lines) as compared to the electron
dense Mt with crista in the control CKC models (A,C). (D) Illustrates the abnormal myelin lamella
with marked splitting and separation of myelin lamella. Magnification ×4000; bar = 0.5 μm in (A,B).
Magnification ×12,000; bar = 200 nm in (C,D). art: artifact.

Additionally noted was the collapse of the axons with myelin splitting and separation in the
diabetic DBC models (Figures 9 and 10).

 

Figure 9. Axonal collapse in dysmyelinated neurons with splitting and separation transitional zones in
diabetic DBC. Note in (B) that the collapse of the axon within the dysmyelinated neuron with splitting
and separation of myelin lamella sheath in the transitional zones (TZ) of the subcortical white matter
of the diabetic DBC as compared to the TZ non-collapsed axons in CKC models (A). Axonal collapse
was markedly increased in the transitional zone regions as compared to the grey matter and not found
in any of the CKC models. Note the region of the TZ in artistic rendering to far right of above figure.
Magnification ×5000; scale bar = 0.5 μm.

Figure 10. Myelin splitting, separation, and ballooning with axonal collapse in transitional zone in
diabetic DBC models. (A) Depicts myelinated neurons with pseudo-colored green axons that fully
occupy the myelin core. Also note the pseudo-colored yellow fibrous astrocyte (f AC) that are adjacent
to the myelinated axons. (B) Demonstrates the splitting, separation, and ballooning of the myelin
sheath resulting in axonal collapse in the diabetic DBC models in the transitional zone between layers
VI and the subcortical white matter. Magnification ×3000; scale bar = 1 μm in (A,B).

4. Discussion

White matter is usually thought to be composed primarily by myelinated axons at the gross
macroscopic level and is thought to be responsible for imparting a demarcation from the outer grey
matter, which contains primarily neuronal cell bodies, glia, synaptic dendrites, and axon terminals of
neurons. However, the white matter also contains numerous and varying percentages of unmyelinated
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axons: for example, the human corpus callosum may have up to 30% unmyelinated axons in contrast
to the optic nerve where nearly all axons are myelinated [9].

Myelin wrapping and the final end-product of highly electron dense and compacted myelination
of axonal ensheathment is quite complicated and illustrated in a simplified illustration (Figure 11).
One can also view a more detailed 3D reconstruction with electron microscopy in the following
reference for greater detail [10].

 

Figure 11. Possible mechanisms for oligodendrocyte myelination. (A) Depicts an illustration of the
initial engagement of an OL and an unmyelinated axon with a protrusion of an oligodendrocyte
cytoplasmic process (grey) beginning to extend and enwrap (blue dashed lines) of an unmyelinated
neuron. (B) Depicts the possible multi-step process: (1) solid grey oligodendrocyte cytoplasmic
process protrusion and engagement of the OL to the unmyelinated axon; (2) extension of the original
oligodendrocyte cytoplasmic protrusion—blue dashed line; (3) another wrapping—red dashed line;
(4) the most recent extension of wrapping—green dashed line. These previous steps may represent a
common OL cellular mechanism of myelination. The multiple wrappings, which result in multilamellar
myelin ensheathments are then bound tightly and compacted via the myelin basic protein plus other
compacting proteins synthesized and secreted by oligodendrocytes that eventually develop into the
highly electron dense tightly wrapped compacted myelinated neurons that we observe in transmission
electron microscopic images in control CKC models as depicted in the control CKC model in (C).
This mechanism does not explain for the lateral extension of the internodal myelin. Note that in (C)
there is present some separation of myelinated lamella as a result of high magnification ×20,000; scale
bar = 100 nm that is not recognized at lower magnification. This higher magnification delineates the
electron dense (dense lines—yellow arrows) and the electron lucent (intraperiod lines—white arrows).
M: mitochondria; N: nucleus of oligodendrocyte; Nf: neurofilament; OL: oligodendrocyte.

The images in the results section may provide additional concepts and improve our understanding
of the oligodendrocyte and myelin formation in both the grey matter and transitional zone between
the grey matter and the white matter (Figure 9 far right—artistic rendition) in the DBC models.
Indeed, it is obvious that similar to other glial cells, oligodendrocytes respond with cellular and tissue
remodeling to the multiple toxicities associated with obesity, insulin resistance, and glucotoxicity
when the receptor for leptin is deficient as in the DBC model. Of note, OLs not only effect myelination
and their maintenance to individual axons, but also may be important to entire neuronal networks
as a result of shape-shifting—remodeling changes of their ultrastructural morphology including
myelin splitting, ballooning, and axonal collapse. As a result of leptin receptor deficiency, OLs may
remodel their ultrastructure to result in changes of CNS behavioral effects of depression and cognitive
impairment. Indeed, OLs are dynamic, adaptive, and plastic and are certainly capable of responding
via a response to injury mechanism and even aid in the development of abnormal brain behavior in
this diabetic DBC model [11].

The ultrastructural remodeling in the DBC models (Figure 5) could represent an early axoplasm
remodeling change of fragmentation of neurofibrillary tangles that are known to be associated with
increased possibility of tau pathology in the db/db models of leptin resistance and type 2 diabetes [11].
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Additionally, others have shown similar remodeling changes with fragmentation of axonal
neurofilaments in both myelinated and unmyelinated axons similar to what we observed (only in
unmyelinated neuronal axons) in streptozotocin induced type 1 diabetic rats [12]. However,
the unmyelinated axon we demonstrated (Figure 5) may have depicted some proteinaceous aggregation
in DBC models in addition to microtubules.

In Figures 2–4 (cortical grey matter) and Figures 6–10 (subcortical white matter transitional zone)
we demonstrated splitting, separation, and ballooning of myelinated neurons. These changes have
been previously described by others in models of aging [13,14]. Peters et al. state that there are four
basic changes in myelin in aged monkey brains, which consist of local splitting, ballooning, redundant
myelin, and double myelin sheaths—duplication, which we have depicted in our DBC as compared to
the CKC models [13]. These findings seem to also corroborate Parts I and II of this series in that the
oligodendrocyte and myelin remodeling changes suggests an accelerated and premature aging process
in the diabetic DBC as compared to the control CKC models [14].

In regard to the transitional zone between cortical grey and white matter, the subcortical
white matter may represent a region in the brain that is less vascularized [15–17]. Interestingly,
our observational findings regarding vascularity in the cortex revealed that there are usually
2–4 neurovascular units (NVU) capillaries per grid examined and in the transitional zone described
there was usually only one NVU capillary at the most with a preponderance of no NVU capillaries
per grid examined. Additionally, an older paper states the following, “it is possible that the junction
between cortex and white matter is relatively avascular, and in this respect this area may be similar to
the particular periventricular regions” [18].

Oligodendrocytes and myelination are not static and readily adapt to their environment.
The previously described alterations in myelin remodeling in the diabetic DBC models may be
detrimental and could impair cognition by the slowing of conduction rates of information—action
potential in white matter tracts to distant regions, which could result in a loss of synchronicity not only
in individual neurons, but to entire neuronal networks.

4.1. Vascular Stiffness

Vascular stiffness including thoracic aorta or carotid artery not only affects the capillaries of the
classical end-organs of diabetes (retinopathy, neuropathy, nephropathy, and cardiomyopathy) due to
abnormal pulsatile mechanical forces that are associated with microvascular damage and remodeling
but may also affect the brain in diabetic cognopathy. In particular, this same cohort that we studied
(db/db—DBC) in these three-part series (Parts I, II, and III) has been previously demonstrated to
have aortic vascular stiffening [19]. The capillary neurovascular remodeling changes described in
Part I could affect the possible diminished microvessels in the transition zones as well as the ones we
demonstrated within the grey matter and could decrease the cerebral blood flow to the transitional
zone regions as well as the subcortical white matter [20–22]. These NVU remodeling changes could be
an additional risk to the development of dysmyelination as we have observed in both the grey matter
and transitional zones as described in this paper. The decreased CBF in the TZ and the subcortical
white matter (SCWM) could be even more devastating due the possible decreased capillary density
found in these regions in comparison to the grey matter [18] (Figure 12).
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Figure 12. Montage of images demonstrating that vascular stiffness in the thoracic or carotid arteries
may result in capillary neurovascular unit remodeling and the possible relationship to the development
of dysmyelination in the diabetic DBC models. On the far left are depictions of the thoracic aorta,
carotids, and brain circulatory system that are known to experience vascular stiffness in the diabetic
DBC model [19]. The open arrow then points to the fact that there may be neurovascular uncoupling,
which decreases the cerebral blood flow and could result in hypometabolism not only in the cortical
grey matter but also in the vulnerable transitional zone. Cerebral flow pulsatility is augmented in
type 2 diabetes mellitus (T2DM) [17] and this has been associated with markers of cerebral damage,
such as white matter hyperintensities in T2DM. Thus, thoracic or carotid artery stiffness could result
in dysmyelination and in turn the dysmyelination could slow the delivery of information—action
potential without proper synchronicity and result in impaired cognition.

Importantly, diabetes is not only a risk factor for stroke, but also a risk factor for the development
of white matter lesions [23]. Yotomi Y. et al. have demonstrated that the db/db diabetic model had
greater severity of white matter damage that was associated with decreased proliferation and survival
of oligodendrocyte progenitor cell [23].

4.2. Axon Initial Segment Shortening in db/db Diabetic DBC Models

Keiichiro Susuki’s group has recently demonstrated that diabetic db/db brains (>10 weeks old)
are known to abnormally remodel their neuronal axons, which result in axon initial segment (AIS)
shortening [24]. While we were unable to demonstrate shortening of the axon initial segment via our
ultrastructural observations, we wish to demonstrate the adjacent nanometer proximity of the astrocyte,
microglia to the pyramidal neurons. The activation and detachment of the astrocyte and/or activation
of microglia provides the potential for cellular crosstalk via ultrastructural astrocyte and microglia,
which may be a contributing factor for remodeling change in DBC models (Figure 13). Because of the
adjacent nanometer proximity between the glia (astrocytes and microglia) and neurons, we hypothesize
that when microglia are activated as in our DBC model their aberrant leaky mitochondria could result
in increased oxidative/nitrosative stress such that the AIS could be shortened secondary to excess
reactive oxygen/reactive nitrogen species (ROS/RNS) derived from activated microglia, intracellular
calcium accumulation, and AIS shortening [24]. Additionally, we observed abnormalities in myelin
remodeling—dysmyelination, which could act in synergy with AIS shortening and could contribute
to an increased loss of synchronicity of action potential to distant sites and result in dysfunctional
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signaling to receiving neurons and neuronal networks. These changes could increase the possibility of
impaired cognition as noted in the diabetic db/db DBC models [24–27].

Figure 13. Pyramidal cell demonstrating the normal axon initial segment (AIS) in a control model.
Note the cytoplasm of this pyramidal cell has an axon hillock region and also the axon initial segment
region as the axon protrudes from the soma of the pyramidal cell. M: myelin; MGC: microglial cell;
N: pyramidal nucleus; AP = action potential. Scale bar = 5 μm.

Interestingly, we observed ballooning of some axons with evidence of the neuroprotective
astrocyte being detached from the axon and retracted, similar to the neurovascular unit astrocytes in
Part I of this series (Figure 14) [5]. Astrocytes are important in protecting the pyramidal neuronal axons
in layer III and throughout the cortical grey matter, transitional zones and subcortical white matter [28].

