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Light is an extraordinary tool allowing us to read out and control neuronal functions
thanks to its unique properties: it has a great degree of bioorthogonality and is minimally
invasive; it can be precisely delivered with high spatial and temporal precision; and it can
be used simultaneously or consequently at multiple wavelengths and locations. In the
last 15 years, light-based methods have revolutionized the way we analyse and control
biological systems. It turns out that with the help of light it is possible to study the functions
of cells and cell ensembles [1–3], regulate the functions of deoxyribonucleic acid (DNA) [4],
perform the photocontrol of peptide conformations [5], modulate the activity of voltage-
gated and receptor-operated channels [6–8], and measure the concentrations of ions [9,10]
and other cellular components [11,12]. It has become possible to control the behaviour of
organisms [13,14], as well as to explore new ways of treating certain diseases [15–17]. Three
novel approaches have been emerging more than others: optogenetics, optosensorics, and
photopharmacology (optopharmacology).

Optogenetics is an elegant method that combines optical technology and genetic
engineering to control the functions of biological systems (cells, tissues, organs, organisms)
genetically modified to express photosensitive proteins [2]. By stimulating with light,
this method provides high-spatiotemporal and high-specificity resolutions, in contrast
to conventional pharmacological or electrical stimulation [18,19]. Optogenetics provides
a route to study synaptic circuits [20] and underlying movement diseases [21,22] and
has become an effective technology to revolutionize brain research for the therapy of
vision [23–25], cardiovascular [26], and neurodegenerative disorders [27,28]. It has also
been extended to other biomedical fields [29,30].

Optosensorics is the direction of research exploring the possibility of non-invasively
monitoring intracellular ion concentrations and the activity of enzymes, lipids, and other
cellular components using specific optical sensors. Most of the sensors developed in the
past years are genetically encoded tools. These probes possess fluorophore groups capable
of changing fluorescence when interacting with certain ions or molecules [31]. The use
of modern optical and fluorescent technologies in combination with molecular genetic
techniques has provided the possibility for the biosensoric monitoring of reactive oxidative
species [32,33], cAMP [34], glucose [35,36], glutamate [37,38], pyruvate [39], lactate [40],
different ions [41,42], and neuronal activity [43].

In contrast to the above-mentioned methods, photopharmacology relies on synthetic
photoswitchable ligands that are externally supplied and usually does not require genetic
manipulation. Photopharmacological agents are obtained via the incorporation of a molec-
ular photoswitch (e.g., azobenzene and its derivatives) into the structure of a biologically
active compound, so that light can be used as an external signal to “switch” the ligand con-
formation and hence its activity between two different states (ideally “off” and “on”) [44,45].
This is ultimately performed to achieve control over biological systems with a high degree
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of temporal and spatial precision for investigational and therapeutic purposes. Potential
applications of photopharmacology include neurobiology [46–48], cancer [49,50], microbial
infections [51], pain [52,53], and blindness [54,55], among others.

In this Special Issue, several papers focus on neurobiological aspects, using light as
a tool for experimental analysis. In the paper published by Gerasimov et al., the authors
describe an optogenetic approach to stimulate astrocytes with the aim to modulate neuronal
activity [56]. They applied light stimulation to astrocytes expressing a version of ChR2
(ionotropic opsin) or Opto-α1AR (metabotropic opsin). Optimal optogenetic stimulation
parameters were determined using patch-clamp recordings of hippocampal pyramidal
neurons’ spontaneous activity in brain slices as a readout. They observed that the activation
of the astrocytic Opto-α1AR, but not ChR2, results in an increase in the fEPSP slope in
hippocampal neurons. The authors conclude that Opto-α1AR expressed in hippocampal
astrocytes provides an opportunity to modulate the long-term synaptic plasticity optoge-
netically and suggest that this approach may potentially be used to normalize the synaptic
transmission and plasticity defects in a variety of neuropathological conditions, including
models of Alzheimer’s disease and other neurodegenerative disorders.

In another work, Abd El-Aziz et al. used an optogenetic system to study the activity
of the epithelial Na+ channel (ENaC) [57]. The activity of ENaC is strongly dependent
on the membrane phospholipid phosphatidylinositol 4,5-bisphosphate (PIP2). PIP2 binds
two distinct cationic clusters within the N termini of β- and γ-ENaC subunits (βN1 and
γN2). The purpose of this study was to determine whether each independent PIP2–ENaC
interaction site is sufficient to abolish the response of ENaC to changes in PIP2 levels. The
authors had previously determined the affinities of these sites using short synthetic peptides.
In this paper, they describe their role in sensitizing ENaC to changes in PIP2 levels in the
cellular system. For this purpose, they compared the effects of PIP2 depletion and recovery
on ENaC channel activity and intracellular Na+ levels [Na+]i. They tested the effects
on ENaC activity with mutations to the PIP2 binding sites using the optogenetic system
CIBN/CRY2-OCRL to selectively deplete PIP2. Whole cell patch-clamp measurements
showed a complete lack of response to PIP2 depletion and recovery in ENaC with mutations
to βN1 or γN2 or both sites compared to wild-type ENaC. These results suggest that the
βN1 and γN2 sites on ENaC are each necessary to permit maximal ENaC activity in the
presence of PIP2.

Lilja et al. presented the results obtained with a novel optogenetic tool for the inves-
tigation of neuroplasticity [58]. The activation of tropomyosin receptor kinase B (TrkB),
the receptor of brain-derived neurotrophic factor, plays a key role in induced juvenile-like
plasticity (iPlasticity), which allows the restructuring of neural networks in adulthood.
In this work, they evaluated the utility of a new, highly sensitive, optically activatable
tropomyosin receptor kinase B receptor, named OptoTrkB (E281A). OptoTrkB (E281A)
was successfully transduced in parvalbumin-positive (PV+) interneurons and in alpha
calcium/calmodulin-dependent protein kinase type II positive (CKII+) pyramidal neurons
specifically. Light stimulation through transparent skulls or even through a high-opacity
barrier (intact skull and fur) promoted the phosphorylation of ERK and CREB, downstream
signals of TrkB, in the neurons expressing optoTrkB (E281A) at a certain level. Their results
indicate that this highly sensitive optoTrkB (E281A) receptor can be activated using wireless
optogenetic methods and can thus be used for a broad range of behavioural studies. Over-
all, these findings show that the highly sensitive optoTrkB (E281A) can be used in iPlasticity
studies of both inhibitory and excitatory neurons, with flexible stimulation protocols in
behavioural studies.

The application of novel optogenetic/chemogenetic tools and advanced in vitro mod-
els, including those based on iPSC-derived cells, organoids, or utilizing 3D brain-on-chip
platforms, are of great importance for the development of new therapeutic options and the
assessment of aberrant neurogenesis in Parkinson’s-type neurodegeneration. In their review
article, Salmina et al. discuss current approaches to assess neurogenesis and prospects in
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the application of optogenetic protocols to restore neurogenesis in patients with Parkinson’s
disease [59].

In their paper, Ivashkina et al. present a methodological development and experimen-
tal application of a genetically engineered optosensoric tool that allows the imaging of
activity-induced neuronal c-fos expression [60]. The authors show a novel light-controlled
approach for the long-term analysis of calcium activity in the cortical neurons that were
specifically tagged through c-fos expression during a particular cognitive episode. In
addition, using in vivo two-photon imaging of Fos-GFP PtA neurons, they report specific
changes in neuronal activity in this cortical area during both the acquisition and retrieval
of associative fear memory. Taken together, these results suggest that Fos-Cre-GCaMP mice
are suitable for the investigation of calcium activity in the neurons which were specifically
activated during a particular learning episode.

In the work by Zhilyakov et al., the authors reported the results from their investigation
on the relationship between the nicotine-induced autoregulation of acetylcholine (ACh)
release and the changes in the concentration of presynaptic calcium levels [61]. For this
purpose, they used a pharmacological approach, electrophysiological techniques, and a
method for the optical registration of changes in calcium levels in the motor nerve endings.
The authors found that an agonist of nicotinic receptors (at a concentration not significantly
affecting the state of the postsynaptic membrane) leads to a decrease in the amount of
released ACh quanta. This effect is accompanied not by a decrease but by an increase in
calcium ion entry into the motor nerve terminal. These results suggest that the nicotinic
cholinergic receptors responsible for the mechanism of ACh release autoregulation are the
receptors of neuronal type. Activation of these receptors leads to the upregulation of the
Cav1 type of VGCCs, resulting in the enhancement of Ca2+ entry into the nerve ending.
This study adds new elements to the understanding of the cholinergic system functioning
and the envisioning of novel potential approaches for the treatment of diseases associated
with cholinergic dysfunctions.

In the field of optosensorics, Ponomareva et al. described the effectiveness of the
genetically encoded biosensor, ClopHensor, expressed in transgenic mice for the estima-
tion of [H+]i and [Cl−]i concentrations in brain slices [62]. They performed simultaneous
monitoring of [H+]i and [Cl−]i under different experimental conditions, including chang-
ing external concentrations of ions (Ca2+, Cl−, K+, Na+) and the synaptic stimulation of
Shaffer’s collaterals of hippocampal slices. The results obtained illuminate the different
pathways regulating Cl− and pH equilibrium in neurons and demonstrate that ClopHensor,
expressed in transgenic mice, represents an efficient tool for the non-invasive monitoring
of intracellular Cl− and H+ ions.

In their work, Sotskov et al. performed in vivo imaging of neuronal activity in the
CA1 field of the mouse hippocampus using genetically encoded green calcium indicators,
including the novel NCaMP7 and FGCaMP7, designed specifically for in vivo calcium
imaging [63]. The purpose of this study was to investigate the dynamics of the initial place
field formation in the mouse hippocampus. Their data show that neuronal activity recorded
with genetically encoded calcium sensors revealed fast behaviour-dependent plasticity in
the mouse hippocampus, resulting in the rapid formation of place fields and population
activity that allowed the reconstruction of the geometry of the navigated maze. Taken
together, these results reveal the fast emergence and tuning dynamics of place cell codes
and demonstrate the applicability of novel calcium indicators NCaMP7 and FGCaMP7 in
the light-controlled analysis of neural functions in behaving mice.

In the field of photopharmacology, Matera et al. reported a novel photoswitchable
ligand that enables reversible spatiotemporal control of dopaminergic transmission [64].
They demonstrated that this new photoswitch, named azodopa, activates D1-like receptors
in vitro in a light-dependent manner. Moreover, azodopa enables reversibly photocontrol-
ling zebrafish motility on a timescale of seconds and allows separating the retinal com-
ponent of dopaminergic neurotransmission. Finally, they proved that azodopa increases
the overall neural activity in the cortex of anesthetized mice and displays illumination-
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dependent activity in individual neurons. Azodopa is the first photoswitchable dopamine
agonist with demonstrated efficacy in wild-type animals and opens the way forward to
remotely controlling dopaminergic neurotransmission for investigational and therapeu-
tic purposes.

Finally, the review article by Nin-Hill et al. discusses the application of structure-based
computational methods, such as homology modelling, molecular docking, molecular dy-
namics, and enhanced sampling techniques, to photoswitchable ligands targeting voltage-
and ligand-gated ion channels [65]. Notably, the examples presented by the authors show
how the integration of computational modelling with experimental data can greatly fa-
cilitate photoswitchable ligand design and optimization and provide structural insights
to understand the observed light-regulated effects. They conclude by stating that the
latest advances in structural biology will further support computer-assisted approaches in
photopharmacology.

Overall, this Special Issue of the International Journal of Molecular Sciences contains origi-
nal contributions reporting recent advances in the fields of optogenetics, optosensorics, and
photopharmacology, as well as review papers discussing key achievements and prospects
in the field. Therefore, we expect that these articles will be of interest to many scientists
working with light-based biological methods and will inspire further investigations in
relevant research areas.
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Abstract: Optogenetics approach is used widely in neurobiology as it allows control of cellular
activity with high spatial and temporal resolution. In most studies, optogenetics is used to control
neuronal activity. In the present study optogenetics was used to stimulate astrocytes with the aim
to modulate neuronal activity. To achieve this goal, light stimulation was applied to astrocytes
expressing a version of ChR2 (ionotropic opsin) or Opto-α1AR (metabotropic opsin). Optimal
optogenetic stimulation parameters were determined using patch-clamp recordings of hippocampal
pyramidal neurons’ spontaneous activity in brain slices as a readout. It was determined that the
greatest increase in the number of spontaneous synaptic currents was observed when astrocytes
expressing ChR2(H134R) were activated by 5 s of continuous light. For the astrocytes expressing
Opto-α1AR, the greatest response was observed in the pulse stimulation mode (T = 1 s, t = 100 ms).
It was also observed that activation of the astrocytic Opto-a1AR but not ChR2 results in an increase
of the fEPSP slope in hippocampal neurons. Based on these results, we concluded that Opto-a1AR
expressed in hippocampal astrocytes provides an opportunity to modulate the long-term synaptic
plasticity optogenetically, and may potentially be used to normalize the synaptic transmission and
plasticity defects in a variety of neuropathological conditions, including models of Alzheimer’s
disease and other neurodegenerative disorders.

Keywords: optogenetics; astrocytes; hippocampal neurons; patch-clamp; channelrhodopsin-2;
opto-α1-adrenoreceptor

1. Introduction

Astrocytes play an integral role in the maintenance and regulation of neural networks
in the brain. They are able to influence neuronal activity by regulating the extracellular
concentration of potassium ions, as well as neurotransmitters, due to the expression on
their membrane of a large number of transporters of electrogenic transmitters such as gluta-
mate [1,2], gamma-aminobutyric acid [3,4], and glycine [5,6]. By releasing gliotransmitters,
astrocytes act on neuronal receptors, modulating neuronal excitability, synaptic transmis-
sion, and synaptic plasticity. Astrocytes do not generate action potentials in response
to a stimulus, but respond with intracellular increase of [Ca2+] [7]. When Ca2+ waves
propagate in astrocyte cytoplasm, serine, cytokines, and lactate are released, which can
modulate activity of neighboring neurons [8]. The ability of astrocytes to release glutamate
allows regulation of the function of NMDA receptors, thereby controlling the excitation of
neuronal network [9].

Astrocytes are also an irreplaceable part of the tripartite synapse, which involves
coordinated activity of pre- and postsynaptic membrane and astrocytes [10,11]. Their
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activity is closely related to synaptic potency [12] and is controlled via several types of
metabotropic receptors linked to calcium levels. Release of gliotransmitters from astrocytes
occurs in both calcium-dependent and calcium-independent ways. The ability of astrocytes
to release gliotransmitters in a millisecond time scale is critical for their role in integration
of information in neuronal networks [13].

Astrocytes are closely related to the pathogenesis and pathological processes in the
brain and, in particular, in the context of Alzheimer’s disease (AD) [14–19]. AD [20] is
characterized by a progressive memory loss and cognitive dysfunctions, accumulation of
a significant number of Aβ-amyloid plaques [21], abnormal neuronal calcium homeosta-
sis [22], and accumulation of neurofibrillary tangles [23]. Shift in excitation and inhibition
balance in neuronal network is often considered one of the causes of AD pathology [24,25].
It has been proposed that regulation of neuronal network activity in AD by stimulation of
astrocytes may lead to beneficial effects by stabilizing activity of the network [26].

Optogenetic techniques allow selective and precise regulation of cellular activity [27,28].
In the present study, the optogenetic approach was used to stimulate activity of astrocytes.
For optogenetic activation of astrocytes, two different opsins were used: ChR2 [29] that
acts as an ion channel and metabotropic opsin Opto-a1AR [30], stimulation of which leads
to activation of IP3 receptor and elevation of cytosolic calcium concentration. In this study,
we performed comparison of effects on neuronal function resulting from activation of
astrocytes by these two optogenetic tools. Obtained results are useful for future experimen-
tal evaluation of astrocyte activation in the context of AD and other neurodegenerative
disease models.

2. Results

2.1. Specificity of Expression of AAV2/5 GfaABC1D_ChR2(H134R)-mCherry and
AAV2/5 GfaABC1D_Opto-a1AR-EYFP

Genetic constructs of ChR2(H134R) [29] and Opto-a1AR [30] were obtained and pack-
aged into AAV2/5 adeno-associated viruses (AAV) under control of astrocyte-specific
GfaABC1D promoter (see Materials and Methods). AAV-ChR2(H134R)-mCherry and AAV-
Opto-a1AR-EYFP viruses were stereotaxically injected into hippocampal region of the
mice (C57BL/6J strain) and immunohistochemical experiments were performed 3 weeks
after injection to verify specificity of transgene expression. Obtained results confirmed
co-localization of ChR2-mCherry and astrocytic marker glial fibrillary acid protein (GFAP)
(Figure 1A). Similar results were obtained with Opto-a1AR-EYFP (Figure 1B). Obtained re-
sults confirmed astrocyte-specific expression of both constructs, in agreement with known
specificity of GfaABC1D promoter [31]. Astrocyte-specific expression of Opto-a1AR-EYFP
construct was further confirmed by high resolution confocal imaging of mouse hippocam-
pal slices combined with nuclei labeling by DAPI staining (Figure 1C).

β

 

Figure 1. Astrocyte-specific expression of ChR2(H134R)-mCherry and Opto-a1AR-EYFP constructs. (A) Confocal images of
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fixed slices of mouse brain tissue three weeks after unilateral administration of AAV2/5 GfaABC1D_ChR2(H134R)–mCherry
(red). GFAP staining (green) was used to label astrocytes. Scale bar is 100 µm. (B) Confocal images of fixed slices of mouse
brain tissue three weeks after unilateral administration of AAV2/5 GfaABC1D_Opto-a1AR_EYFP (green). GFAP staining
(red) was used to label astrocytes. Scale bar is 100 µm. (C) Confocal image of fixed slice of mouse brain tissue three weeks
after unilateral an administration of AAV2/5 GfaABC1D_Opto-a1AR_EYFP (green), nuclei are labeled with DAPI (blue),
4× magnification.

2.2. Activation of Astrocytes Expressing ChR2(H134R) or Opto-α1AR Leads to Enhancement of
Pyramidal Neuron’s Activity

To evaluate functional effects of astrocyte activation on neuronal function, spontaneous
excitatory postsynaptic currents (sEPSC) were recorded in a whole-cell configuration from
hippocampal slices 3 weeks after unilateral injection of ChR2(H134R)-mCherry and Opto-
a1AR-EYFP expressing viral constructs. Intracellular recording was performed in the
presence of 1 µM tetrodotoxin (TTX) in the pipette solution to prevent neurons from action
potential generation in normal ACSF as extracellular media. Patch-clamp recordings were
performed from neurons located at approximate depth 100 µm from the surface of a slice,
where all processes of neurons and astrocytes were undamaged. To determine optimal
parameters of optogenetic activation of astrocytes that expressed ChR2(H134R)-mCherry,
different protocols of light administration (λ = 473 nm) were applied with variable intervals
of stimulation (T) and duration of the light pulses (t). The conditions that were tested:
(t = 20 ms, T = 20 ms); (t = 20 ms, T = 1 s); and (t = 100 ms, T = 1 s) and continuous
light (t = 5 s). In each experiment, frequency of sEPSC following light stimulation was
normalized to the frequency of sEPSC in the same neuron prior to light stimulation. Highest
increase in the frequency of sEPSC currents was observed in a group with 5 s of continuous
light stimulation (mean increase to 1.81 ± 0.15, n = 4) and in a t = 100 ms, T = 1 s group
(the mean increased to 1.39 ± 0.14, n = 5) (Figure 2A). We further found that optogenetic
stimulation of hippocampal astrocytes did not affect amplitudes of spontaneous currents
in neurons, with no difference before and after the optogenetic stimulation in distribution
of EPSCs amplitudes at all stimulation protocols (n = 4, p > 0.05, Mann–Whitney U test)
(Figure 2B). To rule out potential effects of phototoxic damage and/or heating of a slice
by pulses of light, control recordings were performed from hippocampal slices of non-
injected hemisphere of the same mice. In these control experiments, we discovered that
continuous light stimulation with t = 5 s led to non-significant changes in sEPSC frequency
compared to baseline level value (mean 0.91 ± 0.08, n = 6, p > 0.01, Mann–Whitney U
test) (Figure 2A). Increase of sEPSC’s frequency suggests that in ChR2(H134R) expressing
astrocytes the optogenetic activation may lead to activation of spontaneous glutamate
release in pyramidal neuron synapses, as has been previously shown for visual cortex
neurons [32].

To determine an effect of Gq-coupled opsin activation, the hippocampal CA1 as-
trocytes expressing the Opto-α1AR-EYFP were optogenetically stimulated, and sEPSC
recorded using the same approach as described above for ChR2(H134R)-mCherry. To
identify optimal parameters of stimulation, the following optogenetic protocols were ap-
plied: (t = 20 ms, T = 1 s); (t = 100 ms, T = 1 s) and continuous light (t = 5 s). The greatest
increase in the frequency of currents was observed in the group with (t = 100 ms, T = 1 s)
(the mean increased to 1.71 ± 0.36, n = 4) (Figure 3A). No difference in sEPSC frequency
was observed in control experiments in slices from non-injected hemisphere under the
same stimulation conditions (t = 100 ms, T = 1 s) (Figure 3A). Similar to experiments with
ChR2(H134R)-mCherry, optogenetic stimulation of Opto-a1AR-EYFP had no significant
effect on distribution of sEPSC amplitudes (Figure 3B).
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Figure 2. sEPSC changes in response to astrocyte activation using ChR2(H134R)–mCherry. (A) Values
of the normalized frequencies of sEPSC of hippocampal neurons in the CA1 region after light
activation (t = 20 ms, T = 20 ms; t = 20 ms, T = 1 s; t = 100 ms, T = 1 s; continuous light t = 5 s)
of astrocytes expressing ChR2(H134R)—mCherry. The data are presented as the mean ± SEM,
**: p < 0.01, *: p < 0.05. (B) distribution of sEPSC amplitudes before and after optogenetic (t = 5 s)
activation of astrocytes expressing ChR2(H134R)—mCherry on the membrane. The data are presented
as the mean ± SEM, n = 4.
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Figure 3. sEPSC changes in response to astrocyte activation using Opto-a1AR-EYFP. (A) Values of the
normalized frequencies of sEPSC in the CA1 hippocampal neurons after light activation (t = 20 ms,
T = 20 ms; t = 20 ms, T = 1 s; t = 100 ms, T = 1 s; continuously t = 5 s) of astrocytes expressing
Opto-a1AR-EYFP. The data are presented as the mean ± SEM, *: p < 0.05. (B) Distribution of sEPSC
amplitudes before and after optogenetic activation of astrocytes expressing Opto-a1AR-EYFP on the
membrane. The data are presented as an average ± SEM.

The obtained results suggest that optogenetic stimulation of astrocytes expressing
ChR2(H134R)-mCherry or Opto-α1AR-EYFP constructs elicited gliotransmitters release
that increased frequency of spontaneous neuronal activity of hippocampal pyramidal
neurons but had no effect on the amplitudes of sEPSC currents.

2.3. Activation of Astrocytes Expressing ChR2(H134R)-mCherry Had No Effect on the Field
Excitatory Postsynaptic Potentials

In the next series of experiments, the effects of optogenetic activation of astrocytes
on CA1 hippocampal field excitatory postsynaptic potentials (fEPSPs) were evaluated. To
achieve fEPSP recordings, hippocampal Shaffer collaterals were stimulated via twisted bipo-
lar electrodes before and after optogenetic activation of astrocytes expressing ChR2(H134R)-
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mCherry by 5 s of continuous light stimulation. As in previous experiments, hippocampal
slices from non-injected hemispheres were used as a control. On average, the value of
normalized fEPSP slope in the last 5 min prior to light stimulation was equal to 92.4 ± 8.3
(n = 3) in experimental group and 99.1 ± 4.8 (n = 4) in control group (Figure 4A). We discov-
ered that two light pulses of 5 s light duration had no significant effect on the average value
of the normalized fEPSP slope (%) in both control and experimental groups (ChR2-group
(n = 3) vs. control group (n = 4), p > 0.05, Mann–Whitney U test) (Figure 4B). We further
noticed that fEPSPs recorded in the experimental (ChR2) group appears to be reduced after
light stimulation when compared to the control group (Figure 4A), but the difference has
not reached a level of statistical significance (Figure 4B).

α

α

α

α

A 

Figure 4. fEPSP changes in response to astrocyte activation using ChR2(H134R)–mCherry. (A) the
normalized values of fEPSP slope (%) before and after light stimulation of astrocytes in the experimen-
tal (ChR2 expressing) and control groups. In the figure, the blue bars show the time of continuous
light stimulation. (B) Average value of the normalized fEPSP value (%) after light stimulation
(2 pulses t = 5 s) in the control and experimental groups, n = 4 for control measurements, n = 3 in the
experimental group. The data are presented as an average ± SEM.

2.4. Activation of Opto-α1AR-EYFP-Expressing Astrocytes Leads to Increase of Field Excitatory
Postsynaptic Potential

By using the same approach as for ChR2(H134R)-mCherry, we evaluated changes in
hippocampal fEPSP in response to optogenetic activation of astrocytes transduced with
Opto-α1AR-EYFP viral construct. T = 1 s and t = 100 ms were chosen as the light stimu-
lation protocol in these experiments, as this protocol resulted in the highest increase in
sEPSC (Figure 3A). As in previous experiments, hippocampal slices from non-injected
hemispheres were used as a control. In these experiments, the average normalized slope
(%) in last 5 min of recordings in experimental (Opto-α1AR) group was 130.0 ± 13.6 (n = 3),
while in control group it was 102.3 ± 3.5 (n = 3). Obtained results demonstrated that light
stimulation of astrocytes expressing Opto-a1AR-EYFP leads to significant potentiation of
fEPSP (Figure 5A,B). From these results we concluded that Opto-α1AR-EYFP-mediated
activation of astrocytes is able to potentiate the hippocampal synaptic transmission signifi-
cantly, resulting in enhanced fEPSP.

11



Int. J. Mol. Sci. 2021, 22, 9613

Figure 5. fEPSP changes in response to astrocyte activation using Opto-a1AR-EYFP. (A) Normalized
value of slope (%) before and after light stimulation of astrocytes in the control and experimental
(Opto-a1AR expressing) groups of mice. In the figure, the blue bar marks the timing of light
stimulation. (B) Average value of the normalized slope value after light stimulation (T = 1s, t = 100ms)
in the control and experimental groups mice, n = 3 for control measurements, n = 3 in the experimental
group. The data are presented as an average ± SEM, *: p < 0.05.

3. Discussion

In this study, the parameters of optogenetic activation of astrocytes that lead to
enhancement of neuronal activity were defined. It was determined that the mode of
5 s continuous light stimulation of ChR2(H134R), expressed in astrocytes, provides the
highest increase in spontaneous neuronal activity. Impulse mode with T = 1 s, t = 100 ms
parameters had maximal effect on spontaneous neuronal activity when Opto-a1AR was
used to activate astrocytes. Furthermore, our results and the data from the literature [33]
suggest that stimulation of Opto-a1AR expressed in hippocampal astrocytes has a potential
for enhancing the long-term synaptic plasticity in mice. In contrast, no significant effect
on fEPSP was observed in experiments with astrocytes expressing ChR2(H134R). Possible
mechanism responsible for synaptic plasticity changes following activation of Opto-a1AR
in astrocytes may be related to secretion of glutamate and D-serine, both of which can
potentiate synaptic plasticity [34].

Ionotropic opsins are well studied in different types of cells in the nervous system.
Effects of ChR2 activation in astrocytes have been previously described [35–38]. It was
demonstrated that activation of ChR2 in astrocytes triggers a release of glutamate and
increase in the frequency of spontaneous excitatory postsynaptic currents in pyramidal
neurons [38], in agreement with our findings (Figure 2). Activation of ChR2 in astrocytes
can also have positive influence on interneurons’ excitability and negative influence on
pyramidal neuron activity, what reduces their action potential frequency. It is possible that
different and even opposite effects of astrocytic ChR2 activation may be related to various
regimes of illumination [36,38] and to different neuronal activity patterns [39].

It was previously shown that chemogenetic activation of hM3Dq-expressing astrocytes
by CNO in the hippocampal CA1 neurons leads to increase in mEPSC and synaptic
potentiation [33]. Optogenetic activation of Gq-signaling in astrocytes in our experiments
did not result in such strong and fast changes in synaptic plasticity. As an explanation, it can
be proposed that due to quite low membrane resistance in astrocytes (due to the presence
of gap-junctions [40]) more time is needed for more gentle activation by light in comparison
with DREADD (Designer Receptors Exclusively Activated by Designer Drugs). In another
study, activation of G-protein coupled receptors in astrocytes was performed by expression
of melanopsin. In this case, the optogenetic low-frequency stimulation led to a robust EPSC
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potentiation that persisted after 30 min of recording [37]. Moreover, authors showed that
expression of melanopsin in hippocampal astrocytes caused an elevation of IP3-dependent
Ca2+ signal in their fine processes. It was also reported that light stimulation of astrocytes
transfected with Opto-a1AR resulted in a raise of the Ca2+ concentration [30]. Increase in
astrocytic Ca2+ concentration and release of glutamate is most likely an explanation for
increased sEPSC frequency following activation of Opto-a1AR in our experiments.

The potentiation of field potentials during optogenetic activation of astrocytes express-
ing Opto-a1AR is observed in connection with the release of not only glutamate, but also
gliotransmitters—for example, D-serine, which is necessary for the formation of long-term
changes in plasticity. The release of D-serine occurs through Ca2+—and SNARE-dependent
exocytosis along with that occurring through alternative non-exocytotic pathways [41].
According to the literature data [42], activation of the metabotropic opsin Opto-a1AR leads
to a significant increase in the intracellular concentration of Ca2+, which can increase the
excretion of serine from astrocytes into the intracellular space. This increase is associated
with the activation of intracellular calcium depots. This gliotransmitter may not be released
by astrocytes when they activate ChR2, since there is not such a strong increase in the
concentration of intra-astrocyte calcium, which is mediated both by its flow through the
plasma membrane and by the involvement of intracellular calcium stores. It might be
the reason for the lack of a field potential potentiation effect after the activation of ChR2.
Obtained results suggest a possibility for regulating the neuronal networks functioning
by using light stimulation of Opto-a1AR opsin expressed in astrocytes with parameters
defined in this study. Potentially, this approach can be used for correcting the neuronal
network dysfunction and improving the synaptic plasticity in a variety of neuropatho-
logical conditions, including models of Alzheimer’s disease and other neurodegenerative
disorders. Importantly, stimulation of astroglia can also convert it into reactive glia with
cytotoxic activity, which can provoke the death of neurons and exacerbate neuroinflamma-
tion. In vivo experiments with optogenetic stimulation of astrocytes in mouse models of
AD and other disorders are needed to evaluate validity of stimulation parameters defined
in our study with brain slices and to refine the proposed experimental approach in order to
avoid potential negative effects of astrocyte stimulation on brain function.

4. Materials and Methods

4.1. Animals

The breeding colony of C57BL/6J mice obtained from the Jackson Laboratory was
established and maintained in a vivarium with 4–5 mice per cage and a 12 h light/dark
cycle in the animal facility, and were used for the fEPSP experiments. This line was
taken because the 5xFAD mice with Alzheimer’s disease genetic model were made using
this genetic line, and future experiments are planned to be conducted on them. Albino
outbred mice (Rappolovo farm, Leningradsky District, Russia) were used for patch-clamp
experiments on acute hippocampal slices. All procedures were approved by principles of
the European convention (Strasburg, 1986) and the Declaration of International Medical
Association regarding the humane treatment of animals (Helsinki, 1996) and approved by
the Bioethics Committee of the Peter the Great St. Petersburg Polytechnic University at
St. Petersburg, Russia (Ethical permit number 2-n-b from 25 January 2021).

4.2. Plasmids and Production of Viral Constructs

For selective expression of channel rhodopsin in astrocytes we used plasmid AAV
pZac2.1 GfaABC1D_ChR2(H134R)-mCherry (Addgene, #112496) that contains short ver-
sion of astrocyte-specific GFAP promoter GfaABC1D [43]. Opto-a1AR encoding plasmid
was generated on the basis of pZac2.1 as follows: Opto-a1AR-EYFP fragment was amplified
by PCR using pcDNA3.1/opto-a1AR-EYFP plasmid (Addgene #20947) as a template, and
then cloned into pZac2.1 plasmid using NheI/XbaI restriction enzymes to replace the
ChR2(H134R)-mCherry fragment. Resulting plasmid AAV GfaABC1D_Opto-a1AR-EYFP

13



Int. J. Mol. Sci. 2021, 22, 9613

was verified by sequencing. The payloads were packaged using commercially available
plasmid with AAV5 serotype (Addgene, #104964) to generate recombinant AAV2/5 viruses.

Production of viral particles was carried out according to the standard protocols
used for AAV preparation. Briefly, HEK293T cells were plated on polylysine-coated Petri
dishes and grown in a DMEM medium supplemented with 10% of FBS until a density
of 70–80% was reached. Next, HEK293T cell were subjected to the triple-plasmid trans-
fection using PEI reagent. At the day 3 post-transfection, media and cells were collected
and processed separately. Cells were harvested and subjected to freeze/thaw cycles in
liquid nitrogen. Supernatants were treated with polyethylene glycol (PEG, Sigma-Aldrich,
St. Louis, MO, USA) 8000, the PEG-precipitated AAVs were collected by centrifugation.
Viral particles, extracted from cells and supernatant, were combined and treated with
benzonase nuclease to destroy any unpacked DNA. Then AAV particles were purified
by iodixanol gradient ultracentrifugation. The required fraction, enriched with viral par-
ticles, was collected, filtered, and transferred to the Amicon Ultra-15 centrifugal filter
unit for buffer exchange and concentration of virus suspension to the final volume of
110–130 µL. Virus titer was then determined by quantitative PCR using primer pair tar-
geting AAV2 ITR sequence in the construct (Forward: GGAACCCCTAGTGATGGAGTT;
Reverse: CGGCCTCAGTGAGCGA). To remove any extra-viral DNA before qPCR mea-
surements, virus aliquots were treated with DNase I. Resulting virus titer was equal to
9.1 × 1014 vg/mL for AAV2/5 GfaABC1D_ChR2(H134R)_mCherry, and 2.93×1014 vg/mL
for AAV2/5 GfaABC1D_opto-a1AR_EYFP.

4.3. Viral Constructs Delivery via Stereotaxic Surgery

For viral constructs (AAV2/5 pZac2.1 GfaABC1D_ChR2(H134R)_mCherry and AAV2/5
GfaABC1D_Opto-a1AR_EYFP) delivery to the hippocampus, mice aged ~2 months and
weighing 24–26 g were used. Injections of viral constructs were performed using a stereo-
taxic device (68001, RWD Life Science, Guangdong, China), a syringe with a thin needle
(84,853, 7758-02, Hamilton, Reno, NV, USA), as well as a heated mat and a temperature
controller (69,002, RWD Life Science, Guangdong, China). Surgery was carried out un-
der anesthesia of the animals by anesthetizing 1.5–2.5% with a gas mixture of isoflurane.
After a control check of the depth of anesthesia in the animal, the viral constructs were
administered according to the standard protocol [44] at the following coordinates: AP−2.1,
DV−1.8, ML+2.4, with a volume of 1.5 µL at a rate of 0.1 µL/min.

4.4. Immunohistochemistry

To test the specificity of injected viruses, three weeks after injection the immunohisto-
chemical staining of mouse brain tissue sections was performed according to the standard
protocol [45]. For this purpose, mice were anesthetized by intraperitoneal injection of
urethane solution (250 mg/mL in 0.9% NaCl, Sigma-Aldrich, St. Louis, MO, USA). Then
transcardial perfusion was performed with PBS followed by standard 1.5% paraformalde-
hyde solution (30–50 mL, PFA, Sigma-Aldrich, USA). The brain was removed and placed in
a 4% PFA solution for post-fixation for 1 week at +4 ◦C. Fixed brain slices with a thickness of
20–50 microns were obtained using a microtome (5100 MZ, Campden Instruments, United
Kingdom) in a PBS solution and stored in a 24-well plate filled with 0.5% PFA.

Permeabilization of fixed tissue was performed using 0.1% Triton X-100 in PBS, then
slices were placed in a blocking buffer (5% BSA in PBS) for 6 h at room temperature.
After 6 h, the slices were placed in a solution with primary antibodies (2.5% BSA in PBS-
1 mL, 0.2% Tween20-20 µL, antibodies-1 µL, dilution 1/1000) for 8 h on a shaker at +4 ◦C.
Primary antibodies—Anti-GFAP (644701, Biolegend, San Diego, CA, USA)—were used for
astrocyte staining. After 8 h primary antibodies were washed and slices were incubated
with secondary antibodies (Goat anti-Mouse IgG (H + L) Cross-Adsorbed Secondary
Antibody, Alexa Fluor 488, Invitrogen A-11001, dilution 1/2000) for immunostaining of
astrocytes expressing ChR2-mCherry, and for experimental group of astrocytes expressing
Opto-a1AR-EYFP, the following secondary antibodies were used (Goat anti-Mouse IgG
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(H + L) Cross-Adsorbed Ready probes Secondary Antibody, Alexa Fluor 594, Invitrogen
R37121, dilution 1/1000). Within 8 h after the addition of secondary antibodies, the sections
were incubated on a shaker at a low speed at +4 ◦C.

4.5. Slice Electrophysiology

Transcardial perfusion was performed with saturated carbogen (95% O2 / 5% CO2)
modified 0–2 ◦C solution of ACSF (92 mM NMDG, 2.5 mM KCl, 1.25 mM NaH2PO4, 30 mM
NaHCO3, 20 mM HEPES, 25 mM D-glucose, 2 mM Thiourea, 5 mM Na-ascorbate, 3 mM
Na-pyruvate, 0.5 mM CaCl2, 10 mM MgSO4) and decapitation was performed. Horizontal
slices of the brain with a thickness of 350 microns for the patch-clamp and 400 microns
for recording excitatory field potentials were made using a microtome (Leica VT1200S
(Leica Biosystems Division of Leica Microsystems Inc., Buffalo Grove, IL, USA)) from
3-month-old mice and maintained in a 0–2 ◦C solution of NMDG-ACSF saturated with
carbogen. The hippocampus was isolated from each slice and incubated in modified ACSF
solution (92 mM NaCl (Sigma-Aldrich, St. Louis, MO, USA), 2.5 mM KCl (Sigma-Aldrich,
St. Louis, MO, USA), 1.25 NaH2PO4 (Sigma-Aldrich, St. Louis, MO, USA), 30 mM NaHCO3
(Sigma-Aldrich, St. Louis, MO, USA), 20 mM HEPES (Sigma-Aldrich, St. Louis, MO, USA),
25 mM D-glucose (Sigma-Aldrich, St. Louis, MO, USA), 2 mM thiourea (Sigma-Aldrich,
St. Louis, MO, USA), 5 mM Na-ascorbate (Sigma-Aldrich, St. Louis, MO, USA), 3 mM
Na-pyruvate (Sigma-Aldrich, St. Louis, MO, USA), 2 mM CaCl2 (Sigma-Aldrich, St. Louis,
MO, USA), 2 mM MgSO4 (Sigma-Aldrich, St. Louis, MO, USA)), saturated with carbogen
with a controlled temperature (32–35 ◦C) for 15 min, after which the slices were incubated at
room temperature of 23–25 ◦C. After 60 min of incubation, the sEPSC were recorded using
the patch-clamp techniques (acute slices from outbreed albino-mice) or the field excitatory
postsynaptic potentials were recorded (acute slices from C57BL/6J background mice) in
standard ACSF (119 m NaCl, 2.5 mKCl, 1.25 mNaH2PO4, 24 mNaHCO3, 5 mHEPES,
12.5 mD-glucose, 2 mCaCl2, 2 mMgSO4). Patch electrodes were fabricated from borosilicate
glass (2–3 MΩ), and filled with internal solution (120 mK-gluconate, 20 mKCl, 10 mHEPES,
0.2 mEGTA, 2 mMgCl2, 0.3 mNa2GTP, 2 mMgATP).

In all voltage-clamp experiments, the neurons were held at −70 mV and sEPSC were
recorded in presence of 1 µM TTX in internal solution. Only pyramidal neurons were
included into statistics. They were identified by their shape and unique pattern of action
potential generated using a step-protocol in current clamp mode.

For extracellular field EPSP recordings, the 400 µm horizontal hippocampal slices
were used, and the Schaffer collaterals were stimulated by a twisted bipolar electrode.
fEPSPs were recorded in the CA1 stratum radiatum using a glass pipette containing ACSF
(250–450 KΩ). fEPSPs were low-pass filtered at 400 Hz.

For patch-clamp experiments with ChR2 opsin 7 AAV-injected mice were taken into
experiments and for Opto-a1AR group 6 mice were injected and studied. Only one neuron
per slice was patched, and if there were problems with recording after optogenetic stimu-
lation slice was changed and never used again. For all fEPSPs experiments one slice for
experimental and one slice for control group for each mouse were taken, so number of
mice is equal to amount of slices (four mice in ChR2-expressed group and three in Opto-
a1AR group). Also, one slice for recording was used and only one optogenetic stimulation
was performed per slice.