Figure 14. Detached and retracted astrocytes from a ballooning pyramidal neuronal axon in layer
III of cortical grey matter. This is a higher magnification of previous image Figure 4 ×1500. In this
image one can observe that there is a region marked with the letter X (yellow) where there is an area of
myelin loss (demyelination) in a ballooned axon within layer III of the cortical grey matter. Importantly,
note the detachment and retraction of astrocytes (AC) from the neuronal axon (defined in red lettering
and by dashed lines). Also note the presence of at least three aberrant mitochondria in this region.
Magnification ×4000; scale bar = 0.5 μm.
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In summary, we have attempted to place this three-part series (Parts I, II, and III) regarding
neurovascular unit and glia (astrocyte, microglia, and oligodendrocyte) remodeling changes in
perspective to a more clinical setting as they pertain to type 2 diabetes mellitus in humans (Figure 15).

Figure 15. Multiple predisposing risk factors and metabolic and structural defects in DBC models.
This figure depicts the multiple predisposing risk factors, metabolic and our ultrastructural remodeling
that we have shared regarding the neurovascular unit and glia including the astrocyte (AC), microglia,
and oligodendrocyte in this three-part series. The blue ovals at the bottom of the image depict the
multiple situations that might give rise to the remodeling changes and how they are related to each of
the three-part series as Part I, Part II, and Part III publications as follows: Aging, lifestyle, environment,
genetics—particularly the leptin receptor deficiencies in the DBC and also the numerous single
nucleotide polymorphisms (SNPs) in humans, and comorbidities associated with obesity (metabolic
syndrome and accelerated atherosclerosis). a.k.a: also known as; AD: Alzheimer’s disease; aMGC:
activated microglia cell; BBB: blood-brain barrier; db/db: DBC; HTN: hypertension; IL-1β: interleukin
1 beta; IR: insulin resistance; NVU: neurovascular unit; OL: oligodendrocyte; PD: Parkinson’s disease;
PKCβ: protein kinase C beta; R: receptor; ROS/RNS: reactive oxygen/reactive nitrogen species; SCWM:
subcortical white matter; T2DM: type 2 diabetes mellitus; TGFβ: transforming growth factor beta;
TNFα: tumor necrosis factor alpha; TZ: transition zone.

5. Future Directions

Although we have not yet been able to study oligodendrocyte and myelin extensively with
focused ion beam/scanning electron microscopy technology as we have previously done with the
microglia in supplement videos in Part II of this series [29], we look forward to this possibility in due
time such that we may be able to better understand their 3D stacks to create oligodendrocyte and
myelin videos. Additionally, we hope to study oligodendrocytes and myelin remodeling specifically in
the corpus callosum and/or optic nerves and how they relate to elongated white matter tracts. Indeed,
these are exciting times to study the ultrastructural remodeling changes in the glia.
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Abstract: The importance of astrocytic L-lactate (LL) for normal functioning of neural circuits such
as those regulating learning/memory, sleep/wake state, autonomic homeostasis, or emotional
behaviour is being increasingly recognised. L-Lactate can act on neurones as a metabolic or redox
substrate, but transmembrane receptor targets are also emerging. A comparative review of the
hydroxy-carboxylic acid receptor (HCA1, formerly known as GPR81), Olfactory Receptor Family
51 Subfamily E Member 2 (OR51E2), and orphan receptor GPR4 highlights differences in their
LL sensitivity, pharmacology, intracellular coupling, and localisation in the brain. In addition,
a putative Gs-coupled receptor on noradrenergic neurones, LLRx, which we previously postulated,
remains to be identified. Next-generation sequencing revealed several orphan receptors expressed
in locus coeruleus neurones. Screening of a selection of these suggests additional LL-sensitive
receptors: GPR180 which inhibits and GPR137 which activates intracellular cyclic AMP signalling
in response to LL in a heterologous expression system. To further characterise binding of LL at
LLRx, we carried out a structure–activity relationship study which demonstrates that carboxyl and
2-hydroxyl moieties of LL are essential for triggering D-lactate-sensitive noradrenaline release in locus
coeruleus, and that the size of the LL binding pocket is limited towards the methyl group position.
The evidence accumulating to date suggests that LL acts via multiple receptor targets to modulate
distinct brain functions.

Keywords: L-lactate; hydroxy-carboxylic acid receptor; OR51E2; GPR4; GPR137; cAMP; locus
coeruleus; noradrenaline; next generation sequencing; structure–activity relationship

1. Introduction

Astrocytes, the electrically nonexcitable “cousins” of neurones, are strategically placed at the
interface between the periphery and neuronal networks of the central nervous system. Among other
functions, they handle the import and distribution of glucose, the main energy substrate used by the
brain, as well as its storage in the form of glycogen [1]. Glycolytic breakdown of glucose to pyruvate,
and its subsequent conversion to L-lactate (LL), yields two units of ATP for intracellular energy transfer
or, alternatively, for use as a transmitter. If glycolysis is followed by oxidative phosphorylation, nearly
20 times as much ATP can be produced. This, however, does not mean that almost all ATP in the
cell is delivered by mitochondria. In fact, since glycolysis is very fast compared to the mitochondrial
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oxidation of pyruvate, the contribution of glycolysis to the pool of ATP may be comparable to that
originating from oxidative phosphorylation [2], especially during peaks of high metabolic demand.
In spite of the obvious discrepancy in energy efficiency, the brain produces large amounts of LL,
much of which, surprisingly, is drained into the peripheral circulation [3]. The energetic or functional
advantages of this metabolic imbalance are still controversial.

Average physiological extracellular levels of LL reported for the brain are in the sub- to low mM
range, but they respond dynamically to plasma LL concentrations, central availability of oxygen,
neuronal network activity, or metabolic triggers and can approach ~10 mM under extreme conditions
such as seizure or hypoxia [4,5]. In principle, the ability to glycolytically process glucose to LL
is shared by astrocytes and neurones, but astrocytes are held to be the main source of LL in the
brain, at least under physiological resting conditions where there is a steeper intra-to-extracellular
LL gradient in astrocytes as compared to neurones [6]. Astrocytes are known to tolerate hypoxic
conditions better than neurones and may more easily upregulate glycolytic activity to bridge periods
of oxygen demand exceeding supply [7]. Indeed, they have been shown to switch to aerobic glycolysis
while sparing the limited oxygen for neuronal oxidative phosphorylation [8]. According to the
astrocyte-to-neuron-lactate-shuttle (ANLS) hypothesis, the astrocyte-derived LL may benefit neurones
as an additional energy substrate to sustain periods of elevated activity [6,9,10].

Whether as a valuable energy substrate or a glycolytic waste product, LL has been reported to
modulate brain activity and behaviour in various functional contexts [5]. LL was shown to be essential
in certain learning and memory paradigms ([11,12]; reviewed in [13]). It is also important for regulating
sleep/wake states at the level of the lateral hypothalamic area, as well as negatively correlating with
sleep-associated slow wave activity in the cortex [14–16]. Moreover, recent evidence suggests that it
acts as an antidepressant in an animal model of depression [17]. Since central cyclic AMP (cAMP)
signalling was found to be reduced in depressed patients, this could potentially be explained by the
ability of LL to increase cAMP responses in astrocytes and some neuronal phenotypes [18–20].

We have previously reported a mechanism that is consistent with, and may contribute to,
LL’s overall role as a central activator and regulator of brain state. We found that optogenetically
induced release of LL from astrocytes into the extracellular space triggers noradrenaline (NA) release
from adjacent noradrenergic neurones [20]. When microinjected into the locus coeruleus (LC) area,
LL desynchronised the electroencephalogram activity in the cerebral cortex, indicating that the
noradrenergic network was excited [20].

It is becoming increasingly clear that LL utilises a wide variety of signaling mechanisms to
influence physiological outputs. These include not only multiple intracellular targets but also effects
on putative receptors located on the plasma membrane of the cells.

1.1. Targets and Mechanisms of L-Lactate Signalling in the Brain

Upon import into neurones, LL can be reduced to pyruvate, raising the NADH/NAD+ ratio
and switching on NMDA receptor-dependent immediate early gene expression ([21]; Figure 1).
This pathway has been suggested to underlie some of the effects of ANLS, for example, memory
formation [13]. A distinct pathway that may allow LL to exert long-term effects is via binding to and
stabilizing the protein NDRG3 which, in turn, activates kinase activity in favour of Raf-Extracellular
signal-regulated kinase signalling to support the tissue response to prolonged hypoxia [22].

In terms of reversible short-term metabolic signalling by LL, ATP-sensitive potassium channels
have been suggested as an intracellular target. Analogous to the scenario in pancreatic beta cells,
inhibition of these channels by LL-derived ATP increased excitation of orexin neurones in the
hypothalamus during arousal [14,23].

In some instances, however, the effects of LL are not consistent with an intracellular action but can
only be explained by activation of membrane-associated receptors from the extracellular side. The first
specific LL receptor to be characterised was the G-protein coupled receptor (GPR) GPR81, currently
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known as hydroxy-carboxylic acid receptor 1 (HCA1). Over recent years, further LL membrane
receptor candidates have been identified, and the list is likely to lengthen (Figure 1).

Figure 1. Summary of potential L-lactate (LL)-mediated signalling actions in neurones. L-lactate
which is transported into the cell can be metabolised and/or influence gene expression, e.g.,
via NMDA receptor modulation or ERK pathway activation. Increased ATP production can
inhibit KATP channel activity and increase cell excitability. LL may also act via a range of
surface G-protein coupled receptors to stimulate or inhibit cAMP-dependent signalling, such as
NA release in noradrenergic neurones. Black arrows indicate stimulatory action, red lines
illustrate inhibitory effect. AC—adenylate cyclase; ERK(P)—phosphorylation of extracellular
signal–regulated kinases; GPR4—orphan G-protein-coupled receptor 4; HCA1—hydroxy-carboxylic
acid receptor; LL-OR—LL-activated olfactory receptor; LLRx—LL receptor on noradrenergic neurones;
[mit]—mitochondria; NA—noradrenaline; NMDAR—NMDA receptor.

1.2. Hydroxy-carboxylic acid receptor (HCA1)

HCA1 was the first G-protein-coupled receptor (GPCR) to be described that is activated selectively
by LL and a few related monocarboxylates (Table 1). In adipocytes where HCA1 was discovered,
this leads to inhibition of lipolysis under conditions of glucose abundance in the fed state [24,25].
It has been reported that HCA1 is also expressed at low levels in the brain, predominantly in neurones,
in cerebellum, hippocampus, and neocortex [26]. We carried out RNA sequencing on samples of
neurones dissociated from the LC of rats and were unable to confirm its expression in these cells
(Table 2). HCA1 is a Gi-protein-coupled receptor and its activation inhibits cAMP production (IC50

in vitro according to various sources is between 5–30 mM; [25–27]. The stereoisomer of LL, D-lactate
(DL), also a weak agonist at HCA1 (Table 1; [25]).

In spite of its low potency, site-directed mutagenesis and molecular modelling predicts that LL
binds specifically as a typical GPCR ligand rather than an allosteric modulator [25]. Being a Gi-coupled
receptor, HCA1 should evoke inhibitory effects (hyperpolarisation of the membrane and inhibition of
transmitter release), which is opposite to what we found in noradrenergic neurones ([20]; Figure 1).
In cultured embryonic cortical neurones, LL inhibited Ca2+ signalling in a pertussin toxin-sensitive
manner with a half-maximal inhibitory concentration (IC50) of ~5 mM [28]. Since this effect was
mimicked by the HCA1 agonist 3,5-dihydroxybenzoic acid (3,5-DHBA), it was indeed consistent with
signalling via HCA1.
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Table 1. Characteristics of the known L-lactate receptors.