Optogenetic light stimulation was performed by means of the blue LED (LED4D067,
470 nm, Thorlabs Inc., Newton, NJ, USA) with maximum intensity of 35 mW mm−2 with a
maximum photo flux of 250 mW.
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Abstract: The activity of the epithelial Na+ Channel (ENaC) is strongly dependent on the membrane
phospholipid phosphatidylinositol 4,5-bisphosphate (PIP2). PIP2 binds two distinct cationic clusters
within the N termini of β- and γ-ENaC subunits (βN1 and γN2). The affinities of these sites were
previously determined using short synthetic peptides, yet their role in sensitizing ENaC to changes in
PIP2 levels in the cellular system is not well established. We addressed this question by comparing the
effects of PIP2 depletion and recovery on ENaC channel activity and intracellular Na+ levels [Na+]i.
We tested effects on ENaC activity with mutations to the PIP2 binding sites using the optogenetic
system CIBN/CRY2-OCRL to selectively deplete PIP2. We monitored changes of [Na+]i by measuring
the fluorescent Na+ indicator, CoroNa Green AM, and changes in channel activity by performing
patch clamp electrophysiology. Whole cell patch clamp measurements showed a complete lack
of response to PIP2 depletion and recovery in ENaC with mutations to βN1 or γN2 or both sites,
compared to wild type ENaC. Whereas mutant βN1 also had no change in CoroNa Green fluorescence
in response to PIP2 depletion, γN2 did have reduced [Na+]i, which was explained by having shorter
CoroNa Green uptake and half-life. These results suggest that CoroNa Green measurements should
be interpreted with caution. Importantly, the electrophysiology results show that the βN1 and γN2
sites on ENaC are each necessary to permit maximal ENaC activity in the presence of PIP2.

Keywords: ENaC; phosphoinositides; PIP2; optogenetic; CRY2; sodium channel; CoroNa Green

1. Introduction

The epithelial Na+ channel, ENaC, is a trimeric channel that closely resembles the
chalice-like structure of the closely related acid sensing ion channel (ASIC) [1,2]. ENaC is
comprised of 3 independent proteins subunits, called α, β, and γ, which are encoded by
three distinct genes [3–5]. ENaC conducts Na+ across tight epithelia such as those lining
the lungs and kidney tubules [3]. ENaC is necessary for liquid clearance in the lungs and
consequently, the knockout of α-ENaC in mice is lethal. In contrast, the overexpression of
β-ENaC follows a pattern of cystic fibrosis [6]. In the kidney, ENaC is the final arbiter of
Na+ reabsorption. Pathological disturbance of ENaC results in blood pressure disorders
such as Liddle’s syndrome [7,8]. The body’s dependence on Na+ homeostasis underscores
the importance of the proper function of the mechanisms that regulate ENaC. Many of
these mechanisms regulate ENaC by acting on its intracellular domains. Each ENaC
subunit resembles a hairpin structure with a large extracellular globular domain anchored
by two transmembrane domains [1]. Each transmembrane domain connects to relatively
short intracellular N and C terminal tails comprising 55–85 amino acids; thus, ENaC has
6 intracellular domains. Although the bulk of ENaC has been elucidated using cryo-electron
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microscopy, the structure of the intracellular domains remains obscure [1]. Structure
prediction software and experimental observations indicate that these intracellular domains
are likely largely disordered yet they may adopt helical structure when interacting with
other regulatory cofactors, such as the membrane phospholipid, phosphatidylinositol 4,5-
bisphosphate (PIP2) [9]. PIP2 is a low abundance phospholipid in the plasma membrane
that is necessary for ENaC to be maximally open [10–12]. Earlier studies showed that
mutation of polybasic clusters in ENaC subunits reduces its ability to respond to changes in
PIP2 [11]. More recently, we showed that PIP2 binds two of these distinct clusters located
on the intracellular termini of β and γ subunits of ENaC, referred to here as the βN1 and
γN2 sites [13]. PIP2 consists of a phosphorylated, cytoplasmic inositol ring (called the PIP2
headgroup) which is anchored to the plasma membrane via phosphodiester linkage to
two fatty acyl chains embedded within the inner leaflet of the membrane [14]. The PIP2
headgroup bears two phosphoryl groups covalently bound to its carbons at positions 4 and
5 (C4 and C5) [14–16]. Those phosphoryl groups can be reversibly removed or added by
site-specific lipid phosphatases and kinases [17]. This study takes advantage of the ability
of the phosphatase OCRL to deplete PIP2 by removing the C5 phosphoryl group [18]. The
anionic PIP2 headgroup forms electrostatic interactions with cationic amino acid residues
of proteins [14] and is hypothesized to bind the βN1 and γN2 sites on ENaC. βN1 is located
on the extreme, intracellular N terminus of β-ENaC (Figure 1a, left). γN2 is located on the
intracellular N terminus of γ-ENaC, near the inner plasma membrane (Figure 1a, right). In
our previous work, we reported that the equilibrium constant of PIP2 for βN1 is Kd ~5 µM,
and for γN2 is Kd ~13 µM [13]. The γC site of γ-ENaC (Figure 1a, right) is a potential PIP2
interaction site because it demonstrated an interesting profile in binding experiments but
had very weak affinity for PIP2 [13].

Figure 1. Cationic sites in ENaC tested for PIP2 binding. (a) Schematic of the ENaC subunits with the
sites tested for PIP2 binding, βN1, γN2, γC, and βN2, indicated by dashed boxes. Adapted from
Archer et al., 2020 [13]. (b) Human ENaC sequences corresponding to βN1, γN2, γC, and βN2. The
cationic residues neutralized to alanine are indicated in boldface orange font.

In this study, we investigated how mutations made to βN1, γN2 and γC affect the
activity of the human ENaC transfected in mammalian cells. We mutagenized the channel
by substituting alanine for each cationic residue within these domains, indicated in bold
orange letters in Figure 1b. We used the optogenetic dimerization pair CIBN-CAAX and
mCherry-CRY2-OCRL (mCh-CRY2-OCRL), which has been previously used to examine
the effects of PIP2 depletion on ion channel activity [13,18]. CIBN-CAAX is localized to the
plasma membrane via the CAAX moiety. mCh-CRY2-OCRL is rapidly recruited from the
cytoplasm to the plasma membrane by dimerization with CIBN, in response to blue light
illumination (BLI) [18]. The 5-phosphatase OCRL is a protein that selectively removes the
carbon 5 phosphoryl group of PIP2 [17,19]. Membrane-localized mCh-CRY2-OCRL rapidly
depletes PIP2. mCh-CRY2-OCRL reversibly translocates to the cytoplasm in the absence of
blue light within ~5–7 min, after which PIP2 levels are immediately replenished [20–22].
We previously used the CIBN/mCh-CRY2-OCRL system in HEK 293 cells to show that
BLI-induced PIP2 depletion caused a reduction of intracellular Na+ levels ([Na+]i) in cells
expressing wild type ENaC (wtENaC) [13]. Here, we used the CIBN/mCh-CRY2-OCRL
system to show that the βN1 and γN2 sites play a strong role in sensitizing ENaC to
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changes in PIP2 levels in the cellular system. Channel activity was measured by two
different methods. First, we used the Na+ selective fluorescent indicator, CoroNa Green
AM, to track changes in [Na+]i of cells expressing mutant ENaC, in response to BLI. We
compared those results to the direct measurements of mutant ENaC activity in response
to BLI using whole cell patch clamp electrophysiology. The purpose of this study was to
determine whether each independent PIP2-ENaC interaction site is sufficient to abolish the
response of ENaC to changes in PIP2 levels, and to evaluate CoroNa Green as a tool for
studying Na+ ion channel activity.

2. Results

2.1. Mutations of the PIP2-ENaC Binding Sites Do Not Affect Membrane Expression of ENaC

We measured the membrane expression of ENaC using Total Internal Reflection
Fluorescence (TIRF) microscopy. In TIRF, the excitation light is nearly totally and internally
reflected at the interface between two media transparent to light with different refractive
indices, in this case glass (~1.52) and aqueous solution (1.33). However, an “evanescent
wave” does propagate into the second medium normal to the plane of the interface, but
decays exponentially over a short distance with a length constant of ~300 nm, thus allowing
only fluorescent proteins located within that distance from cells adherant to a glass coverslip
to be excited [23,24]. We used TIRF microscopy to determine if the mutations used in this
study (Figure 1b) affected the membrane expression of α-, β- and γ-ENaC subunits. HEK
293 cells were transiently transfected with cDNA encoding ECFP-tagged α-ENaC (CFP-
αENaC), along with EYFP-tagged β-ENaC (βENaC-YFP) and mCherry-tagged γ-ENaC
(γENaC-mCherry) constructs containing wild-type sequences or mutations to the indicated
cationic clusters. The data shown in Supplemental Figure S1a,b show that all three subunits
were expressed at the plasma membrane in the same cell. Cells expressing the γN2 mutants
had reduced membrane expression of γ-ENaC, whereas α- and β-ENaC expression was
similar regardless of whether it was part of the wt or mutant channel. Moreover, the
membrane expression and activity of ENaC was unaffected by the expression of mCh-
CRY2-OCRL under dark (normal PIP2) conditions (Supplemental Figure S1c,d).

2.2. PIP2 Depletion Reduces [Na+]i and Current Density in Cells with wtENaC

To quantify changes of [Na+]i, we incubated cells with the fluorescent cell-permeable
Na+ indicator, CoroNa Green AM, where high intensity of emission corresponds to an
increase of [Na+]i and decreased intensity corresponds to decreased [Na+]i. CoroNa Green
is excited between 440–514 nm with peak emission at 490 nm [25]. CIBN-CRY2 dimerization
occurs between 405 and 500 nm [20]. Therefore, we used brief laser excitation at 514 nm to
excite CoroNa Green with minimal impact on PIP2 levels [22]. TIRF microscopy was used
to capture these intracellular changes in local [Na+]i which are expected to occur just inside
the membrane near ENaC while changes in global [Na+]i would not be easily detected. HEK
cells expressing CFP-αENaC (excited with a 445 nm laser), untagged β-ENaC, untagged
γ-ENaC, untagged CIBN-CAAX and mCh-CRY2-OCRL (excited with a 561 nm laser) were
used for the ENaC-PIP2-response experiments. The cells were then pulsed with blue
light (BLI, 445 nm laser) to stimulate mCh-CRY2-OCRL translocation to the membrane
and subsequent PIP2 depletion. The presence of CFP-αENaC was confirmed in each cell
during the BLI step. The representative micrographs and summary graph of CoroNa Green
intensity in Figure 2a,b show that there was no change in the mean [Na+]i in control cells
with no ENaC, in response to BLI. In contrast, BLI-induced depletion of PIP2 caused a
significant reduction of [Na+]i (~34% decrease) in cells expressing wtENaC, indicating that
ENaC is strongly dependent on PIP2 (Figure 2c,d). These results are consistent with our
previous findings that the ENaC-specific channel blocker amiloride blocked the reduction
of [Na+]i caused by BLI-induced depletion of PIP2 in cells expressing wtENaC [13].
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Figure 2. PIP2 depletion decreases [Na+]i and current density of wtENaC. Representative micro-
graphs show the CoroNa Green uptake in HEK 293 cells without transfection (a) or transfected with
wtENaC (c). Summary graphs of changes in the mean [Na+]i of cells with no ENaC (n = 11 cells)
(b) or wtENaC (n = 11) (d), as measured by CoroNa intensity excited at 514 nm, 10 min after BLI,
normalized to CoroNa levels before BLI. (e) Representative current trace showing wtENaC activity
under BLI (1, blue trace), followed by Dark (2, red trace), and finally with application of 10 µM
amiloride (3, green trace). (f) Summary graph of the mean current density of wtENaC at −100 mV
under low PIP2 levels (Light, blue bar and blue circles) vs. maximum PIP2 levels after 10 min (Dark,
red bar and blue circles) (n = 10). For each graph, the line drawn between 2 circles represents an
independent cell under different PIP2 levels. * Indicates p < 0.0001 determined by the paired t test.

For patch clamp experiments, we used Chinese hamster ovary (CHO) cells because
they have no detectable background ion channel activity. The cells were grown on glass
chips coated with poly-l-lysine (PLL). Since PLL has been used previously as a PIP2
scavenger in excised patches, we compared the activity of wtENaC on glass chips coated
with PLL to glass chips coated with gelatin. Supplemental Figure S2 shows that the PIP2-
dependent activity of ENaC in cells grown on PLL was similar to those grown on gelatin.
We started patch clamp recordings in the presence of transmitted light and BLI-induced
PIP2 depletion in order to find the cells expressing both mCherry and ECFP and to visually
guide the patch pipette to the cell surface. BLI was performed using an epifluorescence
microscope equipped with a mercury lamp and standard ECFP and mCherry filter cubes.
Macroscopic ENaC currents were recorded during voltage ramp from 0 to −100 mV. The
current density at −100 mV after 10 minutes was reported. Under this protocol, wtENaC
exhibited low current density under BLI (~137 ± 50 pA/pF) after 10 min, shown in Figure 2e,
blue trace; Figure 2f, blue bar. After 3 min of recording under BLI, we turned off the lights
to both the microscope and the room, to allow translocation of mCh-CRY2-OCRL to the
cytoplasm followed by recovery of PIP2. The activity of wtENaC immediately began to
increase, reaching a peak current density of 371 ± 117 pA/pF at 10 min (Figure 2e, red
trace; Figure 2f, red bar). Figure 2f summarizes the voltage ramp recordings taken at 10
min under depleted PIP2 (blue bar) and recovered PIP2 level (red bar). The time course of
this PIP2-dependent ENaC recovery is described in further detail in Figure 3c, and later
in Section 2.5. Perfusion with 10 µM of the selective ENaC blocker, amiloride, abolished
wtENaC activity demonstrating that the PIP2-dependent currents are solely from ENaC
(Figure 2e, green trace). The peak current density of wtENaC under recovered PIP2 was
similar to wtENaC under normal conditions without mCh-CRY2-OCRL (Supplemental
Figure S3). This result shows that the CIBN/mCh-CRY2-OCRL system is effective for
measuring ENaC response to PIP2 levels. These results further indicate that the presence of
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cytoplasmic CRY2-OCRL does not affect normal PIP2 levels and PIP2 is replenished to its
normal levels in the dark.

Figure 3. Summary of mutant-ENaC responses to PIP2 depletion and recovery. (a) Summary graph
comparing the CoroNa Green intensity of cells expressing each mutant 10 min after BLI. *, p ≤ 0.0001,
n.s., no significant difference. The dashed line indicates the mean CoroNa Green intensity of wtENaC
10 min after BLI. (b) Summary graph comparing the mean current densities ± SD of each ENaC under
BLI-induced PIP2 depletion (Light/blue) and PIP2 recovered (Dark/red). *, p < 0.0001, comparing
light to dark. (c) Summary timeline of the current density of each mutant ENaC in response to
recovery of PIP2 levels after CRY2-OCRL relocation to the cytoplasm, expressed as the mean of
5–7 cells ± SEM. Two-way ANOVA (column factor, mutant; row factor, time) indicated significant
differences between 5 min dark and 1 min after amiloride, where ***, p < 0.0001, **, p < 0.005, and
*, p < 0.05, compared to wtENaC, noted in the table below the time plot.

2.3. Cellular-Mutagenesis Validates the βN1 Site as a PIP2 Binding Site

We previously reported that a peptide corresponding to the βN1 site of ENaC has
moderate affinity for PIP2 (Kd ~5 µM) [13]. To determine if βN1 is critical for ENaC activity
in a PIP2-dependent manner, we tested the mutant βN1-ENaC in the optogenetic cellular
assay. After BLI, CoroNa Green emission remained unchanged 10 min after BLI-induced
PIP2 depletion (Figure 4a,b). For whole cell patch clamp electrophysiology, the mean
current density of mutant βN1-ENaC was similar to wtENaC under BLI-induced PIP2
depletion (95 ± 53, Figure 4d, vs. 137 ± 50 pA/pF, Figure 2f blue bars). Switching to dark
conditions allowed for full PIP2 recovery, yet the current density of mutant βN1-ENaC only
slightly increased to 106 ± 57 pA/pF up to 10 min in the dark (Figure 4c,d, red; Figure 3a,c,
blue circles). Mutant βN1-ENaC exhibited the same basal activity with normal PIP2 levels
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in the absence of CIBN/mCh-CRY2-OCRL (Supplemental Figure S3). In both of these
experiments, mutant βN1-ENaC did not respond to the controlled changes in PIP2 levels,
suggesting that the βN1 site is necessary for the PIP2-ENaC interactions.

Figure 4. Effects of PIP2 depletion on mutant β-ENaC. Representative micrographs showing the
CoroNa Green uptake in HEK 293 cells transfected with mutant βN1-ENaC (a) or mutant βN2-ENaC
(e). The graphs in (b,f) summarize changes in the mean [Na+]i as determined by CoroNa Green
fluorescence levels (n = 11 per group). Representative current traces of the βN1 mutant (c), or the βN2
mutant (g), under BLI (1, blue trace), then dark (2, red trace), then 10 µM amiloride (3, green trace).
Summary graphs of the mean current density for the βN1 mutant (n = 14) (d), or the βN2 mutant
(n = 7) (h), at −100 mV under low PIP2 levels (“Light”, blue bar and blue circles) vs. maximum PIP2
levels (“Dark”, red bar and red circles). For each graph, the line drawn between 2 circles represents
an independent cell under different PIP2 levels. *, p < 0.0001 determined by paired t test.

Mutations were also made to the βN2 site of ENaC. Although this site also contains
several cationic residues, the peptide corresponding to this domain did not directly bind
PIP2 in our earlier study, and was used here as a control [13]. Figure 4e,f shows that
the CoroNa Green intensity decreased by ~32%, similar to the wtENaC response. The
current traces also followed the same pattern as wtENaC, with very low activity during
BLI-induced PIP2 depletion followed by a large increase in channel activity after PIP2
recovery in the dark (Figure 4g). The summary graph in Figure 4h shows the mean current
density under PIP2 depletion was 129 ± 63 pA/pF and increased to 447 ± 180 pF/pA
under PIP2 recovery, which is similar to wtENaC activity. We also observed high ENaC
activity in cells without CIBN/mCh-CRY2-OCRL (Supplement Figure S3). These results
are consistent with the binding data showing βN2 site is not a PIP2 binding site.

2.4. Cellular-Mutagenesis Assays Confirm That γN2, but Not γC, Binds PIP2

The γN2 peptide also has a moderate biochemical affinity for PIP2 (Kd ~13 µM) [13].
Therefore, we expected the mutant γN2-ENaC would produce results similar to the mutant
βN1-ENaC. Surprisingly, BLI-induced PIP2 depletion caused a ~26% decrease of CoroNa
Green intensity in cells expressing mutant γN2-ENaC (Figure 5a,b). The mean CoroNa
Green intensity of mutant γN2-ENaC after 10 min was similar to wt ENaC (Figure 3a).
However, the mutant γN2-ENaC had low current density under BLI-induced PIP2 de-
pletion, which was similar to mutant βN1-ENaC (Figure 5c, blue trace and Figure 5d,
blue bar). The current density did not significantly increase after full PIP2 recovery in
the dark (92 ± 63 pA/pF vs. 131 ± 102 pA/pF, respectively) (Figure 5c, red trace and
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Figure 5d, red bar). The activity of mutant γN2-ENaC also remained low in cells without
CIBN/mCh-CRY2-OCRL (Supplemental Figure S3).

Figure 5. Effects of PIP2 depletion on mutant γ-ENaC. Representative micrographs showing the
CoroNa Green fluorescence levels in HEK 293 cells transfected with ENaC containing alanine substi-
tutions to the γN2 site (a) or the γC site (e). Summary graphs (b,f) of changes in the mean [Na+]i as
determined by CoroNa Green fluorescence levels. Representative current traces of the γN2 mutant
(c) or the γC mutant (g) under BLI (1, blue trace), then dark (2, red trace), then 10 µM amiloride (3,
green trace). Summary graphs of the mean current density for the γN2 mutant (d) or the γC mutant
(h) at −100 mV under low PIP2 levels (“Light”, blue bar and blue circles) vs. maximum PIP2 levels
(“Dark”, red bar and red circles). *, p < 0.0001 determined by paired t test.

To better understand why cells expressing the mutant γN2-ENaC had a strong decrease
of CoroNa Green but no change in current density in response to changes in PIP2, we
examined the CoroNa Green emission under normal PIP2 levels. As shown in Supplemental
Figure S4, the CoroNa Green emission of mutant γN2 cells was low CoroNa Green at the
beginning of each experiment compared to wtENaC (1024 ± 1044 vs. 9197 ± 1267 AU)
(Figure S4a). Nether had a significant difference in CoroNa Green emission after 10 min.
Moreover, CoroNa Green emission of mutant γN2-ENaC cells were ~83% lower than cells
expressing wtENaC or mutant βN1-ENaC (Figure S4b). These data suggest that CoroNa
Green had less uptake in cells expressing mutant γN2-ENaC and that the Na+ indicator
may have leaked from those cells a faster rate than the experimental time. This reduced
CoroNa Green emission could explain why cells expressing γN2-ENaC do not correspond
with patch clamp data. Since the starting values of the Na+ indicator were so low compared
to the other cells tested, we hesitate to strongly rely on the CoroNa data for this mutant.

We also examined the CoroNa Green response in a partial mutant, γN2*, which
contained the substitutions R48A/R50A/R52A/R53A of human γ-ENaC, in contrast to the
γN2 mutant that included the substitutions R42A and R43A. We found that cells expressing
the γN2* mutant had a smaller decrease of CoroNa Green intensity in response to BLI
(16 ± 7%) after BLI-induced PIP2 depletion, which was also significantly less change of
intensity than wtENaC (Supplemental Figure S5 and Figure 3a). Cells expressing mutant
γN2* had normal starting levels of CoroNa Green (Supplemental Figure S4b), but the
mutant γN2* subunit also had reduced membrane expression (Supplemental Figure S1).
These results suggests that PIP2 interacts with the “. . . SRGRLRRL. . . ” sequence of the γN2
site, which is closer to the transmembrane domain TM1 of γ-ENaC. Together, these results
indicate the γN2 site is critical for PIP2 regulation of ENaC.
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The γC domain of ENaC was previously reported to be a PIP2-binding candidate. Its
weak affinity (Kd ~800 µM) suggested that it might play a moderate to small role in the
ENaC response to changes in PIP2 levels. However, we found that PIP2 depletion caused
a significant decrease of CoroNa Green intensity ~40 ± 8% in cells expressing mutant
γC-ENaC (Figure 5e,f). This decrease was similar to wtENaC. In addition, the current
density of mutant γC-ENaC fully recovered to 406 ± 75 pA/pF within 10 min after PIP2
recovery in the dark (Figures 3c and 5g,h ). These results are consistent with an earlier study
from our lab showing that the current density from mutant mouse γC-ENaC is similar to
wtENaC [11]. These results strongly suggest that the γC domain is not involved in PIP2
binding or regulation of ENaC.

2.5. Mutation of All 3 PIP2 Binding Candidates Does Not Further Increase PIP2 Sensitivity

We mutagenized the three candidate PIP2 sites on ENaC to create the triple mutant,
βN1-γN2γC-ENaC. Since cells expressing mutant βN1-ENaC had no change of CoroNa
Green intensity in response to BLI-induced PIP2 depletion, we expected to see similar
results with this triple mutant. Instead, the CoroNa Green intensity of cells expressing the
triple mutant were reduced by 25% ± 7% (Figure 6a,b). Cells expressing the triple mutant
had low starting levels of CoroNa in contrast to the other cells, but similar to mutant
γN2-ENaC (Supplemental Figure S4b). In patch clamp experiments, the triple mutant
exhibited low mean current density (111 ± 52 pA/pF) under BLI-induced PIP2 depletion,
with no change in response to PIP2 recovery in the dark (118 ± 60 pA/pF) (Figure 6c,d).
The activity of this triple mutant was also low in cells without CIBN/mCh-CRY2-OCRL
(Supplemental Figure S3). This low basal activity of both wtENaC and mutant βN1-ENaC
suggests that ENaC has a small, constitutive activity that is not dependent on PIP2. These
results show that mutating βN1 and γN2 sites together results in a lack of ENaC response
to PIP2 depletion that is not different compared to mutating the βN1 and γN2 sites on
their own.

Figure 6. Effects of PIP2 depletion on the triple mutant. Representative micrographs showing the
CoroNa Green fluorescence levels in HEK 293 cells transfected with triple mutant ENaC containing
alanine substitutions to the βN1, γN2, and γC sites (a). Summary graph (b) of changes in the mean
[Na+]i as determined by CoroNa Green fluorescence levels. Representative current traces of the triple
mutant (c) under BLI (1, blue trace), then dark (2, red trace), then 10 µM amiloride (3, green trace).
Summary graph of the mean current density for the triple mutant (d) at −100 mV under low PIP2
levels (“Light”, blue bar and blue circles) vs. maximum PIP2 levels (“Dark”, red bar and red circles).
*, p < 0.0001 determined by paired t test.

The graphs in Figure 3 summarize the effects of PIP2 depletion and recovery on the
mutants tested in this study. Figure 3a shows that the Corona Green emission of cells
expressing mutant βN1 were not different from the “No ENaC” control levels 10 min
after BLI. Both βN1 and γN2* mutants had significantly less change of CoroNa Green
than wtENaC. The mean change of CoroNa Green of cells expressing mutant γN2 and
triple mutant were not found to be significantly different than wtENaC. The patch clamp
results in Figure 3b revealed a clear distinction in the response of each mutant to changes
in PIP2 levels. Each wt and mutant tested had very low residual activity ~100pA/pF under
BLI-induced PIP2 depletion (blue bars), whereas wtENaC, mutant βN2-ENaC and mutant

26



Int. J. Mol. Sci. 2022, 23, 3884

γC-ENaC displayed robust activity in response to PIP2 recovery in the dark (red bars).
The maximal current density of mutant βN1- and γN2-ENaC and the triple mutant all
remained low, with ~37% ENaC activity compared to wtENaC at normal PIP2 levels, after
10 min PIP2 recovery (Figure 3b,c—blue, green and red lines). This low activity under both
normal (Supplemental Figure S3) and recovered PIP2 levels indicates that βN1- and γN2
are both necessary for PIP2 regulation of ENaC.

In contrast, the PIP2-responsive ENaC constructs (wtENaC, and βN2 and γC mutants)
had maximal activity after 7–10 min of recovery time in the dark (Figure 3c-black, purple
and orange lines). The difference between the mutants at each time point, compared to
wtENaC, are noted in the table below the chart. This timing is consistent with another
study which reported a t1/2 = ~6.8 min for the mCh-CRY2-OCRL to dissociate from CIBN
and redistribute back to the cytoplasm, followed by the resynthesis of PIP2 [18]. We also
observed that all ENaC constructs in this study exhibited a minimal level of current density
of ~100 pA/pF that was not dependent on PIP2 (Figure 3b and Supplemental Figure S3).
These results indicate that the maximal current density of ENaC facilitated by PIP2 is
dependent on the βN1- and γN2 sites; and ENaC produces a low basal level of activity that
is not dependent on PIP2. This observation is in agreement with Pochynyuk et al, 2007 [13],
which also reported that ENaC has basal activity that is independent of PIP2, and that PIP2
may serve a permissive role for increasing the open probability of ENaC.

3. Discussion

The results of this study validate our previous study showing that peptides corre-
sponding to the βN1 and γN2 sites of ENaC bind to PIP2 [14]. The present study expands
on this by investigating the effects of mutant βN1 and γN2 on the ENaC response to
changes in PIP2 levels. Here, we show that mutating either βN1 or γN2 equally inhibit
the ability of ENaC to reach maximal activity compared to wtENaC. The results suggest
that PIP2 may interact with both βN1 and γN2 at the same time to permit ENaC maximal
activity. Mutating either site alone prevents ENaC from responding to changes in PIP2
levels. We also observed a low residual ENaC activity of ~100 pA/pF in all mutants and
wtENaC, even when PIP2 was depleted. This is consistent with earlier observations in
our lab showing that PIP2 serves a permissive role for maximizing the Po of ENaC [13].
These data indicate that PIP2 depletion would reduce ENaC activity rather than completely
abolish its activity.

Based on our results, CoroNa Green may be a useful method for testing Na+ ion
channel activity or examining changes in [Na+]i, but should be paired with patch clamp
or other more rigorous methods. Careful attention should be made for designing control
experiments to understand the efficiency of loading and retention of the Na+ indicator prior
to starting experiments, and caution be made for interpreting the results. Indeed, mutation
of the γN2 site of ENaC corresponded to reduced CoroNa Green emission, possibly due
to less uptake into the cells or faster leakage from the cells, although it is unclear why
(Supplemental Figure S4).

Earlier studies suggest there may be interplay between PIP2 and ubiquitin in control-
ling ENaC. The βN1 site of ENaC carries several lysines that were previously reported
to be targets of ubiquitination-induced protein turnover [26–28]. However, we observed
no change of membrane ENaC levels with mutations to those lysines, compared to the
membrane levels of wtENaC (Supplemental Figure S1). These data are consistent with a
recent finding that ubiquitination of the β-ENaC subunit was minimal [29]. It was also
previously reported that deletion of the βN1 site of mouse ENaC also had no change in
membrane expression [11]. If mutating βN1 prevented the ubiquitination of ENaC, then
we would expect increased expression at the membrane, however there was no change
(Supplemental Figure S1). The results from the present study suggest that the βN1 site
of ENaC may only be a PIP2 binding site, although it does not rule out the possibility of
ubiquitin having other impact on ENaC activity involving the βN1, to include competition
or interplay with PIP2.
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ENaC has moderate biochemical affinity for PIP2 of Kd ~5 µM for βN1 and Kd ~13 µM
for the γN2 site. Our data show that these moderate affinity levels are responsible for the
high sensitivity of ENaC to PIP2 levels. A very high affinity would probably result in less
response to PIP2. For example, Kv7.3 channels which have high apparent affinity and is
less sensitive to depletion of PIP2 compared with Kv7.2 channels having lower apparent
affinity and thus very sensitive to depletion of PIP2 [30,31]. It is still unclear whether both
PIP2 sites form a single “binding pocket” by simultaneously binding PIP2 or if each site
binds PIP2 independently of each other. Having insight to this question will further impact
our understanding of how other signaling cofactors or genetic mutations modulate the
PIP2-ENaC interactions. PIP2 regulates the activity of many K+ and Ca2+ ion channels, and
many of these channels exhibit a defined PIP2-binding pocket comprised of distant cationic
residues within their intracellular domains [16,32,33]. This makes a strong case for ENaC to
also have a PIP2 binding pocket comprised of its βN1 and γN2 sites. We anticipate better
clarification on this question as more structural studies emerge.

The γN2 site overlaps a nuclear localization sequence (NLS), that includes R42 and
R43 within the human ENaC sequence “ . . . HGCRR . . . ”, shown in Figure 1b [34,35]. Our
lab has reported that the N terminus of γ-ENaC becomes cleaved, then translocates to the
nucleus or nucleolus [34]. While the cleavage site and function of free γN is unclear, an
increased level of free γN leads to reduced macroscopic current density of ENaC. Mutating
this NLS site appeared to play some role in CoroNa Green uptake and half life in the cells,
given that cells expressing the γN2 mutant including R42A and R43A had reduced CoroNa
Green uptake but cells expressing the γN2* mutant (without those mutations) had normal
CoroNa Green uptake. These data could serve as the rationale for furthering the study
of cleaved γN in regulating ENaC activity and how that might impact ENaC response to
PIP2 depletion.

Acid sensing ion channels (ASICs) are within the same superfamily as ENaC [3,36]. A
recent study of chicken ASIC1 reveals another interesting role for how PIP2 might facilitate
Na+ permeation through ENaC [37]. As with ASIC1, each α-, β- and γ-ENaC subunit bears
an "HG motif” in the N terminal “pre-TM1” domain adjacent to the N-terminal transmem-
brane domain (TM1) [38]. Genetic mutation of the HG motif (G37S) on β-ENaC results in
pseudohypoaldosteronism I (PHA1B) by reducing the Po of ENaC [39], underscoring the
importance of the HG motif. In the homo-trimeric ASIC1, the preTM1 domains of each
subunit loop back toward the TM1 domains in the plasma membrane and line the pore of
the channel protein [37]. The histidines of the HG motifs lean towards the pore, constrict-
ing the lower permeation pathway in the desensitized and resting configurations of the
channel. Interestingly, the PIP2 binding domain of γ-ENaC (γN2 ) is located between the
HG motif and TM1 that closely align to this region of the ASIC sequence. If ENaC adopts
the same pre-TM1 pore loop structure to allow its HG motifs to control the size of the lower
permeation pathway, one could predict a direct role for PIP2 controlling ion permeation
of ENaC by tugging this pre-TM1 loop to create an “open pore” configuration. We look
forward to seeing future structural studies of ENaC shed more light on the interactions
between PIP2 and ENaC.

4. Materials and Methods

4.1. Plasmids, Synthetic Peptides and Reagents

Plasmids containing mCherry-CRY2-OCRL and CIBN-CAAX were gifts from Pietro
De Camilli (Addgene plasmid #66836 and #79574). Human ENaC (hENaC) constructs of
untagged β and γ subunits in the pMT3 vector capable of expressing channel subunits
in mammalian systems have been described previously [40,41]. The cDNA sequence for
〈-hENaC was cloned in frame into the pECFP-C1 (Takara Bio USA, Inc.; San Jose, CA,
USA) plasmid. The resulting ECFP-tagged-〈ENaC fusion protein (CFP-〈ENaC) was used
to track ENaC expression in patch clamp and CoroNa green experiments. For membrane
expression experiments, the cDNA sequence for β-hENaC was cloned into the pEYFP-N1
vector (Takara Bio USA, Inc.; San Jose, CA, USA) to create “βENaC-YFP” and and γ-hENaC
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was cloned into a mCherry vector to create “γ-ENaC-mCherry”. EYFP and mCherry were
fused to the C terminus of ENaC. Unless otherwise indicated, all three subunits were
simultaneously transfected to cells with the indicated mutation to form a hetero-trimeric
ENaC channel.

Site directed mutagenesis was performed by TOP Gene Technologies (St-Laurent,
QC, Canada) or in the lab using the Quickchange Lightning Site-directed Mutagenesis
kit (Agilent, Santa Clara, CA, USA) and standard desalted primers from Thermo Fisher
(Waltham, NA, USA). The following mutants were created by substituting alanine for the
indicated cationic residues: βN1 (K4A, K5A, K9A, H12A, R13A); βN2 (K39A, R40A, K47A,
K48A, K49A); γN2 (R42A, R43A, R48A, R50A, R52A, R53A); γN2* (R48A, R50A, R52A,
R53A); γC (R563A, R564A, K568A, K570A, K576A); and the triple mutant βN2γN2γC
containing substitutions corresponding to the βN2, γN2, and γC mutants. All sequences
were confirmed by standard sequencing (Psomagen, Rockville, MD, USA).

HEK 293 (CRL-1573) and CHO-K1 (CCL-61) cells were from ATCC (American Type
Culture Collection, ATCC, Manassas, VA, USA). The cell permeant Na+ indicator, CoroNa
Green AM (ThermoFisher Scientific, Waltham, MA, USA), was used to monitor intracellular
[Na+]i levels.

4.2. Quantificaton of Intracellular Na+

The intracellular Na+ measurements were recorded following a protocol previously
described in detail [14]. Briefly, HEK 293 cells were grown on uncoated glass bottom
dishes (MatTek, No. 1.5 coverglass) and transfected with 0.25 µg of each plasmid using
Fugene HD (Promega, Madison, WI, USA). Plasmids containing untagged β and γ-ENaC
(wt or mutant) were transfected along with CFP-αENaC, untagged CIBN and mCh-CRY2-
OCRL plasmids. Cells were kept in the dark and in the presence of 10 µM amiloride for
~48 h. Prior to imaging, cells were incubated in the dark 30 min in serum-free DMEM
containing 10 µM amiloride (Sigma, Burlington, MA, USA), 5 µM CoroNa Green AM
(Molecular Probes, Eugene, OR, USA) and 0.04% Pluronic F-127 (Biotium, Fremont, CA,
USA), then replaced with PBS. A 60×/1.45 TIRF oil objective with 1.5× amplification on an
inverted Nikon Eclipse TE2000-U fluorescence microscope was used for the CoroNa Green
experiments. Imaging and blue light illumination (BLI) were performed using OBIS FP
fiber pigtailed lasers (Coherent, Inc., Santa Clara, CA, USA) at 2% power. Membrane levels
of mCherry-CRY2-OCRL and ENaC were quantified under TIRF settings, excitation at
561 nm and 445 nm, respectively. CoroNa Green was also examined under TIRF microscopy
by excitation at 514 nm. To induce CRY2 dimerization with CIBN, we used BLI pulses
(excitation at 445 nm) at 300 ms for 30 sec at a frequency of 1 Hz. Images were captured
before BLI, 0 min after, 5 min after and 10 min after BLI, with an Andor iXon Ultra
camera. Images were evaluated using Metamorph software (Molecular Devices, San Jose,
CA, USA) and ImageJ [42]. The change in fluorescence was plotted and normalized to
the starting fluorescence of each experiment. Statistical significance for each experiment
was determined using GraphPad Prism 7. To compare changes in membrane expression,
ordinary one-way ANOVA was performed followed by Dunnett’s multiple comparison test
compared to wtENaC membrane expression on at least n = 6 cells per test. For comparison
of CoroNa Green intensity changes within the same cells, significance was determined
by a paired, two-tailed t test, and each analysis was performed on n = 11 individual cells.
*, p < 0.0001; **, p < 0.005; #, p < 0.05; n.s., no significant difference.

4.3. Membrane Expression of ENaC

The relative membrane expression levels of wt and mutant ENaC were determined
using TIRF microscopy. Plasmids containing CFP-α-ENaC, βENaC-YFP (wt or mutant)
and γ-ENAC-mCherry (wt or mutant) were each transfected (0.25 µg each) to HEK 293 cells
using Fugene HD (Promega, Madison, WI, USA). Cells were grown on uncoated glass
bottom dishes (MatTek, No. 1.5 coverglass) for ~48 h in the presence of 10 µM amiloride
in DMEM + 10% FBS. Prior to imaging, the media was replaced with PBS. TIRF imaging
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was carried out as described above. ECFP was excited at 445 nm. EYFP was excited at
514 nm, and mCherry was excited at 561 nm. Data were collected and analyze as described
above. Mean intensities were measured in ImageJ and analyzed and plotted in GraphPad
Prism 7. One-way ANOVA was performed followed by Dunnett’s multiple comparison
test compared to wtENaC membrane expression on at least n = 8–14 cells for each of
2 experiments. **, p < 0.005; *, p < 0.05.

4.4. Electrophysiology

CHO-K1 cells were grown on glass chips coated with poly-l-lysine (Sigma, St. Louis,
MO, USA). Cells were transfected with 0.125 µg each α, β and γ ENaC plasmid (wt or
mutant) and 0.25 µg each CIBN and mCh-CRY2-OCRL plasmid, using Lipofectamine
3000 (Invitrogen; Thermofisher, Waltham, MA, USA) as described in the manufacturer’s
protocol. In brief, 60% confluent cells in a 35 mm dish were transiently transfected with the
same ENaC constructs as described above, in the presence or absence of the CIBN/CRY2
constructs. Cells were kept in the dark with 10 µM amiloride. Cells were patched within
24–48 h after transfection. Whole-cell currents of ENaC were recorded under voltage clamp
using the extracellular solution, (in mM) 150 NaCl, 1 CaCl2, 2 MgCl2, and 10 HEPES (pH
7.4). The pipette solution contained (in mM) 120 CsCl, 5 NaCl, 2 MgCl2, 5 EGTA, 10 HEPES,
2 ATP, and 0.1 GTP (pH 7.4). The current densities were recorded on an Axopatch 200B
(Molecular Devices, San Jose, CA, USA) patch-clamp amplifier interfaced via a Digidata
1550B (Molecular Devices) to a PC running the pClamp 11 suite of software (Molecular
Devices). All currents were filtered at 1 kHz. Cells were clamped to a 40 mV holding
potential with voltage ramps (500 ms) from 60 mV down to −100 mV used to elicit current.
Whole-cell capacitance, on average 8–10 pF, was compensated. Series resistance, on average
3–6 megaohms, were also compensated.

Cells were visualized with a 10× or 40× objective under BLI conditions with trans-
mitted light. Cells expressing CFP and mCherry were found using a mercury lamp with
445 nm and 561 nm filter cubes. The starting ENaC recordings were made under 445
nm BLI-induced PIP2 depletion conditions. After approximately 3 min under BLI, the
microscope and ambient room lights were switched off and the recordings were made for
an additional 10 min, followed by perfusion of 10 µM amiloride. Two-way ANOVA was
used to determine statistical significance of n = 6–15 cells, with the row factor defined as
the mutant and the column factor defined as light vs. dark, followed by Sidak Holm’s
multiple comparisons test. For the time-course experiment, two-way ANOVA was used,
where row factor = time and column factor = mutant, followed by Dunnett’s multiple
comparisons test.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms23073884/s1.
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Abstract: The activation of tropomyosin receptor kinase B (TrkB), the receptor of brain-derived
neurotrophic factor (BDNF), plays a key role in induced juvenile-like plasticity (iPlasticity), which
allows restructuring of neural networks in adulthood. Optically activatable TrkB (optoTrkB) can
temporarily and spatially evoke iPlasticity, and recently, optoTrkB (E281A) was developed as a
variant that is highly sensitive to light stimulation while having lower basal activity compared to the
original optoTrkB. In this study, we validate optoTrkB (E281A) activated in alpha calcium/calmodulin-
dependent protein kinase type II positive (CKII+) pyramidal neurons or parvalbumin-positive (PV+)
interneurons in the mouse visual cortex by immunohistochemistry. OptoTrkB (E281A) was activated
in PV+ interneurons and CKII+ pyramidal neurons with blue light (488 nm) through the intact skull
and fur, and through a transparent skull, respectively. LED light stimulation significantly increased
the intensity of phosphorylated ERK and CREB even through intact skull and fur. These findings
indicate that the highly sensitive optoTrkB (E281A) can be used in iPlasticity studies of both inhibitory
and excitatory neurons, with flexible stimulation protocols in behavioural studies.