Receptor
LL Potency

(Range)
Intracellular
Signalling

Other Agonists Antagonists References

HCA1 5–30 mM Gi, cAMP↓ 3,5-DHBA; α-HBA;
glycolate; γ-HBA nd [25,26]

OR51E2 ~4 mM Gs, cAMP↑ Acetate;
propionate nd [29]

GPR4 1–10 mM allosteric
modulation? H+ NE 52-QQ57 [30]

LLRx 0.5 mM Gs, cAMP↑
MPA; aHIBA;

HMBA; 2HPA; KA
(see Figure 2)

D-lactate [20]

3,5-DHBA (3,5-dihydroxybenzoic acid), α-HBA (α-hydroxybutyrate), γ-HBA (γ-hydroxybutyrate); aHIBA
(α-hydroxyisobutyric acid), HMBA (2-hydroxy-3-methyl-butyric acid), 2HPA ((S)-2-hydroxypentanoic acid,
MPA ((S)-(−)-2-methoxy-propionic acid), nd—not determined, LL—L-lactate. LLRx—putative LL receptor
on noradrenergic neurones, GPR4—orphan G-protein-coupled receptor 4; OR51E2—LL-sensitive olfactory
receptor; HCA1—Hydroxy-carboxylic acid receptor; Gi—Gi-protein activation; Gs—Gs-protein activation;
KA—kynurenic acid.

Table 2. Expression of known L-lactate receptors in locus coeruleus neurones and astrocytes as
determined by RNA sequencing.

Gene Product of Interest LC (p29) LC (p7) LC Neurones Astrocytes

DbH 43.3 527.7 3556.2 2.5
α2A-AR 116.8 307.0 268.4 115.9
HCA1 0.0 0.0 0.0 0.0

OR51E2 7.6 21.3 0.0 0.0
GPR4 70.5 26.0 34.6 24.5

Dopamine-β-hydroxylase (DbH), shown for reference as a marker of noradrenergic neurones, is highly expressed in
locus coeruleus (LC) tissue from 29- and 7-day-old rats, and in dissociated noradrenergic neurones (area A6) from
organotypic brain cultures. Values for a canonical GPCR, α2A-adrenoceptor (α2A-AR), provide a reference for the
expression levels of this class of proteins. In comparison, known L-lactate receptors are found at low to negligible
levels and not specifically on LC neurones. Numbers represent average FKPM (fragments per kilobase of exon per
million fragments mapped) from duplicates. GPR4—orphan G-protein-coupled receptor 4; OR51E2—LL-sensitive
olfactory receptor; HCA1—Hydroxy-carboxylic acid receptor.

1.3. Olfactory L-Lactate Receptors

More recently, OR51E2, a further LL-activated GPCR, has been reported in the mouse. OR51E2
belongs to the family of olfactory receptors which invariably couple to a specific subset of Gs-proteins,
thereby increasing cAMP levels (Figure 1). The EC50 for cAMP elevation in vitro by LL was determined
as 4 mM (Table 1; [29]). As expected, the OR51E2 receptor is found in the rodent olfactory bulb but
it is also ectopically expressed in brain and periphery, for example, in glomus cells in the carotid
body where its role in activation of carotid sinus nerve activity by LL is currently debated [29,31,32].
Olfactory receptors that are LL-sensitive may be involved in the maladaptive increase in sympathetic
drive associated with the progression of chronic heart failure, in a vicious circle that leads to further
deterioration of ischemic conditions and lactate acidosis [33,34].

Ectopic localisation of this olfactory receptor also extends to autonomic ganglia and to the brain,
predominantly brainstem areas [35,36]. Since we previously showed that Gs-coupling was involved
in LL-mediated stimulation of noradrenergic transmission [20], we checked our transcriptomic data
and found OR51E2 expression in LC tissue, but were unable to confirm its expression in isolated LC
neurones (Table 2). We suggest that, since expression levels are low and the receptor appears to be not
specifically localised to noradrenergic neurones, it is unlikely to account for the central effects of LL
we had described earlier.
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Nevertheless, in a study to follow up olfactory perception of LL, we discovered that not only mice
but also humans can detect the odour of LL. However, OR51E2 knockout mice were still able to smell
it [37]. This points to the existence of one or more additional LL-sensitive olfactory receptors which,
if also expressed in the brain, would be expected to contribute to cAMP-mediated LL signalling. At the
same time, olfactory receptors are notorious for their broad spectrum of activating ligands and are
expected to act cooperatively to identify specific odorants.

1.4. Orphan G-protein-coupled receptor 4 (GPR4)

Since LL is one of the main extracellular organic acids, we investigated whether a proton-sensitive
Gs-protein-coupled receptor, GPR4, may mediate or be modulated by LL ([38]; Figure 1, Table 1).
Our evidence suggested that GPR4 contributes to the compensatory ventilatory response to increased
CO2 levels in hypercapnic conditions. However, we found that, under physiological blood and brain
LL concentrations, GPR4 is partially inhibited by LL and its sensitivity to protons is reduced [30].

GPR4 is prominently expressed in the endothelium of blood vessels, in periphery as well
as brain [30]. Localisation in certain neuronal phenotypes such as in retrotrapezoid and raphe
nuclei, rostral ventrolateral medulla, septum, and LC in the mature rodent brain has also been
demonstrated [30,39]. We detected a low level of expression in the LC (Table 2). However, since LL
appears as a negative, presumably allosteric, modulator of GPR4-mediated cAMP production, it cannot
be responsible for the effects of LL we observed on noradrenergic neurones [20]. Considering the
comparatively minor impact of GPR4 on cardiorespiratory regulation and its wide distribution in the
brain, including the raphe nuclei and related areas, it may be modulating processes mediated by these
areas, an issue which remains to be investigated [30]. In setting the cAMP tone and levels of neuronal
excitability it might, for instance, be involved in regulation of anxiety and depression.

1.5. The L-Lactate Receptor Responsible for Central noradrenaline Release

The receptor that mediates the effect of LL-induced NA release (LLRx) in the brain has not been
identified to date. Our previous findings defined several properties for LLRx-mediated NA release
([20]; Figure 1): LL activates LLRx from the extracellular side and does not require entry into the
cell. LL has a higher potency, by ~10-fold or more, at LLRx as compared to other so far identified
LL receptors and is activated around the physiologically relevant LL concentrations in the healthy
brain (0.2–0.5 mM). This makes it suitable for picking up physiologically relevant dynamic changes.
The activation of LLRx by LL is inhibited in the extracellular presence of its stereoisomer DL. LLRx is
most likely a Gs-coupled receptor as the effect of its activation depended on adenylate cyclase [20].

Since none of the receptors discussed above fits these requirements, our hypothesis is that
LL activates one of the orphan G-protein-coupled receptors present in the brain and expressed by
noradrenergic neurones. In the current study, we tested an array of LL derivatives for their ability
to mimic the LL effect on NA release in order to further characterise the structural requirements
for agonists of LLRx. In addition to the primary aim of these experiments, i.e., to establish a
structure–activity relationship (SAR) between the LL molecule and LLRx to aid molecular modelling,
a second objective was to lay the basis for antagonist and superagonist development. In addition,
we carried out next-generation sequencing of neurones in the LC and identified orphan GPCRs which
are expressed. We tested a selection of these in heterologous expression systems for their ability to
activate Gs-proteins in response to LL stimulation.

2. Materials and Methods

2.1. Chemicals

Analogues of LL in which carboxyl-, hydroxyl-, or methyl groups were modified
were obtained from commercial sources: 2-hydroxy-2-propan-sulfonic acid from Alfa Aesar
(Heysham, UK); (±)-3-hydroxy-2-methylbutyric acid, 1-hydroxycyclo-propane-carboxylic acid,
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and (S)-tetrahydro-furoic acid from Acros Organics (Thermo Fisher Scientific, Waltham, MA, USA);
and kynurenic acid from Abcam (Cambridge, UK). All other analogues and reagents were obtained
from Sigma-Aldrich (Merck, Darmstadt, Germany), unless stated otherwise. L-Lactate and analogues,
acetate, and pyruvate were diluted in ddH2O, adjusted to pH 7.4, and used at a final concentration
of 2 mM unless otherwise specified. To evaluate blocking by DL, DL was co-applied with LL or LL
analogues at a final concentration of 200 μM.

2.2. Organotypic Brain Slice Preparation

All animal procedures were performed in accordance with the UK Animals (Scientific Procedures)
Act, 1986, and covered by, PPL 30/3121.

Brainstem slice cultures were prepared as described previously [20]. In brief, 6–7-day-old Wistar
rat pups were terminally anaesthetised and decapitated, and the brainstem was immediately removed.
Slices of 200 μm thickness were cut at the level of the LC in ice-cold sterile dissection medium (in mM:
kynurenic acid 1; Hepes 1; glucose 20; MgCl2 10) using a vibrating microtome (7000 smz, Campden
Instruments, Loughborough, UK). Slices were plated onto cell culture inserts (Millicell PICMORG50,
Millipore, Watford, UK) and supplied with 1 mL per well feeding medium (Opti-MEM; 51985-026,
Thermo Fisher Scientific, Loughborough, UK) supplemented with 25% fetal bovine serum, 25 mM
glucose, and 1% penicillin (10,000 units)/streptavidin (10 mL/L)). To visualise noradrenergic neurones
in the LC, we added ~109 TU/mL of the adenoviral vector (AVV) AVV-PRSx8-EGFP, which results in
green fluorescent protein (EGFP) expression under PRSx8 promoter control [40]. To enable visualisation
of astrocytes, an AVV with transcriptionally enhanced glial fibrillary acidic protein (GFAP) promoter
was used to express EGFP (AVV-sGFAP-EGFP; [41]). Slices were kept at 37 ◦C and in 5% CO2 for
7–12 days prior to experiments to allow for AVV-mediated protein expression.

2.3. Fluorescence-Activated Cell Sorting and RNA Sequencing of Locus Coeruleus Neurones and Astrocytes

Organotypic brain slices including LC were transduced with AVV-PRSx8-EGFP or
AVV-sGFAP-EGFP. The LC area was dissected, and cells were dissociated as described previously [42],
with modifications. The tissue was first digested at 37 ◦C for 10 min in 5 ml of Hank’s Balanced
Salt solution (HBS) in mM: 136 NaCl, 5.3 KCl, 4.1 NaHCO3, 1.6 CaCl2, 0.8 MgSO4, 0.44 KH2PO4,
0.13 Na2HPO4, 10 HEPES, 5.5 D-glucose) containing 30 U of papain (Sigma-Aldrich / Merck,
Darmstadt, Germany) under orbital shaking, before washing off the papain and triturating with
a fire-polished Pasteur pipette. Cells were gently pelleted (3 min, 900 rpm), resuspended in HBS,
and filtered through a 50 μm mesh. EGFP-positive cells were sorted using 488 nm laser excitation and
510–550 nm emission in a Becton Dickinson InFlux cell sorter (BD Biosciences, Franklin Lakes, NJ, USA)
running BD Software version 1.2. Viable cells were identified based on light scatter and the exclusion
of propidium iodide. In addition, single-cell gating was used to exclude doublets and aggregated cells.
Following fluorescence-activated cell sorting (FACS), more than 100 cells were collected into 100 μL
of 2% Triton in phosphate-buffered saline containing 1 μL RNAseOUT (Invitrogen, Thermo Fisher
Scientific, Loughborough, UK), and stored at −80 ◦C until processed further.