Keywords: neural plasticity; tropomyosin kinase receptor B; parvalbumin-positive interneurons;
calcium/calmodulin positive pyramidal neurons; V1/visual cortex; multiple regression with interaction
and simple slopes analysis

1. Introduction

Neural plasticity refers to the processes through which environmental factors influence
neuronal structures and functions [1]. Two key players in neural plasticity are brain-derived
neurotrophic factor (BDNF) and its high-affinity receptor, tropomyosin receptor kinase
B (TrkB), which supports the development of neurons and neuroplasticity at a cellular,
synaptic, and network level. When BDNF binds to TrkB, two TrkB receptors form a dimer
that autophosphorylates [2]. This sets in motion several signalling cascades, including
induction of long term potentiation (LTP), which is crucial for memory and learning [2].

After a critical period of heightened neural plasticity in childhood [3,4], neural net-
works become consolidated and neurotrophin signalling patterns change [5–7]. However,
various interventions, such as antidepressant treatment, have been shown to induce a state
of increased neuroplasticity in the adult brain that is similar to that of the juvenile critical
period [1,8]. This artificially induced juvenile-like neuroplasticity in the adult brain has
been coined iPlasticity [1,9].
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iPlasticity has frequently been studied in the visual cortex. Eye-specific ocular domi-
nance develops in the visual cortex during the juvenile critical period [4]. In adult age, this
ocular dominance can be changed by restoring visual cortex plasticity. This can be done
using antidepressants, such as fluoxetine. Chronic administration of fluoxetine has been
shown to successfully induce amblyopia, shift ocular dominance, and increase levels of
BDNF in the visual cortex [10]. Further insight into the reinstatement of visual cortex plas-
ticity has been provided by studies investigating parvalbumin-positive (PV+) interneurons.
Our group recently showed that fluoxetine failed to induce visual cortex plasticity when
PV+ interneurons expressed a reduced amount of TrkB [11].

Optically activatable TrkB (optoTrkB) has been developed to study the effects of TrkB
activation with high spatiotemporal specificity [12]. In optoTrkB, a photolyase homology
region (PHR) of cryptochrome 2, a blue light receptor, is fused with a TrkB receptor, and
blue light stimulation successfully activates TrkB signalling pathways [12]. OptoTrkB
is preferable to other approaches to manipulate TrkB signalling, since optoTrkB can be
activated in specific cells and brain areas at specific times. This allows us to establish
causal relationships between TrkB signalling, neural network changes, and behavioural
effects with temporal and spatial precision [13]. Recently, a new type of optoTrkB (E281A)
was developed and successfully activated by blue light stimulation through the intact
skull and fur of mice [13]. OptoTrkB (E281A) also showed a low level of basal activity,
allowing for more experimental control as spontaneous optoTrkB signalling was reduced.
OptoTrkB (E281A) was successfully activated and the phosphorylation of extracellular
signal-regulated kinase (pERK) was increased in CKII+ neurons of the dentate gyrus in
the hippocampus. However, it is unknown if optoTrkB (E281A) can be activated in other
neuronal subpopulations than CKII+ pyramidal neurons and in other brain regions than in
the hippocampus.

OptoTrkB is introduced in a double-inverted open reading frame structure (DIO),
whereby the optoTrkB sequence is inverted and flanked by two incompatible lox-P sites.
This structure allows to turn on TrkB expression via Cre recombinase-mediated recombi-
nation [14,15]. Thus, optoTrkB can be expressed in a specific neuronal subpopulation by
injecting it into a certain region of genetically modified mice expressing Cre recombinase in
specific cells, such as CKII- and PV- positive neurons. Adeno-associated virus (AAV) is one
of the most widely used viral vehicles of genetic information and has lower immunogenic-
ity than other viruses, making it less likely to be eliminated by the immune system before
gene delivery [16].

Thus, in this study, we infected AAV-DIO-optoTrkB (E281A) into the visual cortex
of mice lines that express Cre recombinase specifically in CKII+ pyramidal neurons and
PV+ interneurons, in order to express optoTrkB in the specific neuronal subpopulations
(Figure 1). OptoTrkB (E281A) activation was then triggered with blue light stimulation
through the transparent skull or atop the intact fur head. Then, we validated the activation
by immunohistochemistry of two TrkB downstream signals, pERK and cAMP-calcium
response element binding protein (CREB), a transcription factor that plays a key role in
LTP [2].
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Figure 1. Timeline of optoTrkB (E281) stimulation and perfusion. (A) Stimulation protocol for PV-Cre
mice. (B) Stimulation protocol for CKII-Cre mice.

2. Results

2.1. Activation of OptoTrkB (E281A) in PV+ Interneurons

Expression of optoTrkB (E281A) can be inferred by the intensity of human influenza
hemagglutinin (HA) tagged at the C-terminal of optoTrkB. Immunohistochemistry by
co-staining with anti-PV and anti-HA antibodies in PV-Cre mice infected with a pAAV-
hSyn1-DIO-OptocytTrkB(E281A)-HA construct showed that HA-positive neurons over-
lapped with PV+ interneurons, indicating successful infection of the visual cortex in PV-Cre
mice (Figure 2A–F). Closer inspection of individual neurons showed that HA staining sur-
rounded PV-stained cells (Figure 2D–F), indicating that optoTrkB (E281A) was successfully
infected in PV+ interneurons of PV-Cre mice.

Image analysis revealed that cells in the infected area of PV-Cre mice expressed HA
more strongly than in the uninfected area (Figure 2A–C). However, anti-HA partially
stains background particles, and there are also some non-infected PV+ interneurons in the
infected area. To ensure that only neurons infected with optoTrkB (E281A) tagged with
HA were included for further analysis, a cutoff point for minimum HA intensity was set
by comparing the distribution of HA intensity values in the cells from the infected area
(N = 88) to those of an uninfected adjacent area (N = 60). The point of overlap of these
distribution curves was selected as the cutoff point for minimum HA intensity (Figure S1).
Neurons from the infected area that had lower HA intensity than this cutoff were excluded
from further analysis (Figure S2). After applying this cutoff value, 44 stimulated neurons
and 41 unstimulated neurons remained for the final analysis.
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Figure 2. (A–F) OptoTrkB (E281A) was successfully expressed and activated in PV+ interneurons
in the visual cortex of PV-Cre mice. Representative images of V1 stained with anti-PV antibody
(A,D), HA antibody (B,E), and merged (C,F). HA-expressing neurons also express PV, indicating that
optoTrkB (E281A) is specifically expressed in PV+ interneurons. Solid outline, dashed outline, arrowheads,
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and arrows indicate the infected area, non-infected area, PV+ interneurons infected with optoTrkB
(E281A), and PV+ interneurons not infected with optoTrkB (E281A), respectively. (G–N) Light-
stimulated PV+ interneurons show higher pCREB intensity than unstimulated PV+ interneu-
rons. Representative images of V1 staining with antibodies of anti-PV (G,K), HA (H,L), pCREB
(I,M), and merged HA and pCREB (J,N). Neurons in unstimulated (G–J), and stimulated brain
(K–N). Scale bar (A–C): 500 um; scale bar (D–N): 50 um. Arrowheads point to PV+ in-
terneurons infected with optoTrkB. (O) Regression slopes for the effect of LED light stimu-
lation on pCREB for high (dash line), average (solid line), and low (dot line) levels of op-
toTrkB (E281A). OptoTrkB (E281A) stimulation significantly increased pCREB intensity for neu-
rons expressing high and average levels of optoTrkB (E281A), but not for those with low ex-
pression levels of optoTrkB (E281A). The regression equations for cells expressing optoTrkB
(E281A) at high, average, and low level are as follows: pCREB high HA = 166.839 + 27.722 ∗

stimulation+ 0.040 ∗ HAintensity+ 0.257 ∗ stimulation ∗ HAintensity+ error (p (βstimulation) = 0.001);
pCREB average HA = 164.402 + 11.962 ∗ stimulation + 0.040 ∗ HAintensity + 0.257 ∗ stimulation ∗

HAintensity + error (p (βstimulation) = 0.007); pCREB low HA = 161.956 − 3.798 ∗ stimulation +

0.040 ∗ HAintensity + 0.257 ∗ stimulation ∗ HAintensity + error (p (βstimulation) = 0.284). * p < 0.017
(Bonferroni-corrected threshold).

The intensity of pCREB was analysed in the cells expressing optoTrkB (E281)
(Figure 2G–N). A multiple regression assessing the effect of optoTrkB (E281A) stimu-
lation and HA intensity on pCREB intensity revealed a significant difference in pCREB
between the groups (F(3, 81) = 5.414, p = 0.002). Inspection of the regression coefficients
revealed a significant interaction effect between stimulation and HA intensity (β = 0.257,
p = 0.004), suggesting that the effect of optoTrkB (E281A) stimulation on downstream sig-
nalling depends on the extent to which the neuron expressed optoTrkB (E281A) receptors.
Simple slope analysis was then conducted by analysing the effect of optoTrkB (E281A) stim-
ulation at average, low (one standard deviation below the average), and high (one standard
deviation above the average) optoTrkB (E281A) intensity (Figure 2O). The analysis showed
that at average HA intensity, optoTrkB (E281A) stimulation significantly increased pCREB
intensity (β = 11.962, p = 0.007). Similarly, at one standard deviation above average HA
intensity, optoTrkB (E281A) stimulation significantly increased pCREB intensity (β = 27.722,
p = 0.001). However, at one standard deviation below average HA intensity, there was no
effect of optoTrkB (E281A) stimulation on pCREB intensity (β = 3.798, p = 0.506). These
results indicate that pCREB increased after optoTrkB stimulation only in PV+ interneurons
expressing average to high levels of optoTrkB (E281A).

2.2. Activation of OptoTrkB (E281A) in CKII+ Pyramidal Neurons

CKII-Cre mice underwent transparent skull surgery prior to light stimulation. Im-
munohistochemical analysis of the brains of CKII-Cre mice infected with a pAAV-hSyn1-
DIO-OptocytTrkB(E281A)-HA construct verified that they exhibited HA in the visual cortex
(Figure 3A–H). Moreover, co-staining of HA and CKII antibodies in individual neurons
affirmed that optoTrkB (E281A) was expressed specifically in CKII+ neurons (Figure 3C–H).

As with PV+ interneurons, a cutoff or minimum HA intensity value was set in order
to ensure that only infected neurons were analysed. The distribution of HA intensity in
cells from the infected area (N = 107) was compared to those of an uninfected adjacent
area (N = 80) (Figure S3). The cutoff point was established in the same way as for PV+

interneurons, leaving 50 stimulated neurons and 53 unstimulated neurons for the final
analysis (Figure S4).
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β

β

Figure 3. (A–H) OptoTrkB (E281A) was successfully expressed in CKII+ neurons in the visual cortex
of CKII-Cre mice. Representative images of V1 stained with anti-CKII antibody (C,F), HA antibody
(A,D,G), pERK antibody (B), and merged CKII and HA (E,H). HA expressing neurons also express
CKII, indicating that optoTrkB (E281A) was specifically expressed in CKII+ neurons. Solid outline,
dashed outline, arrowheads, and arrows indicate the infected area, non-infected area, CKII+ neurons
infected with optoTrkB (E281A), CKII+ neurons not infected with optoTrkB (E281A), respectively.
(I–N) LED Light stimulated CKII+ neurons show higher pERK intensity than unstimulated CKII+

neurons. Representative images of V1 neurons stained with antibodies of anti-HA (I,L), anti-pERK
(J,M), and merged (K,N). Neurons in stimulated (L–N) and unstimulated (I–K) hemispheres. Ar-
rowheads point to CKII+-neurons infected with optoTrkB (E281A). Scale bar (A,B) = 500 um; scale
bar (C–N) = 50 um. (O) Regression slope for the effect of LED Light Stimulation on pERK. Op-
toTrkB (E281A) stimulation significantly increased pERK intensity for CKII+ neurons. The regression
equation is as follows: (pCREB = 2.676 + 0.640 ∗ LEDstimulation + 0.007 ∗ HAintensity + error).
* p < 0.05. (P) LED light stimulation increases optoTrkB (E281A) downstream signalling in CKII+

neurons to an equal extent in neurons expressing low (β1 = 0.761, dotted line), average (β1 = 0.635,
solid line) and high (β1 = 0.509, dashed line) optoTrkB (E281A) levels.
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The intensity of pERK was further analysed in neurons expressing optoTrkB
(Figure 3I–N). The raw pERK intensity scores underwent natural logarithmic data transfor-
mation to correct for a violation of homoscedasticity. The transformed variable was used
as the dependent variable in the data analysis. A multiple regression model for this data
indicated an overall significant difference in pERK between the groups (F(3, 99) = 34.002,
p < 0.001), but no significant interaction effect (β = 0.001, p = 0.494) (Figure 3P). After
the non-significant interaction term was excluded from the model, a multiple regression
assessing the effect of optoTrkB (E281A) stimulation and HA intensity on pERK intensity
revealed a significant difference in pERK between the groups (F(2, 100) = 51.039, p < 0.001).
pERK was significantly higher in the stimulated neurons (β = 0.640, p = 0.001) (Figure 3O).
These results indicate that optoTrkB (E281A) stimulation increased pERK intensity to a
similar extent for neurons expressing low, average, and high levels of optoTrkB (E281A).

3. Discussion

This study assesses the activation of a new, highly sensitive, optically activatable
optoTrkB (E281A) receptor in PV+ interneurons and CKII+ pyramidal neurons of the visual
cortex. We demonstrate that the highly sensitive optoTrkB (E281A) can be introduced in a
specific neuron type in a specific area of interest, and activated using weak, short-term light
stimulation in flexible contexts. The activation took place even when optoTrkB (E281A)
was stimulated through intact fur and skull.

The analyses of pCREB and pERK intensity show that LED light stimulation results
in an increase in downstream signalling of optoTrkB (E281A), both in inhibitory PV+

interneurons, as well as in the excitatory CKII+ neurons, as shown by a previous study [13].
Interestingly, the higher the expression of optoTrkB (E281A) in PV+ interneurons, the more
downstream signalling was promoted by light stimulation, while LED light stimulation
failed to activate neurons with low levels of optoTrkB (E281A). In contrast, optoTrkB
(E281A) activation is the same in CKII+ pyramidal neurons expressing low and high
levels of optoTrkB (E281A). In other words, LED light stimulation promotes downstream
signalling independent of the level of optoTrkB (E281A) in CKII+ neurons. There are
some possible explanations for this effect. Most likely, transparent skull surgery in the
case of CKII+ neurons allowed the light to sufficiently stimulate all neurons, including
ones expressing low levels of optoTrkB (E281A). Injecting a higher concentration of the
AAV9-DIO-optoTrkB (E281A) may allow light stimulation through the intact skull and fur
to activate all optoTrkB (E281A) expressing neurons.

Previous research suggests great potential of manipulating TrkB activity for treatments
of maladaptive neuropsychiatric symptoms. Recently, our group showed that optoTrkB
stimulation in PV+ interneurons of the visual cortex shifted ocular dominance by increasing
network plasticity [11]. OptoTrkB stimulation decreased PV+ interneuron excitability and
promoted LTP and oscillatory synchrony in the visual cortex due to the disinhibition of
pyramidal neurons [11]. In fact, Donato and colleagues showed that pharmacogenetic
inhibition of hippocampal PV+ interneurons changed the configuration of PV+ interneurons,
and improved learning [6]. Our group also showed that optoTrkB stimulation of CKII+

pyramidal neurons in the ventral hippocampus increased neural plasticity in the form of
increased expression of FosB and potentiation of LTP [17]. In addition, the activation of
optoTrkB combined with extinction training reduced fear response in fear-conditioned
mice [17]. These findings support the theory that TrkB activation plays a key role in
facilitating network plasticity [1,8,9], although the reasons why TrkB activation in both
inhibitory and excitatory neurons increase LTP remains unclear. Consequences of promoted
neural plasticity by TrkB activation may vary across neuronal subtypes and brain areas,
especially in terms of their electrophysiological properties. Further studies are needed to
elucidate the different downstream pathways of TrkB activation depending on neuronal
subtypes and brain areas.

An interesting avenue for future research is to investigate the effects of increased neural
plasticity in specific neural nuclei, where various types of neurons are interacting with each
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other [18]. For instance, the nucleus accumbens (NAc), a subcortical nucleus in the basal
ganglia, has been shown to play a key role in reward, motivation, and drug use [19,20].
A recent review found that individual NAc synapses follow different mechanisms of
plasticity [21], and optoTrkB (E281A) can help to illuminate such unique features of neural
plasticity as well as aid understanding of the role that plasticity of single neuronal subtypes
plays in brain nuclei.

It is known that inhibitory interneurons in the prefrontal cortex (PFC) are involved
in several different neuronal plasticity-related behaviours, such as reversal learning [22],
extinction of drug addiction [23], and experienced pain [24,25]. This wide array of different
behavioural consequences of interneuron plasticity raises questions about what determines
the behavioural outcome of interneuron plasticity in the PFC.

The highly sensitive optoTrkB (E281A) allows us to conduct wireless optogenetics
and can be applied for high flexibility in different behavioural experimental paradigms,
such as social interaction [26,27] and Intellicage [28], where multiple animals have to be
simultaneously tested. Thus, optoTrkB (E281A) can be used to explore the behavioural
consequences of increased neural plasticity in different neural circuits.

One limitation to note is that this study did not compare transparent and intact skull
stimulation of both CKII-Cre and PV-Cre mice. As the sensitivity of optoTrkB (E281A) could
differ in CKII+ neurons and PV+ interneurons, the neuron type used in each stimulation
protocol may act as a confounding variable in this study. To eliminate this possibility,
future studies should use both PV-Cre and CKII-Cre mice to compare LED light stimulation
protocols through a transparent and intact skull.

These limitations notwithstanding, the optoTrkB (E281A) that was evaluated in this
study appears sensitive enough to be activated through intact skull and fur. This high
sensitivity allows for a lot of flexibility in light stimulation protocols, as no optic cannula or
transparent skull is needed to ensure sufficient light intensity entering the brain. Moreover,
the highly sensitive optoTrkB (E281A) may be stimulated by using a LED light source on
the cage lid, which reduces human handling of the mice and thus the stress that animals
experience via direct handling [29]. These features make optoTrkB (E281A) a highly flexible
tool to further illuminate the role of TrkB in neuroplasticity.

4. Materials and Methods

4.1. OptoTrkB DNA

This study used pAAV-hSyn1-DIO-OptocytTrkB(E281A)-HA as previously described [13].
The hSyn1 (Human synapsin 1) promoter allows the virus to target only neurons, not other
cell types [30]. DIO codes for double-inverted open reading frame structure. Two incom-
patible lox-P sites are present on each side of the optoTrkB (E281A) sequence, allowing
the transcription of optoTrkB only in Cre-expressing neurons via the Cre-recombinase-
mediated inversion of the open reading frame [14,15]. This allows selective expression of
optoTrkB (E281A) in defined neuronal subpopulations. Furthermore, cyt refers to the DNA
coding for only the cytoplasmic region of the TrkB receptor, which ensures that optoTrkB
(E281A) is only stimulated by light and not BDNF-binding. The HA (human influenza
hemagglutinin) tag is attached to the C-terminal of the PHR region of optoTrkB (E281A),
allowing us to detect optoTrkB (E281A) by immunological methods. The plasmid was
packed into AAV serotype 9 (AAV9) by the AAV core unit at the University of Helsinki.
AAV9 was selected because it has been shown to allow for stable gene expression in cortical
neurons [31,32].

4.2. Infection of AAV-OptoTrkB into Mice

AAV9-optoTrkB (E281A) was injected into five mice expressing Cre in CKII+ pyramidal
neurons, and six mice expressing Cre in PV+ interneurons. The visual cortex (V1) was
selected as the brain area of interest in this study because it has been extensively studied
in iPlasticity studies to date [10,33,34]. For virus injection, the mice were anaesthetised
with Isoflurane and fixed on a stereotaxic frame. The virus was injected bilaterally into the
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visual cortex, 2.8 mm caudally and 2.5 mm laterally from Bregma, at a depth of 0.8 mm. In
total, 500 nL of virus solution was injected [13]. After injection, at least four weeks were
allowed for expressing optoTrkB (E281A).

Immunohistochemical analysis later revealed that one CKII-Cre mouse had very few
cells expressing optoTrkB (E281A) (due to poor sample preparation), and this mouse was
excluded from data analysis, reducing the final sample size for CKII-Cre mice from five
to four.

4.3. LED Light Stimulation

For stimulation of PV-Cre mice injected bilaterally with AAV9-optoTrkB (E281A), the
blue light stimulation was applied atop the head with an intact skull and fur. A 488 nm
blue LED light pulse was given for one second every five seconds, for a total duration of
30 min. Half of the mice underwent blue LED light stimulation (n = 3), while the rest of the
mice were exposed to a red LED light as a control group (n = 3).