Sequencing libraries for next-generation sequencing (NGS) were prepared with 250 ng of total
RNA using Illumina’s Truseq RNA Sample Preparation Kit v2 (Illumina, Inc., San Diego, CA, USA)
following the manufacturer’s protocol. Final PCR-enriched fragments were validated on a 2200
TapeStation (Agilent Technologies, Santa Clara, CA, USA) and quantitated via qPCR using Kapa’s
Library Quantification Kit (Kapa Biosystems, Wilmington, MA, USA) on the QuantStudio 6 Flex
Instrument (Thermo Fisher, Waltham, MA, USA). The final library was sequenced by 50 bp paired-end
sequencing on a HiSeq 2500 (Illumina). Illumina BCL files were converted and demultiplexed (bcl2fastq
2.17). FASTQ files were trimmed of adapter sequences (CutAdapt 1.8.3) and aligned to rn5 (STAR
2.5). Aligned reads were summarised as gene-level counts (featureCounts 1.4.4) and as transcripts per
million (Kallisto 0.43.0). Sequencing and quality control reports were generated (FastQC 0.11.4 and
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Qualimap 2.1.3). Pairwise differential expression analysis was conducted with the R package DESeq2
(1.10.1)

2.4. Measurement of Noradrenaline Release

In our earlier study, we used fast scan cyclic voltammetry to detect NA release in organotypic
slices of the LC in response to LL stimulation. Here, in order to expand selection of LL analogues
tested and to increase throughput, we implemented an approach based on cell-based neurotransmitter
fluorescent engineered reporter cells (CNiFERs; Supplementary Materials Figure S1) [43]. CNiFERs
are derived from a HEK293 cell line that stably expresses the Ca2+ indicator TN-XXL and a human
α1 adrenoreceptor. Binding of NA to the adrenoceptor activates Gq-protein signalling, leading to
an increase in cytosolic Ca2+ through the phospholipase C-inositol triphosphate pathway which is
imaged through the FRET ratio of TN-XXL (Supplementary Materials Figure S1A,B). CNiFERs showed
nanomolar sensitivity to NA (EC50 = 31 ± 1.75 nM).

To monitor NA release from organotypic brain slices, 4 × 105 CNiFERs were plated 24 h prior
to experiments on a cell culture insert (Supplementary Materials Figure S1C). Imaging experiments
were performed at 34 ◦C under continuous perfusion (150 mL/h) with HEPES-buffered solution (HBS,
pH 7.4; in mM: NaCl 138; KCl 5.5; Na2HPO4 0.25; KH2PO4 0.5; CaCl2 1.67; MgSO4 0.8; NaHCO3

4.25; HEPES 10; Glucose 5.5) in a tissue chamber mounted on a Leica SP5 confocal microscope.
Images were collected in a time-lapse mode (0.25 Hz) with excitation at 458 nm and dual emission
set to 462–501 nm (Citrine) and 519–595 nm (ECFP). Fluorescence intensities of Citrine and ECFP
channels were exported and analysed offline in Excel (Microsoft, Redmond, WA, USA). The FRET ratio
(ECFP/Citrine) was calculated, plotted against time, and the area under the curve (AUC) following
LL/analogue stimulation was determined as FRET ratio x s. CNiFER responses were calibrated against
100 nM NA to allow evaluation of total NA release in nM x s.

2.5. Patch Clamp of Noradrenergic Neurones

Cultured slices containing the LC and transduced with an AVV-PRSx8-eGFP were transferred
to a recording chamber mounted on an upright SP-2 confocal microscope (Leica, Wetzlar, Germany)
and continuously superfused with HEPES-buffered solution (in mM: NaCl 137, KCl 5.4, Na2HPO4

0.25, KH2PO4 0.44, CaCl2 1.3, MgSO4 1.0, NaHCO3 4.2, HEPES 10, Glucose 5.5; pH 7.4) at 34 ± 1 ◦C.
Current-clamp whole-cell recordings were sampled at 10 kHz using an AxoClamp 2B amplifier
(Molecular Devices, San Jose, CA, USA) and a 1401 interface with Spike 2 software (CED, Cambridge,
UK). Recording pipettes were pulled with a vertical puller (Narishige PC-10) to 3–5 MΩ resistance and
filled with pipette solution (in mM: potassium gluconate 130, HEPES 10, EGTA 5.5, NaCl 4, MgCl2 2,
CaCl2 1, ATP 2, GTP 1, and glucose 5). After recording 5–10 min of stable baseline in current clamp, LL
or its analogues were superfused with the chamber solution for 5–10 min.

2.6. GloSensor Assay of Intracellular cAMP Accumulation

Clones of a selection of human orphan GPCR open reading frames were commercially obtained:
GPR61 and GPR176 from cDNA Resource Center (www.cdna.org); GPR81, GPR137, GPR137B, GPR158,
GPR180 from SourceBioScience (www.sourcebioscience.com); GPR155 from Origene (www.origene.
com); rodent GPR162 was synthetised by Eurofins Scientific (www.eurofins.co.uk). The open reading
frames of the receptors were cloned into the expression plasmid pEGFP-N1 under control of the
human cytomegalovirus promoter, upstream of a human internal ribosomal entry site, followed by the
enhanced green fluorescent protein sequence.

The GloSensor assay was used for cAMP measurements as previously described,
with modifications [42]. HEK293 cells were plated in 96-well white polystyrene plates (Greiner Bio-One,
Kremsmünster, Austria) in DMEM media (Gibco, Thermo Fisher Scientific, Loughborough, UK)
supplemented with 10% fetal bovine serum and 1% penicillin (10,000 units)/streptavidin (10 mL/L)),
at a density of 4 × 105 cells/mL to achieve ~70% confluence for transfection. After 20 h, cells were
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transiently co-transfected with the GloSensor cAMP plasmid GLO22F and a plasmid encoding the
GPCR of interest using Trans-IT 293 (Mirus) according to the manufacturer’s protocol. Transfection
efficiency was confirmed by fluorescent visualisation of EGFP. Twenty-six hours after the transfection,
cells were incubated with 850 μM beetle luciferin potassium salt (Promega, Southampton, UK) at pH
7.4 for 2 h in the dark. Prior to adding drugs, media was changed to HBS (Gibco) buffered with 20 mM
HEPES and titrated to the desired pH. Cells were incubated with LL for 20 min in a final well volume
of 100 μL. Luminescence measurements of cAMP accumulation were obtained using an Infinite M200
PRO microplate reader (Tecan, Männedorf, Switzerland).

2.7. Statistical Analysis

Data are expressed as mean ± standard error of the mean (SEM). Groups were compared using
Student’s t-test or one-way ANOVA as indicated. GraphPad Prism (version 7; La Jolla, CA, USA) was
used for data processing and to calculate EC50.

3. Results

3.1. L-Lactate Releases Noradrenaline from Locus Coeruleus Neurones

To detect LL-induced release of NA we used a cell-based reporter system developed in D.
Kleinfeld’s laboratory [43]. These “α1 CNiFER” cells respond with a robust Ca2+ increase to NA
which is registered through a ratiometric Ca2+ indicator which they express. Consistent with our
previous observations using fast-scan cyclic voltammetry, a transient change in α1 CNiFER cell signals
confirmed that LL (2 mM) evokes NA release from LC neurones in organotypic slices. As we previously
reported, this effect was blocked by DL (200 μM) and was independent of the caloric value of LL since
neither pyruvate nor acetate (2 mM) triggered NA release [20] (Supplementary Materials Figure S1D).

3.2. Structural Requirements for the Agonistic Action of L-Lactate on Noradrenaline Release

In order to characterise the structural features required for LL binding to LLRx, we chose
commercially available LL analogues in which the carboxyl, hydroxyl, or methyl groups were modified
(Figure 2A–D). In addition, the effect of chain extension by increasing the distance between the OH and
the carboxylate group of LL (e.g., 4, Figure 2C) or replacing the methyl group of LL with longer alkyl
(9, 10) or aralkyl chains (13–15, Figure 2D) was studied. Conformational restriction by carbocyclic (5)
or heterocyclic ring (7, 11) formation was also investigated (Figure 2C,D). Each analogue was tested at
2 mM for its ability to evoke NA release, and the response was normalised to the effect of equimolar
LL tested in the same slice (Figure 2E).

L-lactate analogues with modified carboxyl (1), hydroxyl (3), and methyl groups (8–10 and 15) and
the heterocyclic analogues (7 and 11) stimulated NA release; however, none of these were significantly
more efficacious than LL (Figure 2E). All other test compounds (2, 4–6, 12–14) evoked significantly
smaller responses, leading to less than 50% of the NA release triggered by LL application (Figure 2E).
We then further focused on the 8 active LL analogues to test for antagonistic properties of DL, and found
that analogues (S)-(−)-2-methoxypropionic acid (3, MPA; Figure 2C), α-hydroxyisobutyric acid
(8, aHIBA; Figure 2D), 2-hydroxy-3-methylbutyric acid (9, HMBA; Figure 2D), (S)-2-hydroxyl-pentanoic
acid (10, 2HPA; Figure 2D), and kynurenic acid (11, KA; Figure 2D) fulfilled the criteria for mimicking
the effect of LL on NA release (Figure 2F; [20]).

We have previously shown that the effect of LL on NA release was paralleled by depolarisation
of noradrenergic neurones, increasing their excitability [20]. In the current set of experiments,
we extended this dataset and compared resting membrane depolarisation caused by LL with the
effect of LL analogues (Table 3; Supplementary Materials Figure S2). L-lactate, aHIBA (8, Figure 2D),
and HMBA (9, Figure 2D) caused depolarisation in a significant proportion of neurones. However, MPA
(3, Figure 2C), 2HPA (10, Figure 2C), and KA (11, Figure 2C), also powerful NA-releasing LL mimetics,
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evoked no depolarisation (Tables 1 and 3), suggesting that in noradrenergic neurones, depolarisation
and cAMP-dependent transmitter release evoked by LL are not coupled in an obligatory way.

Figure 2. The structure–activity relationship (SAR) between L-lactate analogues and noradrenaline
release in locus coeruleus characterises L-lactate binding properties at LLRx. (A) Moieties of the
L-lactic (LL) acid molecule. The selection of tested LL analogues had alterations in the carboxyl
group (B) (yellow highlight), in the hydroxyl group (C) (red highlight); and in the methyl group (D)
(blue highlight). (E) LL analogues 1, 3, 7, 8–11, and 15 (2 mM) triggered more than 50% response
in noradrenaline-sensitive α1 CNiFER cells as compared to 2 mM LL (100%). The rest of the tested
analogues evoked significantly smaller responses compared to LL (** p < 0.01, * p < 0.05 vs 2 mM LL
application for each analogue, paired t-test). (F) The effect of analogues 3 and 8–11 was blocked by
pre-incubation with 200 μM D-lactate (DL; # p < 0.05 vs the same analogue without DL, paired t-test;
E/F—data represented as mean ± SEM).
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Table 3. Depolarisation of locus coeruleus neurones evoked by L-lactate and its analogues that cause
D-lactate-sensitive noradrenaline release.

LL Analogue (Figure 2) Cells Analysed (number) Cells Depolarised (%) Vm (mV)

LL 94 34 7.3 ± 1.1
3 8 0
8 28 43 6.2 ± 1.3
9 9 67 5.3 ± 1.0
10 8 25
11 7 14

L-lactate (LL) analogue numbers as displayed in Figure 2. Resting membrane potential data (Vm) are displayed as
mean ± SEM in cells that showed a response.

3.3. Orphan GPCRs as Putative Targets of L-Lactate

We used the DiscoveRx panel of orphan GPCRs (orphanMAX, LeadHunter; Fremont, CA, USA)
to screen for the activity of LL (2–8 mM) and filtered the results for those orphans that were expressed
in the LC, based on our NGS data (Table 4).

Only one of the orphan receptors on the panel, GPR162, satisfied the DiscoveRx criteria of >30%
for significant activation by LL (at 8 mM). The response of several other receptors, however, exceeded
3 times the standard deviation of the baseline. Note that HCA1 (GPR81) did not respond to the
maximum concentration of 8 mM LL as employed in our DiscoveRx screen, indicating that this assay
might not be suitable for detection of signalling through these low-affinity receptors.

We considered those orphan GPCRs with likely Gs-protein or unknown coupling that were
expressed in noradrenergic neurones of the LC, but not in astrocytes, for further testing (Table 4).
Receptors were transiently expressed in HEK293 cells and subjected to the GloSensor cAMP assay to
test for the response to LL (Table 4; Figure 3). As expected, HEK293 cells transiently transfected with
GPR81 showed a concentration-dependent reduction in cAMP accumulation when stimulated with LL
(Figure 3A). Another orphan receptor, GPR180, responded with decrease in cAMP to both 1 mM and
10 mM LL (Figure 3B). The only orphan receptor to significantly increase cAMP production with LL in
the range of 1–5 mM was GPR137 (Figure 4A,C). In contrast, its paralogue, GPR137B, which is also
highly expressed in noradrenergic cells of the LC, did not respond to 2 mM LL (Figure 4B).

The enantiomer of LL, DL (0.4 mM), did not activate GPR137 to increase cAMP production
(Figure 4C). Co-application of 0.4 mM DL with 2 mM LL, which in our previous study blocked
LL-evoked effects on NA release, did not significantly affect cAMP accumulation in comparison to
2 mM LL application alone (Figure 4C).

Table 4. Screening of heterologously expressed orphan GPCRs for activation by L-lactate.

DiscoveRx Activation
(%) by LL (mM)

Expression in LC (NGS) cAMP Assay:
Activation by LL

(0.5–10 mM)GPCR Coupling? 2 4 8 p29 p7 Neuron Astrocyte

GPR61 Gs −2% 16% 19% 97 183 163 0 No response
GPR81 Gi 1% 3% 3% 0 0 0 0 Decrease

GPR137 Gs? 6% 4% 3% 959 628 196 577 Increase
GPR137B ? nd nd nd 226 83 140 125 No response
GPR146 ? −3% 10% 20% 129 49 6 312 nd
GPR155 RGS? nd nd nd 842 412 140 36 No response
GPR158 RGS7 nd nd nd 1692 433 613 1 No response
GPR162 ? −9% 15% 30% 1293 1012 282 64 No response
GPR176 Gz −8% −2% 9% 193 196 190 9 No response
GPR180 Gi? nd nd nd 768 542 520 83 Decrease

The combination of DiscoveRx panel readout and GloSensor assay for cAMP production suggests further L-lactate
(LL)–sensing GPCR candidates. Apart from GPR81, this selection of receptors is expressed in locus coeruleus (LC)
neurones at medium to high levels. Coupling information obtained from www.genecards.org. NGS–RNA-Seq by
next-generation sequencing; nd—not determined.
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Figure 3. L-lactate activates GPR81- and GPR180-dependent Gi-protein signalling in HEK293 cells.
(A) L-lactate (LL) concentration-dependently decreases cAMP accumulation in HEK293 cells transiently
transfected with GPR81 (0.1 μg/μL; GloSensor assay; EC50 243 μM). In order to create an elevated cAMP
baseline level, cells were pretreated with 20 μM NHK 477, a soluble forskolin analogue. (B) Selected
orphan GPCRs present in locus coeruleus neurones were transiently expressed in HEK293 cells
(transfection with 0.1 μg/μL GPCR expression plasmid). Application of LL led to a significant decrease
in cAMP only in GPR180-expressing cells. GloSensor assay: luminescence normalised to baseline in
absence of LL; data represented as mean ± SEM; ** p < 0.01, * p < 0.05 vs no LL stimulation; n = 3;
one-way ANOVA with Dunnett’s as post-hoc test.

4. Discussion

This study aimed to further characterise LLRx, the LL receptor which mediates the communication
between activated astrocytes and noradrenergic neurones [20]. Our previous evidence had suggested
that LL acts at an extracellular site and was not consistent with the modulation of KATP channels.
Based on the sensitivity of the effect to inhibition of adenylate cyclase or protein kinase A,
we hypothesised that LLRx is most likely a GPCR that activates Gs-protein signalling, suggestive of an
orphan GPCR or one of the olfactory receptors.

The potency of LL via its action on LLRx (EC50 ~0.5 mM) should be low compared to that of
other endogenous GPCR ligands. For example, NA acting at β-adrenoceptors is around three orders of
magnitude more potent (see Supplement in [44]. It is, however, fully consistent with a specific response
based on low-affinity binding, given the high physiological extracellular LL concentration in the brain.
Indeed, in comparison to the other LL receptors reported to date, HCA1 and OR51E2, the EC50 of LL
at LLRx is around 10-fold lower and appears well correlated with the operational range of brain LL
concentrations. It is, therefore, most suitable for mediating a dynamic physiological response to LL.

The experimental disadvantage of a low-affinity ligand–receptor interaction is that it rules
out specific pull-down approaches to concentrate and biochemically analyse the receptor. Hence,
we adopted an alternative approach to evaluate the properties of the LL–LLRx interaction and to
determine an agonist profile for the LLRx-mediated stimulation of NA release.

The carboxyl group seems to be essential for LL’s agonist activity as it was intact in all
NA-releasing analogues, and methylation of the carboxyl group to form the ester analogue M-LL
abolished the effect (2, Figure 2B,E,F). Replacement of the carboxyl group by a more acidic sulfonate
group in HPSA (1, Figure 2B) did result in triggering NA release, but eliminated the antagonist effect
of DL. This suggests that HPSA acts via a different mechanism than by activation of LLRx. Indeed,
it may be that HPSA is decomposing into acetone and sulphuric acid, leading to a false positive result.

The 2-hydroxyl group was intact in most of the active LL analogues, indicating its importance
for NA release. Most analogues with 2-OH deletion or modifications, particularly addition of large
groups, were inactive, apart from MPA, THFA, and KA (3, 7 Figure 2C, 11, Figure 2D, respectively).
The DL-sensitive effect of MPA indicates that the hydroxyl group may act as a hydrogen bond acceptor,
but hydrogen bond donation is not necessary to trigger NA release. THFA (7, Figure 2C) can be
thought of as a conformationally restricted analogue of LL and MPA (3, Figure 2C), while HCPCA
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(5, Figure 2C) is a conformationally restricted analogue of LL and aHIBA (8, Figure 2D). THFA and
HCPCA were less active than the parent molecules MPA and aHIBA, respectively, suggesting that
the conformations of THFA and HCPCA are not optimal for interaction with LLRx. Kynurenic acid
(KA, 11, Figure 2D) can be thought of as a conformationally restricted analogue of LL in which the
NH group acts as a mimic of the OH group of LL and the methyl group of LL is incorporated into the
ring structure. The 4-oxo group of KA, which is a hydrogen bond acceptor, may also play a role in
interacting with LLRx. Future SAR studies are needed to explore this possibility.

Addition of a second methyl group in the α-position, as in aHIBA (8, Figure 2D), or extension of
the carbon chain from the methyl group as in HMBA and 2HPA (9, 10, Figure 2D), supports activation
of LLRx. However, large lipophilic residues replacing or added as substituents to the methyl group
prevent DL-sensitive NA release (12–15, Figure 2D), indicating a limitation of size in the binding pocket.

The comparison of the analogues that cause NA release and those that evoke membrane
depolarisation shows that, in noradrenergic neurones, NA release can be evoked without necessarily
increasing the cells’ electrical excitability. This is unsurprising, given previous evidence for
cAMP-mediated increase in exocytosis [45]. In fact, extensive evidence indicates that depolarisation
should not be the primary mechanism regulating NA release, because noradrenergic neurones are
characteristically depolarised at rest. Membrane potentials of LC neurones, in vitro as well as in vivo,
are typically near −50 mV (Supplementary Materials Figure S2; [20,46–48]. Moreover, LC neurones
in vivo and in slices tend to generate a constant low-frequency stream of action potentials while their
excitation by a sensory stimulus triggers only a very short (~20 ms) barrage of 3–5 additional action
potentials which is followed by a long period of quiescence lasting hundreds of milliseconds [49,50].
Therefore, the conventional logic of neuronal networks where high-frequency action potential activity
triggers release of a neurotransmitter, such as glutamate, does not apply to noradrenergic neurones.
A mechanism which sensitises the NA release machinery and potentiates NA release to the steady-state
level of intracellular Ca2+ (with or without additional depolarisation) should be a much more effective
way to control NA release.

It is also important to note that the chemicals tested here can affect multiple targets. Kynurenic
acid, for example, while effectively triggering DL-sensitive NA release, is also a well-known glutamate
receptor antagonist [51]. Blocking of glutamate receptors theoretically should lead to a decrease rather
than an increase in neuronal excitability, but KA nevertheless triggered release of NA.

Whilst beyond the scope of the current study, analogues that failed to produce a positive response
in the NA release assay may have antagonist or weak partial agonist properties. If such compounds
are identified and optimised, they may be expected to facilitate future studies to characterise the
physiological and pathophysiological roles of this astrocytic signalling pathway.

The DiscoveRx panel screening is based on β-arrestin-induced internalisation and should be
independent of the type of G-protein the receptor couples with. The approach is not very sensitive
and, in the case of low-potency agonists such as LL, relatively high concentrations of agonist need to
be employed, potentially leading to nonspecific effects. Only few concentration-dependent responses
to LL (2–8 mM) were detected. When following up on the effect of LL on GPR162, we were
unable to confirm a LL-induced change in cAMP production in transiently transfected HEK293
cells. This suggests that GPR162 does not signal via Gs-proteins and is therefore not consistent with
LLRx function.

We acknowledge that we selected orphan candidates with medium to high expression levels in
LC and with either unknown or proposed Gs-coupling in order to determine their cAMP response
to LL (Table 4). Of these, only GPR137 produced a concentration-dependent but DL-insensitive
increase in cAMP, making it an interesting candidate for further study. GPR137 has two paralogues,
GPR137B and GPR137C, which are located on different chromosomes. Unusually for GPCRs, all three
paralogues contain introns, raising the possibility of multiple variants through alternative splicing.
GPR137 has been suggested to play a role in the proliferation of malignant tumours, but its functional
significance for the brain has not yet been explored [52,53]. Neither ligands nor physiological actions of
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GPR137B and GPR137C are currently established. However, as the cAMP response was not inhibited
by co-application of DL, GPR137 does not fulfil all properties proposed for “LLRx” (Figure 4C).

Figure 4. L-lactate stimulates GPR137-dependent cAMP accumulation in HEK293 cells. (A) HEK293
cells transiently transfected with GPR137 (0.01 μg/μL) respond to 2 mM L-lactate (LL) with cAMP
accumulation (GloSensor assay, n = 3, ** p < 0.01 vs baseline (BL), one-way ANOVA with Tukey’s
post-hoc test). (B) HEK293 cells expressing GPR137B do not respond to 2 mM LL. (C) Concentration
range of LL and DL effects on cAMP in HEK293 cells transiently transfected with GPR137 (0.01 μg/μL).
LL significantly increases cAMP at concentrations ≥ 1 mM. D-lactate (DL) elicits no response and does
not significantly inhibit the effect of 2 mM LL (data are shown as mean ± SEM; n values for each
dataset are represented in the respective columns; **** p < 0.0001, * p < 0.05 vs control, one-way ANOVA
with Tukey’s post-hoc test).

Looking into the future, the list of potential LL receptor candidates is by no means complete if we
include orphan GPCRs with low to medium expression levels such as GPR146 and others (not shown)
to explore further as targets for LL-mediated signalling. Since LL-mediated release of NA is implicated
in regulation of sleep/wake and attention states, learning and memory, and cardiorespiratory control,
a better understanding of—and pharmacological tools to control—this signalling axis may have
significant health implications.