CKII-Cre mice injected bilaterally with AAV9-optoTrkB (E281A) underwent trans-
parent skull surgery in order to ensure sufficient intensity of the blue LED light to pass
through the skull (for detailed protocol, see [35]). The transparent skull was covered with
black nail polish until light stimulation took place. For optoTrkB-stimulation, a continuous
30-s 488 nm blue LED light was exposed directly onto the transparent skull, atop the right
hemisphere. The left hemisphere was left unstimulated and thus functioned as a control
condition for each mouse (n = 5). The mice were perfused 30 min after light stimulation.

4.4. Perfusion

Thirty minutes after the end of light stimulation, the mice were perfused in order to
obtain the brains for immunohistochemistry. The mice were anaesthetised using pento-
barbital (Mebunat, Orion Pharma, Espoo, Finland) mixed with Lidocaine (Orion Pharma),
and the mice were fixed via transcardiac perfusion with 4% paraformaldehyde in pH 7.4
phosphate-buffered saline (PBS) with 3–4 mL per minute for 15–20 min. The brains were
then dissected and stored in 4% paraformaldehyde overnight, after which the brains were
transferred to 0.04% sodium azide in PBS until cutting. The brains were then embedded
in 3% agar gel and cut into 40 µm slices using a vibratome (Leica Biosystems, Deer Park,
IL, USA).

4.5. Immunohistochemistry

For pCREB immunohistochemistry, antigen retrieval was used to ensure sufficient
binding of the primary antibodies to their antigens of interest. Secondly, for pERK immuno-
histochemistry, Tyramide Signal Amplification (TSA) (Perkin Elmer, Shelton, CT, USA) was
used to enhance the signal emitted by pERK as previously described [13]. Briefly, for signal
amplification via antigen retrieval, slices from the visual cortex were incubated at 70 ◦C
in 0.01 M citric acid and further treated with 0.1 M Glycine in PBS. The slices were then
blocked with 3% bovine serum albumin, 10% normal donkey serum and 10% normal goat
serum, to block nonspecific binding of secondary antibodies made in these animals, as
well as with Mouse-anti-Mouse buffer (Vector Laboratories, Newark, CA, USA), to block
nonspecific binding of antibodies to endogenous mouse Immunoglobulin G. The slices of
PV-Cre mice were then successively stained with anti-HA (1:500, Cell Signalling Technology,
Danvers, MA, USA, 6E2 #2367), anti-PV (1:1000, Synaptic Systems, Göttingen, Germany,
#19500), and anti-pCREB (1:1000, Cell Signalling Technology, #9198) diluted in PBS with
0.3% TritonX for 24–72 h at 4 ◦C. For CKII-Cre mice, the slices were similarly stained with
anti-HA (1:800, Cell Signalling Technology, CST3724), anti-CKII (1:250, Abcam, Cambridge,
United Kingdom, #22609), and anti-pERK (1:10,000, Cell Signalling Technology, #9101). All
antibodies have been validated by previous studies (see Table S1). After washing in TNT
buffer (0.1 M Tris-HCl pH 7.5, 0.15 M NaCl, 0.05% Tween-20) the samples were reacted
with secondary antibodies conjugated with fluorophores, or with horseradish peroxidase
combined with TSA. A catalogue of the antibodies used is listed in Supplemental Table S1.
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After washing again with TNT, the samples were transferred to 0.1 M phosphate buffer and
mounted onto glass slides with anti-fade mounting medium (Agilent Dako Fluorescence,
Santa Clara, CA, USA).

4.6. Data Analysis

Image analysis using confocal images was conducted by following previously re-
ported methods [6,36–38]. Detailed descriptions of the data analysis can be found in the
Supplementary material (Supplementary Note S1). The slices were imaged using the Andor
Dragonfly 505 spinning disc confocal microscope. The imaging settings (e.g., pinhole size,
laser power, gain, and scan speed) were established with samples and negative controls
(not stained with the primary antibody) in order to avoid overexposure and oversaturation,
which would limit the dynamic range of the detectors [36,37]. Imaging settings were kept
exactly the same for all samples to allow for quantification of emitted fluorescence [36,37].
The images were analysed in ImageJ. Between 10 and 15 infected neurons were selected
per image, and intensity values of HA, PV, and pERK or pCREB were recorded. Briefly,
the intensity value was quantitatively recorded from each channel by outlining the neuron
at its widest point in the z-stack, and the mean brightness value across all pixels within
the outlined area was used as the intensity value. To ensure that only infected neurons
were included in the final data analysis, a cutoff value of HA intensity was established by
measuring HA intensity values from ten uninfected neurons adjacent to the infected area. A
more detailed description of the image analysis can be found in the Supplementary material
(Note S1).

After the selection of infected neurons was finalised, the change in pERK or pCREB
intensity as a result of optoTrkB (E281A) stimulation was analysed with multiple regression
and simple slope analysis [39,40]. Analyses were done separately for PV-Cre and CKII-Cre
mice. HA intensity as well as an interaction term of HA intensity and stimulation condition
was first included in the regression model, and where the interaction term was insignificant,
it was removed from the model. When the interaction term was significant, follow-up
analysis was conducted using simple slopes analysis with Bonferroni correction. A detailed
description of the statistical analysis can be found in the Supplementary Materials (Note S1).

5. Conclusions

In this study, we evaluated the utility of a new, highly sensitive, optically activatable
TrkB receptor. OptoTrkB (E281A) was successfully transduced in PV+ interneurons and
CKII+ pyramidal neurons specifically. Light stimulation through transparent skulls or even
through a high opacity barrier (intact skull and fur) promoted phosphorylation of ERK
and CREB, downstream signals of TrkB, in the neurons expressing optoTrkB (E281A) at a
certain level. Our results indicate that this highly sensitive optoTrkB (E281A) receptor can
be activated using wireless optogenetic methods, and thus can be used for a broad range of
behavioural studies, such as social interaction tests and Intellicage. With this tool, we can
study the role of TrkB signalling in different neural subtypes in the short and long term,
which will help with developing more effective treatments for neuropsychiatric disorders,
such as depression, post-traumatic stress disorder, and drug addiction.

Supplementary Materials: The supporting information can be downloaded at: https://www.mdpi.
com/article/10.3390/ijms231810249/s1. References [6,11,36,37,39–46] are cited in the supplemen-
tary materials.
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Abstract: Neurogenesis is a key mechanism of brain development and plasticity, which is impaired in
chronic neurodegeneration, including Parkinson’s disease. The accumulation of aberrant α-synuclein
is one of the features of PD. Being secreted, this protein produces a prominent neurotoxic effect,
alters synaptic plasticity, deregulates intercellular communication, and supports the development of
neuroinflammation, thereby providing propagation of pathological events leading to the establish-
ment of a PD-specific phenotype. Multidirectional and ambiguous effects of α-synuclein on adult
neurogenesis suggest that impaired neurogenesis should be considered as a target for the prevention
of cell loss and restoration of neurological functions. Thus, stimulation of endogenous neurogenesis
or cell-replacement therapy with stem cell-derived differentiated neurons raises new hopes for the
development of effective and safe technologies for treating PD neurodegeneration. Given the rapid
development of optogenetics, it is not surprising that this method has already been repeatedly tested
in manipulating neurogenesis in vivo and in vitro via targeting stem or progenitor cells. However,
niche astrocytes could also serve as promising candidates for controlling neuronal differentiation and
improving the functional integration of newly formed neurons within the brain tissue. In this review,
we mainly focus on current approaches to assess neurogenesis and prospects in the application of
optogenetic protocols to restore the neurogenesis in Parkinson’s disease.

Keywords: Parkinson′s disease; α-synuclein; neurogenesis; neural stem cell; neural progenitor cell;
astrocyte; optogenetics

1. Introduction: Neurogenesis in the Healthy and Parkinson’s Disease-Affected Brains

1.1. Key Characteristics of Adult Neurogenesis

Neurogenesis is a mechanism of brain development and plasticity. Embryonic neuro-
genesis provides new neurons for brain growth, whereas adult neurogenesis is required
for memory consolidation and tissue repair, mood regulation, and social recognition [1–4].
Functional competence of adult-born neurons results in their successful integration into
pre-existing neural circuits, for instance, in the hippocampus, which is associated with
activity-mediated acceleration of dendritic spines formation [5]. Therefore, the efficacy
of neurogenesis in the embryonic brain corresponds to appropriate brain development
and maturation. Adult neurogenesis could be considered as efficient if brain plasticity
meets the current needs in cognition, social interactions, expression of emotions, memory
consolidation and retrieval, forgetting, and experience-driven circuits remodeling.

The key pool of cells that could be activated to provide new neurons and astrocytes is
represented by neural stem cells (NSCs) that are found in highly specialized neurogenic
niches (subventricular zone, SVZ, and subgranular zone of the hippocampus, SGZ), as
well in some other brain regions (cerebellum, substantia nigra, cortex), and in loci with the
facilitated access to regulatory molecules, i.e., in the periventricular area with ischemia- or
neuroinflammation-mediated compromised blood-brain barrier (BBB) [6,7]. NSCs exhibit
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two pivotal characteristics: (1) the ability to self-renew and to produce copies of themselves
by symmetric or asymmetric division; (2) multipotency to produce neural progenitor cells
(NPCs) that are able to differentiate into neurons, astrocytes, or oligodendroglia [8–10]. The
proliferation of NSCs is under the tight control of the local microenvironment consisting
of numerous soluble molecules: neurotransmitters (GABA, glutamate, dopamine, etc.),
neuropeptides (oxytocin, angiotensin, etc.), cytokines (interleukins, chemokines, etc.),
metabolites (lactate, NAD+), extracellular matrix proteins, and accessory cells (astrocytes,
brain microvessel endothelial cells) aimed to prevent non-reasonable utilization of the
NSCs pool, to coordinate cell fate, and to drive cell proliferation, differentiation, and
migration on demand (Figure 1). In addition to the above-mentioned factors, local hypoxia
in the neurogenic niche serves as a signal to control the NSC’s recruitment [11].

 
Figure 1. A simplified scheme of intercellular communications within the neurogenic niche. The local
microenvironment is established due to the activity of neuronal, astroglial, and endothelial cells that
are able to release various molecules (growth factors, neurotransmitters, cytokines, gliotransmitters,
metabolites) affecting cell fate within the niche. Abbreviations used: NSC—neural stem cell, NPC—
neural progenitor cell, NB—neuroblast, IN—immature neuron, N—neuron, A—astrocyte, BMEC—
brain microvessel endothelial cell, E/I—excitation-inhibition balance.

Postnatal ontogenesis, neurodegeneration, and aging are associated with progressive
loss of NSCs (radial glia cells, RGCs) in the rodent hippocampus [10], thereby suggesting
that mechanisms preventing the depletion of the NSCs pool came to be less efficient in
older brains. Indeed, in human SVZ, the density of RGCs reduces from mid-gestation until
the perinatal period, and in the human SGZ, the decline of RGCs number is observed from
early ages of development until 5 years old and then in adulthood [12].

The predominant view on neurogenic events in the adult brain states that enhanced
neurogenesis is required for (re)cognition and memory, whereas reduced neurogenesis
manifests aberrant brain plasticity [13]. However, recent data suggest that the general
picture is not so simple, at least in some details. Firstly, even the addition of new neurons to
the dentate gyrus of the hippocampus in vivo provides a fresh substrate for new memories,
blocking adult neurogenesis in rats results in the elongation of long-term potentiation
(LTP); therefore, newly-formed cells are required for the phenomenon of hippocampal
clearance and consolidation of memory in extra-hippocampal brain regions [14]. It links
elevated hippocampal neurogenesis to mechanisms of forgetting when newly-arrived
young cells make a vacant position for new memories by eliminating recently-learned
information, but not remotely acquired ones, which already exist in extra-hippocampal
brain structures [15]. Secondly, adult-born neurons inhibit the dentate gyrus activity
by recruiting local interneurons, and it seems to be important for preventing memory
interference and engrams overlapping in subsequent learning episodes (so-called cognitive
flexibility) [13]. This mechanism underlies the ability of young dentate gyrus cells to
support pattern separation and the ability of old dentate gyrus cells to support rapid recall
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and pattern completion [16]. That is why hyperexcitable dentate gyrus results in cognitive
deficits and the impairment of pattern separation in mice [17].

1.2. Aberrant Neurogenesis in Parkinson′s Disease

Parkinson’s disease (PD) is a chronic neurodegenerative disease primarily affecting
dopaminergic neurons in the substantia nigra pars compacta (SN) and leading to prominent
motor and cognitive dysfunction. Several hypotheses have been proposed to explain the
progressive cell loss in SN, including mitochondrial alterations, genetic predisposition,
accumulation of abnormal proteins, development of oxidative stress, chronic neuroinflam-
mation, and aberrant neurogenesis [18–20]. PD belongs to the group of neurodegenerative
diseases with Lewy body and Lewy neurite pathology that are associated with the accu-
mulation of wild-type α-synuclein protein as intracellular neuronal and glial filamentous
deposits (other examples are dementia with Lewy bodies, multiple system atrophy) [21].

Presynaptic protein α-synuclein encoded by the SNCA gene belongs to the group of
so-called “natively unfolded proteins” that lack ordered structure, has high flexibility and
the ability to get the conformation upon binding to ligands, and are prone to aggregation
and deposition [22]. In physiological conditions, it may have two states: the unfolded state
in the cytosol or the helical multimeric state at the cell membranes due to its interactions
with lipid rafts and phospholipids [23]. It is interesting that binding to membranes with
a larger diameter (~100 nm) produces an elongated helix conformation in α-synuclein,
whereas binding to membranes with small and highly curved vesicles (i.e., synaptic vesi-
cles) results in a broken helix conformation [23]. Being located in close vicinity to vesicles
in the presynaptic terminal, α-synuclein significantly affects synaptic transmission via the
regulation of vesicle formation and neurotransmitter release [24]. Neural activity triggers
the dispersion of α-synuclein from synapses during exocytosis in a Ca2+ entry-dependent
manner [24]. In PD, a mutated form of α-synuclein has a tendency to aggregate and not
disperse from synaptic boutons, thereby leading to deposition of synuclein-containing
protofibrils [25].

In familial autosomal dominant PD, several missense mutations and multiplications
of SNCA have been reported even though they are a rare cause of the disease, but exonic
duplication and deletion mutations in parkin (PRKN), protein deglycase (DJ-1), and PINK1
genes have been identified in the early-onset parkinsonism [26]. SNCA multiplications are
also present in some cases of sporadic PD [27].

Tissue accumulation of defective α-synuclein is one of the key features of PD. Being
present intracellularly or in the extracellular space, this protein produces prominent neuro-
toxic effects, alters synaptic plasticity, affects autophagy, induces mitochondrial dysfunction
and endoplasmic reticulum stress, deregulates intercellular communication, and supports
the development of neuroinflammation, thereby providing propagation of pathological
events leading to the establishment of a PD-specific phenotype [21,26,28,29]. Moreover,
there is a documented transneuronal propagation of abnormal α-synuclein aggregates in
PD, leading to prion-like synuclein dissemination within the nervous tissue [30,31]. The
distribution of α-synuclein in the tissue might depend on the connexin 32 (Cx32)-based
activity of gap junctions between cells and within the astroglial syncytium [32]. As we and
others have shown before, this is confirmed by extra-brain localization of α-synuclein in PD
patients, thereby suggesting the retrograde dissemination of α-synuclein forms olfactory
bulbs and intestinal autonomic neurons on the brainstem structures and determining the
staging of synucleinopathy development [30,33–35].

The role of α-synuclein in the regulation of adult neurogenesis has been partly iden-
tified: (i) SGZ neurogenesis is increased in α-synuclein knock-out mice, whereas overex-
pression of wild type synuclein results in decreased dendritic growth [21]; (ii) injections of
α-synuclein oligomers in mice produces a significant increase in the number of proliferating
cells and immature neurons in the SGZ, corresponding to the loss of dopaminergic neurons
in SN [36]; (iii) expression of wild type and mutant α-synuclein in embryonic stem cells
results in their reduced proliferation and neuronal differentiation associated with lowered
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Notch signaling in vitro [37]; (iv) in mice overexpressing wild type α-synuclein, the num-
ber of transcription factor paired box protein (Pax6)-expressing NPCs in SGZ increases,
presumably, due to the deregulation of dopamine levels or altered excitation/inhibition
balance in the hippocampus [38]; (v) in the experimental (MPTP) model of PD in mice, SVZ
NPCs show a reduced capacity of proliferation in aged but not young animals, whereas
in transgenic mice overexpressing mutant (A53T) α-synuclein and treated with MPTP,
neurogenesis is reduced in olfactory bulbs and SN [39]; (vi) defects in neurogenesis seen
in the olfactory bulbs and hippocampus of transgenic mice with the overexpression of
wild type of α-synuclein have been attributed to the development of olfactory deficits in
PD [21].

Figure 2 illustrates the current understandings of the role of α-synuclein in brain
(patho)physiology.

 

α

α α

α

α

Figure 2. Impairment of brain plasticity in PD caused by the accumulation of α-synuclein in the brain
tissue. Aberrant neurogenesis in SGZ/SVZ as well as in the substantia nigra /striatum is a result
of numerous mechanisms triggered by improperly folded α-synuclein (α-syn) that are associated
with neuroinflammation, direct cell toxicity, and synaptic dysfunction. Abbreviations used: SNCA—

synuclein gene, PRKN—parkin gene, DJ-1—deglycase gene, PINK1—PTEN-induced kinase 1 gene,
E/I—excitation/inhibition balance, DAMPs—damage-associated molecular patterns, SN—substantia
nigra.

Neurogenesis in a PD-affected brain is believed to be altered by several mechanisms
that are not fully understood and are even based on controversial experimental findings:
(i) loss of dopaminergic and noradrenergic stimulatory action on SGZ neurogenesis [40]
and SVZ neurogenesis [41], however, some studies suggest that this mechanism might not
be important in PD and in the adult neurogenesis, in general [42,43], or dopaminergic neu-
rodegeneration increases SVZ- and midbrain-derived progenitor cell proliferation [44]; (ii)
aberrant regulation of neurogenesis in neurogenic niches due to the α-synuclein-induced
reduction of the local serotoninergic system activity, which is required for SGZ cells prolif-
eration [45,46], however, there are some data on the negative effect of serotonin on adult
neurogenesis [47]; (iii) loss of PTEN-induced kinase 1 (PINK1) and parkin, as well as
mitochondrial dysfunction results in reduced SGZ and SVZ neurogenesis or suppressed
production of dopaminergic neurons [48,49]; (iv) glial α-synuclein-mediated blockade of
newly-born neurons integration into the pre-existing neural circuits [50].
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While analyzing all these data, including the controversial data, one should keep
in mind that: (i) α-synuclein demonstrates physiological activity towards newly-formed
neurons, and promotes dendrite and spine development and maturation depending on
the expression level [51], therefore, impairment of neurogenesis could be caused by the
action of supraphysiological concentrations or aggregates of this protein, which is specific
for PD pathogenesis [21]; (ii) analysis of cell proliferation and NSCs/NPCs number might
not be relevant in the assessment of neurogenesis efficacy, since preserved neurogenesis
could be linked to predominant self-renewal and prevention of excessive recruitment
of stem and progenitor cells; (iii) compensatory increase in striatal neurogenesis and
intensive migration of SVZ-generated neuroblasts to SN might be evident at the initial
stages of development of the neurodegenerative process as it was shown in 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced and 6-hydroxydopamine (6-OHDA)-
induced mouse models of PD, or in human brain samples [21,52–55]. Such a compensatory
increase in neurogenesis seems to utilize Wnt1-dependent and growth factors-triggered
signaling machinery [40]. The contribution of other neurogenic regions of the brain (i.e.,
periventricular parts of the aqueduct and the fourth ventricle) into the compensatory
increase in neurogenesis is not evident in experimental PD [56].

In the α-synuclein transgenic rat PD model, the impairment of SGZ neurogenesis due
to excessive cell loss is evident prior to the development of motor symptoms being associ-
ated with the serotonergic deficit in the hippocampus and anxiety-like phenotype [57]. It
is interesting to note that SVZ neurogenic niches are under the control of dopaminergic
neurons located in the substantia nigra [58]. Thus, one could speculate that altered neuro-
genesis at the early (pre-motor) stage of PD would result in the insufficient production of
dopaminergic neurons, but later, when the number of these cells comes to be very low, the
loss of dopaminergic stimulation of SVZ niche activity would lead to the secondary sup-
pression of neurogenesis. In sum, the widely-accepted view on the neurogenesis alterations
in PD states that survival, recruitment, and proliferation of NSCs/NPCs is greatly affected
by the accumulation of improperly folded proteins or signaling pathways associated with
neurodegeneration and neuroinflammation, thereby leading to abnormal brain plasticity
and motor and cognitive impairments [21,59].