Supplementary Materials: The following are available online at http://www.mdpi.com/2571-6980/1/2/25/s1,
Figure S1. L-lactate evokes noradrenaline release from organotypic brain slices cultures as confirmed by using α1
CNiFER cells. Figure S2. L-lactate and analogues excite noradrenergic LC neurones.
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Abstract: Homeostatic scaling of synaptic strength in response to environmental stimuli may underlie
the beneficial effects of an active lifestyle on brain function. Our previous results highlighted a
key role for brain-derived neurotrophic factor (BDNF) and mitogen- and stress-activated protein
kinase 1 (MSK1) in experience-related homeostatic synaptic plasticity. Astroglia have recently
been shown to serve as an important source of BDNF. To elucidate a role for astroglia-derived
BDNF, we explored homeostatic synaptic plasticity in transgenic mice with an impairment in the
BDNF/MSK1 pathway (MSK1 kinase dead knock-in (KD) mice) and impairment of glial exocytosis
(dnSNARE mice). We observed that prolonged tonic activation of astrocytes caused BDNF-dependent
upregulation of excitatory synaptic currents accompanied by enlargement of synaptic boutons.
We found that exposure to environmental enrichment (EE) and caloric restriction (CR) strongly
upregulated excitatory but downregulated inhibitory synaptic currents in old wild-type mice,
thus counterbalancing the impact of ageing on synaptic transmission. In parallel, EE and CR enhanced
astrocytic Ca2+-signalling. Importantly, we observed a significant deficit in the effects of EE and
CR on synaptic transmission in the MSK1 KD and dnSNARE mice. Combined, our results strongly
support the importance of astrocytic exocytosis of BDNF for the beneficial effects of EE and CR on
synaptic transmission and plasticity in the ageing brain.

Keywords: aging; dendritic spines; synaptic strength; glia–neuron interactions; ion conductance
microscopy; synaptic scaling; diet; enriched environment; GABA receptors; AMPA receptors; TrkB
receptors; Arc/Arg3.1; calcium signalling

1. Introduction

The ability of neurons to autonomously scale their synaptic strength in response to hyper- or
hypoexcitability of their neighbours is instrumental for brain adaptation to environmental challenges
during development, adulthood, and ageing [1–3]. Such forms of adaptive changes in synaptic strength
are generally termed homeostatic synaptic plasticity [2]. The responsiveness of synapses and neuronal
networks to environmental stimuli has been linked to the potential beneficial effects of an active
lifestyle on the ageing brain [4–8].

Brain-derived neurotrophic factor (BDNF) has emerged as an important mediator of synaptic
adaptation to both activity deprivation and environmental enrichment [1,9,10]. Increased production
of BDNF has been observed in rodents in response to environmental enrichment [1,3], which, via the
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BDNF tropomyosin receptor kinase B (TrkB receptor), promotes dendritic growth, and increased spine
density [11].

The role of BDNF in synaptic adaptation relies on a number of proteins, including the cytoskeletal-
associated protein Arc/Arg3.1 and mitogen- and stress-activated protein kinase 1 (MSK1). In particular,
our previous data have shown a quintessential role for MSK1 in BDNF-mediated homeostatic
synaptic scaling in vitro, and the effects of environmental enrichment (EE) on synaptic transmission
in hippocampus in vivo [9]. Since the release of BDNF can be increased by various environmental
stimuli, such as physical activity or a change in diet [9,12,13], the BDNF/MSK1 pathway might play an
important role in the beneficial effects of both physical activity and caloric restriction (CR) on synaptic
function, in particular in the ageing brain.

Recent data has highlighted an important role for astroglia as a source of BDNF [14,15]. It has
been recently demonstrated that astrocytes can release BDNF via Ca2+-dependent exocytosis [14].
In addition, astrocytes, which mediate neurovascular coupling and orchestrate metabolic support of
neurons [16–18], are strategically positioned to mediate the effects of enhanced physical activity and
CR. Our recent results show that EE and CR can both enhance astroglial Ca2+-signalling [19]. Thus,
we hypothesise that astroglia-derived BDNF could be instrumental for homeostatic synaptic scaling
and experience-dependent synaptic plasticity.

To verify this hypothesis, we explored the effects of tonic activation of astrocytes in situ and
in vivo (via environmental stimuli) on synaptic scaling in transgenic mice with an impairment of
BDNF/MSK1 signalling (MSK1 kinase dead knock-in mice) and an impairment of glial exocytosis
(dnSNARE mice).

2. Materials and Methods

All animal work was carried out in accordance with UK legislation and “3R” strategy; research
did not involve non-human primates. This project was approved by the University of Warwick
Animal Welfare and Ethical Review Body (AWERB), approval number G13-19, and regulated under
the auspices of the UK Home Office Animals (Scientific Procedures) Act licenses P1D8E11D6 and
I3EBF4DB9. Experiments were performed in astrocytes and neurons of the hippocampus and
somatosensory cortex of dn-SNARE transgenic mice [19–22], their wild-type littermates (WT),
and transgenic mice with MSK1 kinase dead knock-in (MSK1 KD mice) [9]; the MSK1 KD mice
had the same genetic background as dnSNARE mice (C57/Bl6). We used mice of two age groups,
6–12 (average 7.8) weeks and 9–15 (average 12.7) months. We compared animals kept under standard
housing conditions (SH) vs. animals exposed to the EE from birth [9], including ad libitum access to
the running wheel, or kept on mild CR diet (food intake individually regulated to maintain the body
weight loss of 10–15%) for 4 to 6 weeks.

2.1. Slice and Cell Preparation

Mice were anaesthetized by halothane and then decapitated, in accordance with UK legislation.
Brains were removed rapidly after decapitation and placed into ice-cold physiological saline containing
(mM): NaCl 130, KCl 3, CaCl2 0.5, MgCl2 2.5, NaH2PO4 1, NaHCO3 25, glucose 15, pH of 7.4 gassed
with 95% O2–5% CO2. Transverse slices (260 μm) were cut at 4 ◦C and then placed in physiological
saline containing (mM): NaCl 130, KCl 3, CaCl2 2.5, MgCl2 1, NaH2PO4 1, NaHCO3 22, glucose 15,
pH of 7.4 gassed with 95% O2–5% CO2 and kept for 1.5 to 5 h prior to cell isolation and recording.

Astrocytes were identified by their morphology under differential contrast observation,
green fluorescent protein (GFP) fluorescence (astrocytes from dn-SNARE mice) or staining with
sulforhodamine 101 (astrocytes from WT and MSK1 KD mice). After recording, the identification
of astrocytes was confirmed via their functional properties (high potassium conductance, low input
resistance, and strong activity of glutamate transporters) as described previously [20–23]. To facilitate
high-quality whole-cell recordings in the brain tissue slices of old mice, tissue slices were treated with
a vibrating glass ball to remove the upper layer of dead cells and expose healthy neurons [24].
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Hippocampal cultures were prepared from WT and MKS1 KD mice as described previously [9].
Briefly, hippocampi were dissected, recovered by enzymatic digestion with trypsin and dissociated
through a Gilson pipette. For immunocytochemistry and for miniature excitatory postsynaptic currents
(mEPSC) recordings, cells were plated at a density of approximately 100,000 per dish onto 22-mm
glass coverslips coated with poly-L-lysine. Cultures were maintained at 37 ◦C in neurobasal medium
(Gibco, Themo Fisher Scientific, UK) containing 1% L-glutamine (Gibco), 1% penicillin–streptomycin
(Gibco) and 2% B27 supplement (Gibco) in a 95% O2/5% CO2-humidified incubator. Neurons were
used between 12 to 16 days in vitro.

2.2. Electrophysiological Recordings

Whole-cell voltage-clamp recordings from cortical neurones and astrocytes were made with
patch pipettes (4–5 MΩ) filled with intracellular solution (in mM): 110 CsCl, 10 NaCl, 10 HEPES,
5 MgATP, 1 D-Serine, 0.1 EGTA, pH 7.35. Currents were monitored using an MultiClamp 700B
patch-clamp amplifier (Axon Instruments, Union City, CA, USA) filtered at 2 kHz and digitized
at 4 kHz. Experiments were controlled by a Digidata1440A data acquisition board (Axon Instruments)
and WinWCP software (Strathclyde University, Edinburgh, UK); data were analysed by custom lab
software. Liquid junction potentials were compensated with the patch-clamp amplifier. The series and
input resistances were 5–7 MΩ and 700–1200 MΩ, respectively; both series and input resistance varied
by less than 20% in the cells accepted for analysis.

2.3. High-Resolution Scanning of Synaptic Boutons

Synaptic morphology was imaged in the neuronal cultures using the super-resolution hopping
probe ion conductance microscopy, an advanced version of scanning ion conductance microscopy
(SICM) [25]. The identification of synaptic boutons and SICM 3D topographical imaging were
carried out using a custom-modified SICM scanner ICNano (Ionoscope, London, UK), as described
previously [25]. Briefly, the sample was positioned in the X-Y directions with a nanopositioning stage
(Physik Instrumente, Karlsruhe, Germany) and the scanning pipette was positioned in Z-direction
with a piezoelectric actuator (PI). The fine-tipped scanning nanopipettes were pulled from borosilicate
glass (outer/internal diameter 1/0.5 mm) with a horizontal laser puller P-2000 (Sutter Instruments,
Novato, CA); pipette resistance was in the range of 80 to 100 MΩ corresponding to the estimated
tip diameter of 90–120 nm. Nanopipettes were held in voltage-clamp mode with an Axopatch 200B
patch-clamp amplifier (Axon Instruments); the amplifier head-stage was mounted on the z-scanning
head. The amplifier output signal was monitored by the SICM electronics, which simultaneously
controlled sample and pipette positioning.

The scan system was mounted onto an inverted microscope Nikon TE2000-U (Nikon Instruments,
Kingston, UK) equipped with epifluorescence illumination. The sample was preloaded with the
fluorescent synaptic marker FM1-43 (3 μM, 15 min loading followed by 15 min washout). FM1-43
fluorescence was imaged 100X 1.3 numerical aperture (NA) oil immersion objective and an EM-CCD
camera (Andor iXon3, Andor Technology, Belfast, UK). Synaptic boutons were identified by matching
the tentative boutons in topography and FM1-43 fluorescence [25]. The raw SICM data were
processed using Gwyddion 5.0 microscopy analysis software (Czech Metrology Institute, Brno, Czech
Republic) [26]. After constructing a 3D topographical image of identified synaptic varicosities,
their maximal span in X-Y-Z dimensions (Δx, Δy and Δz) was determined and the effective size
was calculated as the square root of (Δx2 + Δy2 + Δz2) quotient. The synaptic varicosity volume was
estimated as the volume of an ellipsoid of Δx, Δy and Δz dimensions.

2.4. Multiphoton Fluorescent Ca2+-Imaging in Astrocytes

To monitor the cytoplasmic free Ca2+concentraton ([Ca2+]i) in situ, astrocytes of neocortical slices
were loaded via 30 min incubation with 1 μM of Rhod-2AM (dnSNARE mice) or Oregon Green
Bapta-2AM and sulphorhodamine 101 (wild-type and MSK1 KD mice) at 33 ◦C. Two-photon images
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of neurons and astrocytes were acquired at 5 Hz frame rate using a Zeiss LSM-7MP multiphoton
microscope (Carl Zeiss, Jena, Germany) coupled to a MaiTai (SpectraPhysics, Santa Clara CA, USA)
pulsing laser; experiments were controlled by ZEN LSM software (Carl Zeiss). Images were further
analysed offline using ZEN LSM (Carl Zeiss) and ImageJ 1.52 (NIH) software [27]. The [Ca2+]i levels
were expressed as ΔF/F ratio averaged over a region of interest (ROI). For analysis of spontaneous
Ca2+-transients in astrocytes, three ROIs located over dendrites and one ROI located over the soma
were chosen. Overall Ca2+-response to receptors agonists or synaptic stimulation was quantified using
an ROI covering the whole cell image.