In addition to the numerous experimental data obtained in rodent PD models, aber-
rant neurogenesis was found in the brain of patients with PD. Particularly, in humans,
the number of the RNA-binding protein Musashi-immunopositive cells (NSCs/NPCs)
within the SVZ positively correlates with the extent of dopaminergic treatment, whereas
disease duration shows a negative correlation; the number of the transcription factor Sox2-
immunopositive cells (NSCs) in the SGZ is significantly decreased compared with a control
group [59]. Since Sox2 inhibits paracrine and autocrine Wingless/Int-1 (Wnt) signaling and
maintains the cells in the proliferative state [60], one may suggest that the recruitment of
stem and progenitor cells in PD is diminished.

Another important mechanism of neurogenesis impairment is directly linked to the
pathology of SN as a non-conventional neurogenic niche in the adult brain: the generation
of dopaminergic neurons has been shown locally in the SN by means of tracing analysis
revealing newly-generated neurons either in a normal or degenerated brain in PD [61].
The physiological rate of neurogenesis in SN is several orders of magnitude lower than
in SGZ but contributes to the replacement of dopaminergic neurons during the lifespan
in mice [62]; however, some other studies show no evidence for local neurogenesis in the
SN [63]. Neurogenesis in the SN depends on the presence of angiogenic factors and the
establishment of new microvessels, thereby resembling the situation in SVZ and SGZ [64].
Recent findings on dopamine-stimulated hippocampal SGZ and striatal neurogenesis [65]
suggest that PD-associated impairment of neurogenesis might have links to insufficiency
of dopaminergic mechanisms of neurogenesis regulation. Stimulation of dopaminergic
receptors results in the induction of neurogenesis within the SN in rodents [66]; however, it
was proposed that the local microenvironment in the midbrain supports gliogenesis, but
not neurogenesis [40,67]. Data on the experimental transplantation of adult rat-derived
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NPCs into the lesioned striatum demonstrate that special solutions should be found to
drive the differentiation of grafted cells toward the desired phenotype (neuronal but not
glial) [51].

2. iPSC-Based Platform for Studying PD-Affected Neurogenesis In Vitro

2.1. Generation of iPSC-Derived Dopaminergic Neurons

The development of protocols for induced pluripotent stem cells (iPSCs) generation
had revolutionized the methodology of studying the brain. Particularly, the generation of
neurons and glial cells from a patient became possible, thereby allowing the reconstruction
of key processes of brain plasticity, development of brain tissue in vitro models, and estab-
lishment of isogenic platforms for cell-replacement therapy and cell transplantation [68].
As we have shown before, such an approach was effective in the generation of PD-derived
iPSC lines with different mutations for studying defects in neurotrophic factors signaling
affecting neuronal development [19], personalized modeling of PD pathogenesis [69], and
screening of drug candidates [70,71]. The optimized protocols for getting dopaminergic
differentiated neurons from iPSCs have been suggested [72,73], and they include the recruit-
ment of stem cells with the transforming growth factor-beta (TGFβ) antagonists, activation
of Hedgehog, Wnt, and fibroblast growth factor 8 (FGF8) signaling pathways or expression
of Lmx1a, Foxa2, and Nurr1 and other midbrain-specific transcription factors for getting
the midbrain floor-plate progenitors, followed by the application of neurotrophic factors
(brain-derived neurotrophic factor BDNF, glia cell line-derived neurotrophic factor GDNF)
and Notch receptor antagonists to induce the terminal differentiation of cells toward a
dopaminergic phenotype. However, the final populations of cells are rather heterogeneous,
consisting of post-mitotic neurons of different subtypes and immature cells; therefore, 3D
cultures, including cerebral organoids, have been applied to improve the quality of the
final cellular composition [72].

After the differentiation in vitro, dopaminergic neurons appeared to be not fully
matured; therefore, acute progerin overexpression or co-culture with isogenic astrocytes is
highly recommended [73–75]. There is growing evidence that co-culturing with astrocytes
results in the promotion of neuronal differentiation and functional maturation of newly-
formed iPSC-derived neurons in various models [75–78]. Thus, various local factors and
types of intercellular communication affect the development of iPSC-derived dopaminergic
neurons [79].

The overexpression of α-synuclein could be achieved in iPSC-derived neurons with
SNCA multiplication, i.e., triplication of the gene leads to abnormally high expression and
deposition of α-synuclein in differentiated cells [80], such as in PARK4 PD patients [81],
hereby providing a relevant model of PD pathogenesis. In addition, severe changes in neu-
ronal differentiation and maturation have been detected upon SNCA triplication, whereas
the knock-down of SNCA mRNA in iPSC-derived cells prevents such abnormalities [82].
A53T point mutation in the SNCA gene in iPSC-derived neurons results in the development
of pathological alterations in cell metabolism and defective proteostasis, early neurite de-
generation, and down-regulation of some synaptic proteins [28]. Interneuronal spreading
of α-synuclein within and between iPSCs cortical neurons was reproduced in the in vitro
microfluidic systems allowing unidirectional axonal growth [83].

2.2. Generation of iPSC-Derived Midbrain Astrocytes

The establishment of a co-culture of midbrain neurons and astrocytes of the same
origin would have several advantages in developing the platform for PD study and drug
testing in vitro [73].

The differentiation of astrocytes from human iPSC-derived progenitors has been
demonstrated in [84–86]. Basically, the protocols utilize the application of a medium with
low fetal bovine serum (FBS) (1%–2%) and the replacement of half of the conditioned
medium with the fresh one to induced astroglial phenotype acquisition within 1 month
in vitro. iPSC-derived astrocytes express astroglial markers (S100 calcium-binding protein B
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(S100β), gap junction protein connexin 43, and water channel aquaporin 4 (AQ4)) and other
molecules whose pattern resembles quiescent astrocytes. Being functionally competent,
these cells respond to inflammatory stimuli by cytokine release and demonstrate Ca2+

elevations in basal conditions or after the stimulation with ATP or glutamate.
Another compatible approach is based on embryonic stem cells converted into neural

progenitors through the stage of embryoid body (EB) formation and adding transforming
growth factor (TGF) and bone morphogenetic protein 4 (BMP4) inhibitors SB431542 and
LDN193189 to suppress the production of cystic embryonic bodies, followed by differ-
entiation supported by epidermal growth factor (EGF) and ciliary neurotrophic factor
(CNTF). The astrocytes obtained express astroglial markers and appropriately responded
to pro-inflammatory stimuli [87]. Direct conversion of embryonic and postnatal mouse
and human fibroblasts into astrocytes in vitro was proposed in [88] with NFIA, NFIB, and
SOX9 transcription factors. The astrocytes obtained in this protocol demonstrate gene ex-
pression pattern, K+ and Ca2+ membrane permeability, glutamate transport, and response
to cytokines stimulation similar to native brain astrocytes.

The generation of midbrain astrocytes from human iPSCs was demonstrated from
small molecule-treated NPCs (smNPCs) that are able to differentiate by the withdrawal
of the small molecules used for their expansion (TGF and BMP inhibitors SB431542 and
dorsomorphin, Wnt stimulator and glycogen synthase kinase 3 (GSK3) inhibitor CHIR
99021, SHH stimulator purmorphamine) into midbrain dopaminergic neurons, midbrain
astrocytes (that could be obtained in a medium with 4% fetal calf serum (FCS) and CNTF
later replaced with dibutyryl cyclic AMP), and oligodendrocytes [89].

In another protocol, midbrain astrocytes have been obtained from SNCA-mutated
iPSCs generated from PD patient’s fibroblasts according to the following conditions: fi-
broblast growth factor 8 (FGF8) for getting the midbrain identity, epidermal growth factor
(EGF), leukemia inhibitory factor (LIF), FGF2 + heparin for effective gliogenesis, and hi-
stone deacetylase (HDAC) inhibitor valproic acid for increased expression of glial cell
line-derived neurotrophic factor (GDNF). The obtained cells express astrocyte markers,
such as aldehyde dehydrogenase 1 family member L1 (ALDH1L1), Vimentin, Connexin 43
(Cx43), and aquaporin 4 (AQP4), as well as S100β, accumulate α-synuclein, and release the
excess of Ca2+ into cytosol, but demonstrate pathological mitochondrial fragmentation and
aberrant respiration [90].

PD patient-specific astrocytes derived from iPSCs with mutations in the LRKK2 gene
and further run in the neuron-astrocyte co-culture system support the development of a
neurodegeneration characteristic for PD (incl. morphological alterations, α-synuclein accu-
mulation, shortened neurites, and reduced cell survival), whereas astrocytes themselves
demonstrate signs of incomplete autophagy [91].

In summary, the establishment of differentiated astrocytes from PD patient-derived
iPSCs allows studying the astroglial contribution to the local control of neurogenesis, pro-
moting differentiation of dopaminergic neurons co-cultured with astroglia, and developing
novel methodological approaches to modulate astroglial activity with optogenetic protocols
(as discussed below).

2.3. Generation of iPSC-Derived Midbrain Cerebral Organoids

Cerebral organoids represent another type of brain tissue model with reconstituted
processes of neurogenesis and brain development. Actually, cerebral organoids reproduce
embryonic neurogenesis, and the data obtained cannot be extrapolated directly to mech-
anisms of adult neurogenesis [92]. The key characteristics of cerebral organoids are the
ability of stem cells to produce self-organized structures resembling various brain regions.
This methodology is based on the production of embryonic bodies and clusters of neuroep-
ithelial cells followed by the establishment of apico-basally polarized neural tissue that is
achieved by so-called un-guided or guided protocols to get spontaneous differentiation or
specification of cell development, respectively [93]. The main advantage in using human

51



Int. J. Mol. Sci. 2021, 22, 9608

iPSC-derived cerebral organoids is an opportunity to get the human-specific cell types and
tissue developmental traits that could not be reproduced in the rodent tissue [94].

In the protocols of organoids generation, the application of growth factors and mor-
phogens is rather limited because of a shortage of knowledge on their action in a stage-
specific manner and general disorganization of cells positioning with the organoids. How-
ever, successful attempts to produce cortical organoids, hippocampal organoids, ventricular
zone-like regions, and their assembloids resembling some periods of brain development
with the specific transcriptomic and proteomic changes have been reported and ana-
lyzed [93–96].

Another methodological problem with the lack of microvasculature and microglia in
neuroectodermal progenitors-derived organoids is currently getting some solution with
the approaches to prevent organoid core hypoxia by co-culturing with brain microvessel
endothelial cells [97–99], or to support normal neuronal development with microglia cells
incorporated into organoids in vitro [100]. Moreover, data on the presence of ectodermal,
mesodermal, and endodermal progenitors at the earliest stages of organoids develop-
ment [101] suggest that mesodermal progenitors might be able to develop into microglial
cells simultaneously with neurons and astrocytes or into BMECs to provide a vascular
scaffold for developing and maturing cells.

Cerebral organoids contain various cells (radial glia, intermediate progenitors) whose
self-organization results in establishing the structures resembling brain development dur-
ing the first trimester of human gestation [93]; therefore, they are mainly applied in studying
the molecular pathogenesis of neurodevelopmental disorders. However, neurodegenera-
tion associated with impaired neurogenesis might be examined with the cerebral organoid
methodology; even the trajectory of brain cells development and their diversity are quite
different in the embryonic and adult brain.

Actually, it is hard to imagine that generation of region-specific cerebral organoids
from patient-derived iPSCs would give the same phenotype of neuronal and glial cells
that are seen in advanced neurodegeneration. However, it was confirmed that this in vitro
model provides unique opportunities for analyzing the entire mechanisms of brain plas-
ticity under the conditions of abnormal expression of genes and proteins in the particular
type of neurodegeneration. For instance, organoids generated from Alzheimer’s disease
patients and aged in culture (up to 60–90 days) produce significantly higher levels of beta-
amyloid and show sensitivity to inhibitors of gamma-secretase [102]. Cerebral organoids
obtained from iPSCs from patients with frontotemporal dementia allow novel aspects of
tau-mediated pathology to be revealed [103]. At present, the establishment of organoids
correctly resembling aging- or neurodegeneration-associated changes in cell development
is a great challenge for the current neurobiology and bioengineering, as was discussed
recently in [104].

In modeling Parkinson’s disease with cerebral midbrain organoids, the specification
of cells induces the expression of transcription factors FOXA1/2, LMX1A, and LMX1B
in midbrain dopaminergic progenitor cells that are able to express tyrosine hydroxylase
and produce dopamine [105]. Numerous attempts have been applied to increase the
yield of tyrosine hydroxylase-immunopositive cells in organoids and to produce earlier
differentiated midbrain organoids in vitro [106,107]. In some cases, cerebral organoids have
been used for in vitro modeling of Parkinson’s disease, e.g., by the treatment with 1-methyl-
4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) [108], but patient-derived midbrain cerebral
organoids appear to be more informative in studying the pathogenesis of Parkinson’s
disease. These midbrain organoids allowed demonstrating the characteristics specific
for Parkinson′s disease: impaired differentiation of progenitor cells, reduced number of
differentiated dopaminergic neurons, higher number of progenitors, elevated expression
of markers of mitophagy and autophagy, appearance of mitochondrial dysfunction, low
viability of cells, and dysfunctional response to neuroinflammatory stimuli in LRKK2, DJ-1,
or PRKN mutants [105,109–111].
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The general principles of the current methodology used for the generation of iPSC-
derived cells and organoids in PD are summarized in Figure 3. As we discussed above,
numerous protocols have been applied to get differentiated neuronal and glial cells, or
cerebral organoids from human iPSCs. All these protocols have their own strengths and
limitations; therefore, the development of novel, probably unified, approaches are a big
challenge in modern bioengineering and neurobiology.

Figure 3. Summary of widely-used protocols for the generation of iPSC-derived midbrain cells and cerebral organoids. The
scheme shows the main procedures aimed to establish the appropriate local microenvironment for the in vitro differentiation
of cells toward midbrain neurons, glia, and multicellular structures (cerebral organoids).

Very recently, some new data on the establishment of iPSC-derived brain cells and
multicellular ensembles suggest that we might have more efficient tools for deciphering
cellular and molecular mechanisms of brain plasticity in (patho)physiological conditions.
Some of these revolutionizing protocols are CRISPR-Cas9 generation of iPSC-derived cell
lines that are suitable for live imaging and selective isolation of dopaminergic neurons
in the culture [112], application of 3D organoids to study the idiopathic form of PD [113],
development of in vitro BBB model from iPSCs for the assessment of BBB breakdown in
PD [114], generation of brain-on-chips with the microfluidic technologies that are helpful
in separating the cell-specific effects or studying the BBB integrity in vitro [115], and
establishment of novel cell products matching the requirements for pre-clinical studies or
even of clinical-grade quality [116].

3. Adult Neurogenesis as a Target for Therapy and Optogenetic Control

Neurogenesis is a well-known target for the pharmaceutical correction of brain plastic-
ity and treatment of neurological and mental disorders [117,118]. Neurogenesis is affected
not by drugs or small molecules only [119] but also by other various exogenous stimuli. For
instance, restricted sleep results in reduced neurogenesis [120], social interactions promote
neurogenesis in the post-ischemic brain [121], and an enriched (multi-stimuli) environment
activates neurogenesis in the brain tissue in the postnatal period and leads to obvious
effects in NSCs proliferation in physiological aging and Alzheimer’s type neurodegenera-
tion in vivo and in vitro [122,123]. Other factors that affect adult neurogenesis (nutrients,
metabolites, hormones, cytokines, etc.) have also been tested as potential modulators of
brain plasticity. As an example, lactate produced by niche astrocytes and stem cells, or
transported by BMECs from the extra-niche compartment, stimulates adult neurogenesis
and mediates the pro-neurogenic effects of physical exercise [124]. Potent regulators of
glucose metabolism, such as insulin, insulin-like growth factor-I, glucagon-like peptide-1,
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and ghrelin, control NSC fate and stimulates SGZ neurogenesis [125]. Pro-inflammatory
cytokine IL-6 supports NSCs self-renewal, but a transient surge of systemic IL-6 levels
results in an increase in NPCs proliferation and long-lasting depletion of NSCs pools [126].
The stimulation of NAD+ synthesis in niche cells leads to the restoration of adult neurogen-
esis affected in neurodegeneration, presumably due to the activity of NAD+-consuming
enzymes (NAD+-glycohydrolases, poly (ADP-ribose)polymerase) or NAD+-dependent
sirtuins [127].

Targeting neurogenesis with drugs and compounds affecting some of the above-
mentioned regulatory mechanisms is in the focus of neurobiologists and neuropharmacolo-
gists. At the same time, given the rapid development of optogenetics, it is not surprising
that this method has already been repeatedly tested to modulate the adult neurogenesis
with higher precision either in vivo or in vitro [128,129]. Indeed, neural stem or progenitor
cells could be transfected with light-sensitive channelrhodopsin2 (ChR2) or other vari-
ants of chimeric opsins, for the induction of large photocurrents, either with viral vectors
(i.e., lentivirus) or via a non-viral transfection system (i.e., piggyBac transposons). Photo-
stimulation of these cells results in the production of a larger number of neuroblasts and
functionally competent neurons in vitro [130], with up-regulated Wnt/β-catenin pathway,
or induces differentiation of NPCs into oligodendrocytes and neurons, as well as the polar-
ization of astrocytes to a pro-regenerative/anti-inflammatory phenotype [131]. Expression
of ChR2 in human iPSC-derived neuronal cells under the calcium/calmodulin-dependent
kinase II (CaMKII) and synapsin 1 (SYN1) promoters was effective in the detection of the
differentiated status of the progeny and in the optical control of their growth in vitro [132].

Optogenetic protocols have also been tested in grafted NSCs to increase the expres-
sion of genes involved in neurotransmission, neuronal differentiation, axonal guidance,
and synaptic plasticity [133]. Cre-lox strategy and piggyBac vectors have been applied
for getting the optogenetic stem cell lines from human iPSCs that can switch on optoge-
netic expression via Cre-induction in vitro for further photomanipulations (activation or
silencing) with the differentiated neurons [134]. Embryonic stem cell-derived NPCs stably
expressing ChR2 can be efficiently transplanted into the mouse cortex where they show
good integration capacity and differentiation toward GABAergic phenotype; however,
photostimulation of such optogenetic cells in vivo produce rather controversial effects [135].
In some cases, optogenetics might be used for studying the response of host cells on the
transplantation of iPSC-derived neurons: expression of ChR2 in host neurons allows de-
tecting the development of host-to-graft synaptic afferents and establishment of ample
output from host cells to the grafted ones [136].

Despite the fact that the role of neurogenesis in the adult brain of humans and non-
human primates is still a controversial issue, most neuroscientists believe that the man-
agement of neurogenesis could enhance cognitive reserve and stimulate restoration of the
brain tissue after injury or in chronic neurodegeneration [10,137–139]. Neurobiologists and
neurologists are still rather optimistic about using NSCs as a substrate for brain tissue-
replacement therapy or stimulating endogenous sources of adult-born neurons for brain
tissue repair and facilitation of cognitive functions. As an example, recent experimental
data demonstrate that the stimulation of even a small pool of NSCs “rejuvenates” the brain
and reduces some age-associated manifestations of cognitive deficits [140], but at the same
time, stimulation of neurogenesis may alter forgetting [15].

In PD, impairment of neurogenesis suggests that the effective and long-lasting treat-
ment for PD motor symptoms might be replacing SN dopaminergic cells by means of
improved endogenous neurogenesis or by cell-replacement therapy/cell transplanta-
tion [40,119]. At present, optogenetic photostimulation has been mainly tested for the
modulation of SN neurons. Particularly, light-induced activation of ChR2 dopaminer-
gic neurons in the genetic model Drosophila larva rescues PD symptoms caused by α-
synuclein [141], light-dependent activation of mitochondrially expressed proton pump
dR reinforces mitochondrial function and prevents α-synuclein-driven mitochondrial dys-
function in a Drosophila model of PD [142]. It should be mentioned that some additional
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optogenetics-based options became available: light-inducible protein aggregation system
that allows photoinduced aggregation of α-synuclein in vitro and in vivo to model the
Parkinson’s type neurodegeneration and to find out the effects of abnormal protein accumu-
lation in the brain [143]. Thus, even though there are some positive results of optogenetic
manipulations with dopaminergic neurons in experimental PD, there are no examples of a
similar approach applied for NSCs/NPCs in PD-neurogenic niches.

4. Optogenetic Activation of Niche Astrocytes for the Control of Cell Development in PD

4.1. Astrocytes as Potent Regulators of Neurogenesis and Parkinson’s Type Neurodegeneration

The analysis of neurogenesis impairments in neurodegeneration leads to some critical
questions: how is it possible to manage the fate of transplanted NSCs/NPCs in the SN since
the local microenvironment there supports glial, but not neuronal phenotype acquisition?
If so, would the transplantation of mature well-differentiated neurons be the only solution,
or could another strategy for precise control of cell proliferation and differentiation within
the SN be applied? Taking into consideration the above-mentioned issues, one could
propose that for the efficient therapy of PD, two major approaches should be evaluated:
(i) stimulation of endogenous neurogenesis in vivo by targeting SN NSCs/NPCs along
with the prevention of their development toward the astroglial phenotype; or (ii) obtaining
the pool of dopaminergic functionally competent neurons from iPSCs in vitro and their
transplantation in SN. Recently, another approach based on the reprogramming of midbrain
astrocytes into dopaminergic neurons has been suggested for the treatment of PD [144].