2.5. Data Analysis

All data are presented as mean ± standard deviation (SD) and the statistical significance of
differences between data groups was tested by two-tailed unpaired t-test, unless indicated otherwise.
For all cases of statistical significance reported, the statistical power of the test was between 0.8 and 0.9.

The spontaneous transmembrane currents recorded in neurons were analysed offline using
methods described previously [20,21]. The amplitude distributions of spontaneous and evoked currents
were analysed with the aid of probability density functions and likelihood maximization techniques;
all histograms shown were calculated as probability density functions. The amplitude distributions
were fitted with either multiquantal binomial model or bimodal function consisting of two Gaussians
with variable peak location, width and amplitude. Parameters of models were fit using likelihood
maximization routine.

3. Results

3.1. Astroglia-Induced Homeostatic Synaptic Scaling in Cultured Neurons

A conventional approach to test molecular mechanisms of homeostatic synaptic plasticity is
exposure of primary neuronal cultures to conditions of chronic inhibition or enhancement of neuronal
firing, e.g., 24 h-long incubation with tetrodotoxin or picrotoxin [9,10]. To probe the specific role of
astrocytes, we modified this approach and selectively enhanced astroglial Ca2+-signalling with TFLLR,
an agonist of PAR-1 receptors [20]. The efficiency and specificity of PAR-1 receptor-mediated activation
of astrocytes and lack of such action in neurons have been verified previously [20].

The 24 h-long incubation with TFLLR (3 μM) caused a considerable increase in the amplitude
of mEPSCs in wild-type hippocampal pyramidal neurons (Figure 1A) suggesting that enhancement
of astrocytic signalling can induce synaptic scaling. The average mEPSC amplitude increased from
14.01 ± 2.77 pA (n = 11) to 26.7 ± 6.55 pA (n = 9, p < 0.01).

To confirm that the observed synaptic scaling was BDNF-dependent, we incubated wild-type
cultured neurones in TFLLR with Cyclotraxin-B (CTX-B, 10 nM), a selective and potent TrkB
receptor inhibitor which has been shown to block the actions of BDNF [28]. Addition of the TrkB
receptor inhibitor blocked the TFFLR-induced enhancement of mEPSCs (Figure 1A). Furthermore,
the glia-induced synaptic scaling was impaired in cell cultures derived from MSK1 KD mice
(Figure 1B,C) indicating the crucial role for BDNF-MSK1 pathway in this phenomenon.

Analysis of amplitude distributions of mEPSCs (Figure 1B) showed that the increase in the average
amplitude occurred due to an increase in the unitary quantal size of synaptic response (manifested
as the main peak of the amplitude distribution). The incubation with TFLLR alone caused a robust
increase in the quantal size of mEPSCs recorded in wild type neurons, whereas there was no significant
change in mEPSC frequency (Figure 1B,C). These results imply that glia-induced BDNF-dependent
homeostatic synaptic scaling occurs mainly via postsynaptic mechanisms, similar to previous reports
on various forms of homeostatic synaptic plasticity.
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Figure 1. Mitogen- and stress-activated protein kinase 1 and brain-derived neurotrophic factor mediate
astroglia-induced synaptic scaling in hippocampal neurons. (A) Synaptic scaling was induced in
cultured hippocampal pyramidal neurons via incubation with the selective astroglia activator TFLLR
(PAR-1 receptor agonist). Upper and middle panels show representative mEPSCs from wild-type
neurons in control media (upper left) and after 24 h incubation with either 3 μM TFLLR alone (upper
right) or the TrkB inhibitor Cyclotraxin B (CTX B) alone (middle left) or TFLLR and Cyclotraxin
B together (middle right). Bottom panels show mEPSCs recorded in neurons of MSK1 KD mice.
The insets on the right show corresponding average mEPSC waveforms. Note that incubation with
TFLLR upregulated only mEPSCs recorded in the wild-type mice under control conditions. Synaptic
currents were recorded at a membrane potential of −80 mV in the presence of picrotoxin (100 μM),
TTX (1 μM), and PPADS (10 μM). (B) Corresponding amplitude distributions recorded in the same
neurons as in (A). Note that the unitary quantal size, indicated by the position of the main peak in
the amplitude distribution, undergoes a considerable increase, suggesting a postsynaptic effect of
exposure to TFLLR in the wild-type, but not MSK1 KD neurons or in the WT neurons in the presence of
BDNF TrkB receptor blocker. (C) Bar graphs show the quantal size and average frequency of mEPSCs
recorded as described above. Data show mean ± SD for 9–12 neurons from three to four primary
neuronal cultures. Note the significant increase (p < 0.005, unpaired t-test) in the quantal mEPSC
amplitude in wild-type neurones after incubation with TFLLR. The lack of significant changes in the
mEPSC frequency supports the postsynaptic origin of the effect. In contrast, activation of astrocytes
with TFLLR did not cause significant alterations in mEPSCs in MSK KD1 neurons or WT neurons in
the presence of BDNF TrkB receptor blocker. * p < 0.005.
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3.2. Astroglia-Induced Homeostatic Changes in Synaptic Morphology

An enhancement of strength of excitatory synapses at postsynaptic locus can occur via two
principle pathways: an increase in efficacy of neurotransmitter receptors (i.e., permeability and
open time of glutamate receptor-associated ion channels) or an increase in their surface expression.
These functional alterations are often accompanied by changes in synaptic morphology, in particular
an increase in the size of dendritic spines. Brain-derived neurotrophic factor has been previously
implicated in the regulation of synaptic morphology via induction of Arc/Arg3.1 gene [9,29,30].

To elucidate whether this cascade is involved in the TFFLR-induced synaptic scaling, we assessed
the alterations in the size and shape of postsynaptic sites using SICM. This technique is based on
decrease in the ionic current passing through a glass microelectrode in close proximity of cells (or any
other obstacles). The SICM method enables the imaging of live cells at nanoscale resolution and
adequately maps the shape and size of small subcellular structures, such as dendrites, axons and
synaptic boutons [25]. This technique has been successfully used before in the structure–function
studies of synaptic networks of cultured hippocampal neurons and mechano-sensory stereocilia of
cochlear hair cells [25,31].

To test for the effects of astroglia-derived BDNF on synaptic morphology, we examined live
neurons from wild-type mice hippocampal cultures incubated with TFLLR alone, TFLLR with the
inhibitor of TrkB receptors, or BDNF (Figure 2A). To identify functional synapses, neurons were
labelled with FM1-43, an activity-dependent marker of synaptic vesicles, prior to SICM imaging
(Figure 2A). Whenever a FM1-43 signal was observed, varicosities could be mapped at the SICM
images; with the size and shape of varicosities consistent with the geometry expected of synaptic
boutons. We targeted fluorescently-labelled varicosities located on distal dendrites to increase the
probability of encountering excitatory synapses. Upon 3D-mapping of identified synaptic boutons
(Figure 2B), their volume and effective size were evaluated as described in Methods (Figure 2C).

Consistent with our observations of astroglia-induced increase in synaptic strength, 24 h-incubation
with TFLLR caused significant, up to 60%, increase in the average size of synapses (from 0.798 ±
0.223 μm to 1.248 ± 0.345 μm, p < 0.01). Correspondingly, the average volume of synaptic boutons
showed >2.5-fold increase, from 0.218 ± 0.208 μm3 to 0.569 ± 0.489 μm3 (n = 31, p < 0.01).

The effect of TFLLR was effectively antagonized by Cyclotraxin-B (average size increased by just
10%) and reproduced by incubation with BDNF (Figure 3C).

Combined with data on the changes in mEPSC amplitude (Figure 1), these results demonstrate
that activation of astrocytes can engage the BDNF-dependent molecular cascade, which is instrumental
for homeostatic regulation of synaptic strength.
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Figure 2. Astroglia and brain-derived neurotrophic factor (BDNF) regulate synaptic size. (A) The
principle of tomographic imaging of synaptic boutons using high-resolution hopping probe scanning
ion conductance microscopy (SICM). Synapses of live hippocampal neurons were prestained with
synaptic vesicle marker FM1-43. (B) High-resolution SICM 3D images of hippocampal synapses of
wild-type neurons in control and after 24 h incubation with 3 μM TFLLR. The X- and Y-scales are
indicated on the images, the Z-scale is indicated as pseudo-colour (same scale for both graphs). (C) The
pooled data on the volume (V; μm3 ) and size (ΔL, μm) of synaptic boutons of wild-type neurons in
control and after 24 h-incubation with the PAR1 agonist TFLLR alone, TFLLR and the TrkB antagonist
Cyclotraxin B (CTX B), and BDNF. Open symbols indicate individual boutons, the closed symbols show
mean ± standard deviation for the whole group (n = 30–35 boutons for three preparations). Note the
significant increase in the size and volume of synapses after incubation with either TFLLR or BDNF.
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Figure 3. Age- and experience-dependent changes in astrocytic Ca2+ signalling. Astroglial Ca2+-signalling
was evaluated in the neocortex of 6–12 week-old (young) and 9–15 month-old mice (old) as described
previously [26–28]. The MSK1 KD and their wild-type littermates were kept either in standard housing
(SH) or exposed to environmental enrichment (EE) or caloric restriction (CR) as described in the
Methods. (A) Representative multiphoton images of astrocytes of old MSK1 KD mouse preloaded
with Oregon Green BAPTA-2 AM (OGB-2) and stained with fluorescent astroglial marker SR101 and
pseudo-colour images of OGB-2 fluorescence recorded before and after application of noradrenaline
(NA, 1 μM). Graphs below show the time course of OGB-2 fluorescence averaged over regions
indicated in the fluorescent images. Note the increase in the amplitude and frequency of spontaneous
Ca2+-elevations and in response to NA. (B) The pooled data on peak amplitude and frequency of the
baseline spontaneous Ca2+-transients recorded in astrocytes of WT, MSK1, and dn-SNARE mice of
different ages and treatments. Number and size of spontaneous events were pooled for the whole
cell image. (C) The pooled data on the net responses to application of 1 μM noradrenaline and 10 μM
ATP. Net response was evaluated as an integral Ca2+-signal measured within 3 min after stimulation,
averaged over the whole cell image and normalized to the baseline integral Ca2+ signal. Data in
the panels (B, C) are shown as mean ± SD for the 6 to 12 astrocytes from 3 to 4 animals. Asterisks
(*, **) correspondingly indicate statistical significance (p < 0.05) of the effect of EE or CR treatment
(as compared to SH) and difference between the old and young mice of the same treatment group
and genotype. Note the significant increase in spontaneous and evoked Ca2+-signalling in astrocytes
of mice exposed to EE and CR, and the lack of difference in Ca2+-signalling in the WT, MSK1 KD,
and dnSNARE mice.
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3.3. Astrocytes Participate in Homeostatic Plasticity In Vivo

BDNF-mediated homeostatic synaptic scaling has been implicated in the positive effects of
environmental enrichment on synaptic transmission [9]. There is also evidence that an increase in
BDNF can underlie the beneficial effects of a low-calorie diet on brain function [12,32]. Previously,
we demonstrated that environmental enrichment and caloric restriction can enhance Ca2+-signalling
in neocortical astrocytes [19]. Hence, one might predict that an increase in astroglial Ca2+-dependent
BDNF release plays a key role in the beneficial effects of EE and CR on synaptic transmission
in the aging brain. To explore the role of this signalling mechanism in a behavioural model of
experience-dependent synaptic plasticity, we examined the effect of environmental enrichment and
caloric restriction on excitatory and inhibitory synaptic transmission in the neocortex.

First, we verified that EE and CR can enhance Ca2+-signalling in neocortical astrocytes of MSK1
KD mice. Astroglial Ca2+-signalling was monitored using multiphoton fluorescence microscopy as
described previously [20,22,23]. We measured spontaneous cytosolic Ca2+ transients in the branches
and soma of neocortical astrocytes of 6–12 week-old (young adults) and 9–15 months old (old) mice
(Figure 3). There was no significant difference in Ca2+-signalling between neocortical astrocytes of old
wild-type and MSK1 KD mice (Figure 3). Similar to our previous reports, the amplitude and frequency
of spontaneous astrocytic Ca2+-transients in old WT and MSK1 KD mice raised in standard housing
(SH) were significantly lower than those measured in the young SH WT mice. Most importantly,
EE and CR significantly increased spontaneous astroglial Ca2+-signalling in the old WT and MSK1 KD
mice to a similar extent (Figure 3A,B).

We also assessed the responses of astrocytes to exogenous activation of NA and ATP receptors
since these neurotransmitters are released during enhanced neuronal and physical activity [21,33,34]
and potentially can mediate a link between environmental enrichment and the function of astrocytes.
There is also growing evidence of the importance of α1AR and P2Y receptors for astrocytic
Ca2+-signalling and glia–neuron interactions [21,22,33,34]. EE and CR had a moderate effect on
the amplitudes of astrocytic responses to NA (3 μM) and ATP (30 μM) in the young mice, but caused a
significant enhancement of astroglial responses at the older age, both in the WT and MSK1 KD mice
(Figure 3C).

These results have verified that Ca2+-signalling in astrocytes, and especially the effects of EE
and CR, are not affected by MSK1 KD knock-in. We have previously demonstrated that astroglial
Ca2+-signalling is not altered in the dnSNARE mice either [19,20,23]. Hence, if any difference in the
impact of EE and CR on synaptic transmission in the dnSNARE and MSK1 KD mice were observed,
they should be attributed not to the deficit in astroglial Ca2+-elevation, but rather to the impairment
of downstream signalling cascades, namely astroglial exocytosis and BDNF-mediated regulation of
neuronal synaptic strength.

To test this, we recorded AMPA receptor-mediated mEPSCs in neocortical pyramidal neurons in
the presence of the GABAA receptor antagonist picrotoxin (100 μM), and the P2 Receptor antagonist
PPADS (10 μM). Exposure of wild-type mice to EE from birth to 6–12 weeks increased the average
amplitude of mEPSCs to 18.6 ± 6.04 pA (n = 12), as compared to 21.3 ± 5.97 (n = 13) in the SH
mice. The difference between the EE and SH mice was even larger for the older mice (Figure 4A,B),
which might be related to the age-related decline in the amplitude of excitatory synaptic currents.
In the older mice, the mEPSC amplitude increased from 10.86 ± 3.55 pA (SH, n = 10) to 14.34 ± 3.47
pA (EE, n = 8).

Exposure to CR had similar positive effect on mEPSCs (Figure 4B). The observed effects of both EE
and CR were, most likely, of postsynaptic origin since they were accompanied by a significant increase
in quantal size, whereas the frequency of mEPSCs did not undergo considerable changes (Figure 4C).

In stark contrast to the WT mice, mEPSCs recorded from MSK1 KD mice undergo the same
age-related decline, but did not exhibit the EE- or CR-induced increase in amplitude (Figure 4A,B).
In line with data obtained in the MSK1 KD mice, the dnSNARE mice showed only modest EE- and
CR-induced increase in the average mEPSCs amplitude. The difference in the quantal size of mEPSCs
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in the WT and dnSNARE mice was statistically significant only for the EE in the younger age (p < 0.05).
The incomplete inhibition of EE-induced plasticity in the young dnSNARE mice could be attributed to
the mosaic (50–60% of cells) expression of dnSNARE and therefore incomplete loss of glial exocytosis.
In addition, neuronal release of BDNF cannot be excluded.

Figure 4. Experience-dependent alterations in excitatory synaptic transmission. AMPA receptor-mediated
spontaneous miniature excitatory postsynaptic currents (mEPSCs) were recorded in neocortical layer
2/3 pyramidal neurons at −80 mV in the presence of 100 μM picrotoxin, 1 μM TTX and 10 μM PPADS.
(A) Representative whole-cell currents recorded in young (top row) and old SH (middle row) and
EE (bottom row) WT, MSK1 KD and dnSNARE mice (left, middle, and right columns, respectively).
The inserts on the right shows average mEPSC waveforms. Note the significant decrease in mEPSC
amplitude in the old WT mice of standard housing, and upregulation of mEPSCs in the EE mice of
the same age. The effect of EE is impaired in the MSK1 KD and dnSNARE mice. (B, C) Pooled data
on the quantal size (B) and frequency (C) of mEPSCs in mice of different age and experience groups.
Data are shown as mean ± SD for the number of neurons indicated in (B). The statistical significance
(2-population unpaired t-test) for the difference between young and old mice of same genotype and
experience is indicated by (#) symbols; asterisks (*) indicate statistical significance of the difference
between different genotype and experience groups as indicated.

The dependence of EE- and CR-induced upscaling of excitatory synaptic currents on the MSK1
signalling pathway and astrocytic exocytosis closely agrees with our results obtained in cell cultures
(Figures 1 and 2). Combined together, our in vitro and ex vivo data strongly support the crucial
importance of astroglial release of BDNF for homeostatic plasticity of excitatory synaptic transmission.

Finally, we explored the experience-dependent plasticity of inhibitory synaptic signalling.
We recorded GABA receptor-mediated miniature inhibitory synaptic currents (mIPSCs) at a membrane

408



Neuroglia 2018, 1

potential of −80 mV in the presence of glutamate and P2X receptor antagonists (DNQX and PPADS,
respectively). The pattern of age- and environment-related alterations in the GABAergic synaptic
currents was different to the changes exhibited by mEPSCs. Firstly, both the quantal size and frequency
of mIPSCs undergo dramatic increase in older WT and the MSK1 KD mice (Figure 5). In addition,
GABAergic currents were upregulated in the dnSNARE mice of both age groups as compared to
their WT-littermates (Figure 5A,B); this result is in line with our previous observations [19]. Secondly,
exposure of the wild-type mice to EE and CR efficiently downregulated inhibitory synaptic signalling,
especially in the neurons of older mice (Figure 5A,B). In contrast to mEPSCs, the EE- and CR-induced
downscaling of mIPSCs was absent in the dnSNARE but not in the MSK1 KD mice. This might
be explained by participation of other gliotransmitters, in particular ATP [19], in astroglial-driven
modulation of GABA receptors.

Figure 5. Experience-dependent alterations in inhibitory synaptic transmission. GABAA receptor-mediated
miniature inhibitory postsynaptic currents (mIPSCs) were recorded in neocortical layer 2/3 pyramidal
neurons at −80 mV in the presence of 30 μM DNQX, 1 μM TTX, and 10 μM PPADS. (A) Representative
whole-cell currents recorded in young (top row) and old SH (middle row) and EE (bottom row) WT,
MSK1 KD, and dnSNARE mice (left, middle, and right columns, respectively). The inserts on the right
shows average mIPSCs waveforms. (B, C) Pooled data on the quantal size (B) and frequency (C) of
mIPSCs in mice of different age and experience groups. Data are shown as mean ± SD for the number
of neurons indicated in (B). The statistical significance (2-population unpaired t-test) for the difference
between young and old mice of same genotype and experience is indicated by (#) symbols; asterisks (*)
indicate statistically significance of the difference between different genotype and experience groups as
indicated. Note the significant increase in mIPSC amplitude in the old standard housed WT mice and
down-regulation of mIPSCs in the EE mice of the same age. The effect of EE is impaired in the MSK1
KD and dnSNARE mice.
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Combined, our data strongly support the importance of astrocytic exocytosis and BDNF/MSK1-
mediated signalling for the beneficial effects of EE and CR on synaptic transmission in the ageing brain.

4. Discussion

Our experiments in cultured neurons demonstrated that long-term enhancement of astrocytic
Ca2+-signalling can lead to neuronal synaptic scaling that engages the same BDNF/MSK1 cascade
that has been shown to underlie homeostatic synaptic plasticity induced by alterations in neuronal
firing [9,10]. The astrocyte-induced alterations in synaptic strength (Figure 1) and morphology
(Figure 2) depend on the activity of BDNF TrkB receptors and MSK1. Combined with recently reported
data unequivocally showing the ability of astrocytes to release BDNF via exocytosis [14], our results
strongly suggest that astrocyte-derived BDNF can modulate homeostatic synaptic scaling.

Our ex vivo data also highlighted the importance of astroglial-derived BDNF and the
BDNF/MSK1 pathway for experience-dependent homeostatic synaptic plasticity. Firstly, we observed
that exposure of mice to EE and CR can induce an increase in glutamatergic (Figure 4), and a decrease
in GABAergic synaptic transmission (Figure 5). The impact of EE and CR was significantly reduced in
dnSNARE mice, indicating the critical importance of astrocytic exocytosis, which is very likely the
main pathway of BDNF release [14]. Secondly, the effects of EE and CR on synaptic transmission and
plasticity differed significantly in the wild-type and MSK1 KD mice (Figures 4 and 5), where one of
the main pathways of BDNF-mediated homeostatic plasticity was impaired [9]. Finally, the exposure
to EE and CR led to significant upregulation of Ca2+-signalling in astrocytes, which did not differ
in the WT and transgenic mice. The most likely explanation for all our observations of changes in
glutamatergic mEPSCs would be the enhancement of Ca2+-dependent release of BDNF from astrocytes
which, in turn, upregulates the strength of excitatory synapses via MSK1-dependent cascade.

As for the homeostatic plasticity of GABAergic transmission, it was only weakly affected by
the impairment of the BDNF/MSK1 pathway, but was critically dependent on astroglial exocytosis.
These results highlight an important difference in astroglial-driven homeostatic regulation of excitatory
and inhibitory synaptic transmission: the former is modulated mainly via the BDNF/MSK1 pathway
whereas the latter is modulated, most likely, by other gliotransmitters. As our previous results suggest,
the vesicular release of ATP can play an important role in astroglial-driven modulation of GABA
receptors [20].

Our data highlighted interesting trends in age-related alterations in synaptic transmission:
a decrease in the efficacy of excitatory synapses, and an increase in the efficacy of inhibitory
synapses, but neither were accompanied by marked change in the frequency of synaptic events.
These observations suggest that, at least at early stages of ageing, neurons retain a significant number of
functional synapses, and cognitive decline can be associated with dysregulation, rather than complete
loss of synapses. Furthermore, our present (Figure 3) and previous data [19,35,36] on age-related
decline in astroglial Ca2+-signalling and the release of gliotransmitters suggest a very plausible reason
of such dysregulation—impairment of glia-driven modulation of synaptic activity. This hypothesis
is strongly supported by observation that manipulations which facilitate astroglial signalling, e.g.,
EE, CR, reversed the changes in excitatory and inhibitory synaptic signalling back to a “younger”
state (Figures 4 and 5). Also, the notion of impairment of glial regulation of balance between the
excitatory and inhibitory signals onto principal neurons as a putative cause of age-related cognitive
decline agrees with our previous observation that enhancement of astrocytic Ca2+-signalling, including
EE- and CR-induced, can rescue long-term synaptic plasticity in old mice [19,35,36]. Nonetheless,
this model of age-related alterations of synaptic function needs to be explored further, in particular in
relation to neurodegenerative disorders.

To conclude, our results strongly support the physiological importance of astroglial exocytosis,
in particular the release of BDNF, for communication between astrocytes and neurons and
experience-related synaptic plasticity across a lifetime.
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