In all cases, astroglial cells could be considered key regulators of neurogenesis and
maturation. Glial fibrillary acidic protein (GFAP)-immunopositive radial glial cells (RGCs)
located within neurogenic niches are the NSCs that give rise to multipotent and dividing
progenitors. In addition, RGS controls cell migration to ensure reparative neurogenesis. The
activation of neurogenesis is always associated with an accumulation of astrocytes in neu-
rogenic niches, and the establishment of a niche astroglial network is required for the local
microenvironment supporting the proliferation of cell clusters in neurogenic niches [145].
The close contact of niche astrocytes with NSCs/NPCs and brain microvessel endothelial
cells (BMECs) of the niche vascular scaffold, as well as secretory activity of astrocytes,
control the promotion of neuronal differentiation of stem cells in the SGZ [145,146]. Some
data suggest that astrocytes negatively affect neurogenesis and inhibit neuronal differentia-
tion through direct cell-to-cell contacts with NSCs and the modulation of Notch/Jagged1
signaling pathways in an intermediate filament protein GFAP-dependent manner [147].

In PD, midbrain astrocytes play a dual role in the disease progression and tissue
repair: (i) astroglial production of reactive oxygen species (ROS) and reactive nitrogen
species (RNS) in activated astrocytes partially caused by aberrant expression of α-synuclein
(SNCA), parkin (PARK2), protein deglycase DJ-1 (PARK7), and PINK1 genes lead to the
damage of dopaminergic neurons and progression of neuroinflammation [148]; (ii) as-
troglial production of gliotransmitters and neurotrophic factors is important for governing
cell proliferation, differentiation, and tissue repair in chronic neurodegeneration [149,150].
Particularly, astrocytes-derived Wnt contributes to dopaminergic neurons survival [151],
stimulation of neurogenesis from SN stem cells [152], and tissue regeneration in PD [153]
through canonical (Wnt/β-catenin) and non-canonical (Wnt/planar cell polarity and
Wnt/Ca2+) pathways that are involved in the differentiation of dopaminergic neurons [151].

The activity of astrocyte-derived Wnt is required for NSCs proliferation and differ-
entiation in the SGZ [154], whereas Notch signaling regulates the maintenance of adult
NSCs governing them out of cell cycle exit, thereby decreasing the pool of NPCs [155].
Thus, Notch signaling prevents excessive recruiting of NSCs, while Wnt signaling supports
the proliferation and differentiation of NPCs and neuroblasts. Recent data reveal novel
aspects of Notch and Wnt signaling in NSCs development: when iPSCs cortical spheroids
are treated with Wnt and Notch modulators, they demonstrate a synergistic effect on
neural regional patterning and occurrence of neurogenesis and gliogenesis (increase in
Notch and Wnt activity results in the development of a larger number of glial cells), thus,
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repressing impact of Notch inhibitor on Wnt inhibition and the positive impact of Wnt
activation on Notch signaling are proposed [156]. It should be noted that Wnt signaling is
a well-known target for the activity of proteins involved in the pathogenesis of PD: in the
healthy brain, LRKK2 (product of PARK8 gene) serves as a scaffold protein and positive
regulator of the canonical pathways, whereas parkin (product of PARK2 gene) induces
β-catenin degradation and suppression of the canonical pathway [157]. Thus, in physio-
logical conditions, parkin protects dopaminergic neurons from excessive activation of the
Wnt/β-catenin pathway [158], but in PD, this mechanism is lost due to parkin alterations.
Thus, the data on enhanced neurogenesis due to Wnt/β-catenin overactivation associated
with impaired differentiation of dopaminergic neurons [159] are rather reasonable. The
stimulatory effect of LRRK2 on the non-canonical Wnt/planar cell polarity pathway was
reported as well [160].

Other than Wnt/β-catenin signaling, FGF8 plays a great role in the regulation of
differentiation toward dopaminergic phenotype: FGF receptors (FGFRs) regulate the self-
renewal and dopaminergic differentiation of NPCs in the developing midbrain [161–163].
Dysfunction of the FGF-driven mechanisms of midbrain development and control of
midbrain neurons survival and metabolism is implicated in the pathogenesis of PD [163].
It was reported that the dopaminergic differentiation of embryonic stem cells in vitro
could be facilitated by astrocytes providing FGF. Moreover, the optogenetic activation
of astrocytes transplanted in SN in vivo results in elevated FGF release and promotion
of appropriate differentiation of co-transplanted stem cells [161]. Novel optogenetics
tools, such as optoFGFR based on the cryptochrome2 domain and cytoplasmic region of
FGFR, enable light-guided activation and clustering of FGFRs for efficient analyzing of
the downstream molecular events [164,165]. We suggest that a similar approach could be
tested to modulate the FGF-driven regulation of stem cell development and dopaminergic
differentiation in PD.

4.2. Optogenetic Targeting of GFAP+ Cells in the Neurogenic Niche: Established and Prospective
Approaches to Cells Activation and Signal Propagation

The essence of astroglial activation is the elevation of intracellular Ca2+ levels due
to Ca2+ influx through membrane channels, i.e., L-type voltage-operated calcium chan-
nels, VOCC [166], connexin 43 (Cx43) hemichannels [167], and transient receptor potential
channels, TRP [168], or Ca2+ release from intracellular stores (endoplasmic reticulum,
mitochondria, nucleus) via activation of inositol-3-phosphate receptors of cyclic ADP-
ribose-sensitive ryanodine receptors [169,170]. The activation of Ca2+ release mechanisms
is a result of stimulation of astroglial Gq, Gi/o, or Gs G-protein-coupled receptors (GPCRs)
culminating in the synthesis of second messengers with Ca2+-mobilizing activity, whereas
the opening of VOCC is triggered by high extracellular concentrations of glutamate, K+,
and ATP, i.e., in active brain regions or in inflammatory loci [166,171]. Thus, “artificial”
induction of Ca2+ rise in astroglial cells might mimic the activation achieved by ligands of
GPCRs, K+, ATP, or cytokines. As a result of activation, extracellular K+ concentrations
transiently rise, astrocytes release gliotransmitters and change their mitochondrial activity
and proliferative status [172–174]. Actually, this is a principle of optogenetic photostimula-
tion of astroglial cells expressing ChR2 or optoGPCRs under the astroglial promoters (i.e.,
GFAP), which recently appeared as a new approach to control brain activity [175–178].

Midbrain astrocytes in PD with SNCA mutations demonstrate aberrant Ca2+ release
from intracellular stores into cytosol, presumably, caused by mitochondrial dysfunction [90].
Thus, one may propose that optogenetic stimulation of PD-specific astrocytes with the
mutant form of SNCA would result in an abnormal pattern of their activation.

It should be kept in mind that recent complex proteomic and transcriptomic analyses
revealed interesting differences in the expression pattern of astrocytes in various brain
regions. Particularly, hippocampal astrocytes and striatal astrocytes predominantly express
GFAP or µ-crystalline, respectively, and they are different in gap-junctional coupling (lower
in striatal astroglia) and GPCR-mediated Ca2+ signals (weaker response in hippocampal
astrocytes) [179]. Thus, any, including optogenetic, manipulations with hippocampal and

56



Int. J. Mol. Sci. 2021, 22, 9608

striatal astroglial cells would have a priori different efficacy and results: expression of
light-sensitive molecules under the GFAP promoter would be higher in the hippocampus,
but Ca2+-driven activation of glial cells would be more evident in the striatum.

The expression of light-sensitive molecules under the control of the astroglial promoter
(GFAP) raises the question of what type of cells within the neurogenic niche could be
affected by photostimulation. Even though there is a heterogeneity of astroglial cells,
the expression of GFAP could be easily detected in the majority of mature resting and
reactive astrocytes throughout the brain [180]. Higher expression of GFAP in reactive
astrocytes, particularly in neurodegeneration [181], makes it possible to increase the efficacy
of photostimulation in the affected brain vs. the healthy brain. Indeed, optogenetic
protocols targeting astrocytes provide precise manipulation with their functional status,
secretory phenotype, and interactions with mature neurons in physiological conditions
and in neurodegeneration [175,177,182,183].

Less is known about the application of optogenetics for controlling astroglia-driven
regulation of adult neurogenesis. We have demonstrated before that optogenetic stimu-
lation of niche astrocytes expressing channelrhodopsin-2 under the GFAP promoter was
efficient in activating the neurogenic potential of NSCs/NPCs in the in vitro neurogenic
niche model or in implanted intrahippocampal neurospheres ex vivo in experimental
Alzheimer’s disease [184,185]. Photostimulation of iPSC-derived ChR2-expressing astro-
cytes co-cultured with iPSC-derived neurons results in effective bidirectional signaling,
which is important for supporting the maturation of neurons and the establishment of a
functional synaptic network, even though the transcriptomic analysis confirms that iPSCs-
originated astrocytes are relatively immature compared to adult cortical astrocytes [186].

Quiescent NSCs, as RGs, demonstrates the expression pattern as GFAP+Nestin+PCNA−

Pax6+NeuroD1−. Type-1 NSCs, as slowly dividing, cells have the phenotype GFAP+/−

Nestin+PCNA+Pax6+NeuroD1− and express lower GFAP. NPCs, as amplifying progen-
itors, with the phenotype GFAP−Nestin+PCNA+Pax6+NeuroD1+ do not express GFAP
during neurogenesis [187]. Thus, the expression of light-activated molecules in NSCs under
the GFAP promoter could regulate their activity. However, it might be impossible to use the
same strategy to express a construct in post-mitotic astrocytes and NSCs: adeno-associated
viruses (AAV) used as vectors are inefficient in transducing stem cells; therefore, engi-
neered AAV variants or other delivery tools (i.e., polymer complexes containing plasmids,
episomes, or retrovirus- and lentivirus-based vectors) should be applied [188–191].

The most attractive feature of optogenetic protocols is an opportunity to stimulate the
particular cell precisely and in a controllable manner. While considering astroglial optoge-
netic stimulation, one should remember the existence of the so-called astroglial syncytium
due to the activity of intercellular gap junctions [192]. It is well-known that Ca2+ waves
in astrocytes propagate via gap junctions consisted of connexin 43 (Cx43) channels [193],
thereby resulting in the activation of astroglia located distantly from the focus of primary
activation [194] or via extracellular ATP-dependent mechanisms [193]. However, whether
or not this mechanism is relevant in optogenetically-stimulated astrocytes remains to be
evaluated. The photostimulation of astrocytes expressing light-gated glutamate receptor
6 (LiGluR) in vitro results in the activation of adjacent non-expressing LiGluR astrocytes;
this effect was insensitive to the blockers of gap junctions but sensitive to inhibitors of
ATP-driven purinergic signaling [195]. Taking into consideration that reactive astrocytes
have permissive conditions for Ca2+-dependent ATP release [196], one could suggest that
in a neurodegeneration-affected brain, the propagation of light-induced signals from the
particular astrocytes would be facilitated.

In a rat rotenone-induced model of PD, increased expression of Cx43 was detected in
SN, striatum, and basal ganglia astrocytes [197], thus suggesting that metabolic and func-
tional coupling of astroglial cells might be enhanced in Parkinson’s type neurodegeneration.
The same phenomenon is evident in brain ischemia [198] and Alzheimer’s disease [199] and
might reflect the neuroprotective potential of reactive astrocytes, or could be a consequence
of Cx43 functional coupling with another protein, CD38/NAD+-glycohydrolase [200],
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whose expression is elevated in neuroinflammation and neurodegeneration [199]. This
suggestion turns us to the idea of NAD+-dependent mechanisms in the molecular patho-
genesis of PD [201]. Since Cx43 may act as an NAD+-transporting molecule in the plasma
membrane [202], higher expression of Cx43 might be beneficial for cell survival. Probably,
this is a reason why NSCs/NPCs express up-regulated functional Cx43 in brain injury [203].
It is interesting that when NSCs are engrafted into the striatum, they express much higher
levels of Cx43, and host cells do the same within the limited period of time [204]; thus, it
could be utilized for the improvement of transplantation outcomes. Indeed, the positive
effect of gap junction-mediated communication between host cells and NSCs was demon-
strated in organotypic slice cultures [205]. Along with this idea, the optogenetic control of
cell engraftment might be rather useful: photostimulation of transplanted neurons helps in
the assessment of their functional integration into neuronal circuits and communication
with other types of cells in the host brain tissue [206]. However, such an approach has
never been tested for astroglial cells.

The elevated expression of Cx43 might not correspond to facilitated intercellular
communication only: membrane Cx43 hemichannels serve as efflux-oriented transporters
for NAD+, lactate, or Ca2+ in astrocytes; therefore, they provide release of low molecular
weight substances and ions into extracellular space with no apparent effect on direct
cell-to-cell communication [207]. The activity of this machinery is abnormal in PD: α-
synuclein induces the opening of Cx43 hemichannels, excessive Ca2+ rise in the cytosol,
gliotransmitters, and cytokines release [208]. In sum, astroglial cells in PD might respond
to photostimulation-induced Ca2+ intracellular elevations to a greater extent than normal
cells due to higher expression of gap junction proteins of Cx43 hemichannels. What
might be an outcome for such effects within the neurogenic niche or in the affected brain
regions remains to be evaluated. However, experimental data on elevated expression and
activity of Cx43 hemichannels driving better communication of host cells and transplanted
NSCs [209] allow considering Cx43 hemichannels as a target for light-guided control of
engrafting efficacy. Since the normalization of neuron-astroglial gap junction-mediated
crosstalk by optogenetic manipulations with astrocytes was proposed in [210], a similar
approach should be tested for niche astrocytes communicating with stem cell grafts.

We have proposed before [211] that Cx43 expression in different cells of the neuro-
genic niche (radial glia, mature astrocytes, endothelial cells) could be utilized to control
neurogenesis. Indeed, the expression of Cx43 is indispensable for RGs proliferation in
the adult hippocampus [212]. Neuroectodermal specialization of embryonic stem cells
depends on the rate of Cx43 expression [213]. Deletion of Cx43 suppresses hippocam-
pal adult neurogenesis due to the inhibition of NSCs proliferation and survival [212],
whereas the absence of Cx43 expression in NPCs results in their predominant differentia-
tion toward a neuronal, but not astroglial, phenotype, probably, due to increased β-catenin
signaling and Wnt-driven expression of pro-neuronal genes [214]. Indeed, Cx43 in NPCs
down-regulates β-catenin signaling, reduces the proliferation of progenitors, and promotes
astroglial differentiation [215].

It should be noted that in resting astrocytes, Cx43 localizes in intracellular vesicles, but
the activation of cells drives Cx43 expression at the plasma membrane contact sites [216].
Cx43 interacts with β-catenin directly, and the activation of Wnt signaling results in the
re-dislocation of Cx43 in some cell lines leading to enhanced expression of Cx43 in the
nucleus, but not at the plasma membrane or cytosol [217]. The same phenomenon has not
been reproduced in NSCs/NPCs yet, but it might be tempting to speculate that the positive
effects of Wnt on dopaminergic neuron generation and survival are disrupted in PD due
to the abnormal activity of parkin and the overactivity of the Wnt/β-catenin signaling
pathway could be modulated via Cx43-β-catenin interactions at the plasma membrane of
NSCs/NPCs.

Since neuronal activity increases Cx43 expression in astrocytes [218], and excitatory
(NMDA, or depolarizing action of GABA) stimuli directly promote differentiation of NPCs
toward neuronal phenotypes [6,219], it is tempting to speculate that the establishment of an
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in vitro neurogenic niche model with mature neurons or with conditions mimicking excita-
tion/inhibition balance specific for neurogenic niches, would give us new opportunities in
increasing the efficacy of astroglial (photo)activation for the local control of neurogenesis.

Application of up-to-date protocols for optical mapping of gap junctions, for instance,
PARIS, “pairing actuators and receivers to optically isolate gap junctions” [220] or optoGap, an
optogenetics-based tool for the analysis of cell-to-cell connexin-driven coupling [221], would be
helpful in further elucidating the Cx43 activity in NSCs/NPCs and niche astrocytes.

5. Alternative Approaches to Restoring Impaired Neurogenesis in PD

In the context of PD pathogenesis, motor dysfunction appears as a result of excessive
GABAergic output in the striatum: normally, dopaminergic neurons of SN terminate at the
striatum and release dopamine there to propagate signals to cholinergic and GABAergic
neurons, resulting in the inhibition of the output from GABAergic neurons [222,223]. In
the healthy striatum, the majority of cells are the GABAergic interneurons, whereas the
role of striatal dopaminergic cells is not clear [224].

New dopaminergic neurons adjacent to the band of preserved nigral input and ex-
pressing tyrosine hydroxylase and dopamine transporter have been found in the striatum
of PD patients [54,225]. Optogenetic activation of striatal tyrosine hydroxylase-expressing
interneurons in mice in vivo produce strong GABAergic inhibition, but no evidence for
dopamine production has been obtained [226]. Loss of nigrostriatal innervation results
in morphological and functional changes in this population of cells aimed to compensate
the GABAergic inhibition [227]. Probably, endogenous dopamine negatively controls the
number of these cells [228]. Currently, optogenetic activation of striatal neurons was found
to be an efficient tool for studying striatum-dependent neurological processes, i.e., reward
behavioral encoding, reinforcement learning, and motivation, as it was reviewed in detail
elsewhere [229].

Insulin receptors are expressed on midbrain dopamine neurons, so their stimulation
controls dopaminergic transmission in the striatum [230]. Particularly, insulin may enhance
dopamine release in the striatum through cholinergic interneurons [231]. Data obtained in
Drosophila reveal that the induction of NSCs from glia, their proliferation and limited neu-
rogenesis are regulated by insulin signaling [232]. Neurogenesis in conventional neurogenic
niches (SVZ and SGZ) also depends on insulin and insulin-like growth factors (IGF) [233];
thus, cerebral insulin resistance evident in chronic neurodegeneration (Alzheimer’s disease,
Parkinson’s disease) negatively affects neurogenesis [234], whereas peptides facilitating
insulin effects promote the development of new dopaminergic neurons in SN in a model of
PD [235]. Thus, the modulation of insulin signaling in SN and striatum might be important
for restoring neurogenesis in these non-conventional neurogenic niches. In this context, the
photodynamic reversible opening of the blood-brain barrier (BBB) [236] might be useful
for driving insulin or insulin-like growth factors transport into the particular brain region,
as it was shown for IGF-I in the active brain [237].

Neuroblasts differentiating into mature GABAergic interneurons have been found in
the striatum close to the SVZ in the adult brain in humans, and local neurogenic events
here are diminished in Huntington’s disease [238]. Since dopaminergic activity is required
for stimulating the striatal neurogenesis [65], the loss of SN neurons in PD would result in
the suppression of striatal neurogenesis. However, alternative hypotheses on the origin
of adult-born striatal interneurons have been proposed, including differentiation of local
NPCs [239,240] or conversion of striatal astrocytes into mature neurons by blocking Notch
signaling [241].

The latter approach has attracted a lot of attention in recent years because the direct
reprogramming of adult post-mitotic cells might be quite useful in the replacement of lost
neurons with new cells in brain regions (i.e., SN and striatum) with very limited neurogenic
capacity in adults [242]. However, the conversion of SN GFAP+ cells into neurons was
found, thereby providing an alternative neurogenic mechanism within SN and striatum:
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GFAP+/s100β+ astrocytes could transdifferentiate into dividing cells (neuroblasts) or even
dedifferentiate back to NSCs [64].

In the adult mouse brain, transcription factor SOX2 can induce the transformation
of astrocytes into neuroblasts that can be further driven to mature neurons with BDNF
or valproic acid as a histone deacetylase inhibitor [243]. The induction of expression of
Ascl1 in cortex astrocytes results in the formation of GABAergic neurons, while Neurog2
expression is responsible for the glutamatergic phenotype, but NeuroD4 is capable of re-
programming astrocytes into neurons that cannot complete synaptic maturation [244]. The
combination of several transcription factors, NEUROD1, ASCL1, and LMX1A, and the mi-
croRNA miR218 is helpful in the in vivo and in vitro reprogramming of striatal astrocytes
of mouse and human origin into functional dopaminergic neurons [245]. Moreover, when
small molecules that promote chromatin remodeling and activate the TGFβ, Shh, and Wnt
signaling pathways, such as ascorbic acid, valproic acid, or 5-aza-2′-deoxycytidine, TGF
and BMP4 inhibitors SB431542 and LDN193189, sonic hedgehog (SHH) and the GSK3β
inhibitor CT99021, dual-Smad inhibitors SB431542 and LDN193189, and midbrain pat-
terning signals CT99021 and purmorphamine, have been applied, the number of tyrosine
hydroxylase-expressing neurons was increased [245]. It is important to note that the in vivo
reprogramming of striatal astrocytes into dopaminergic neurons results in the improvement
of behavioral characteristics of 6-OHDA-treated mice with PD [245]. The reconstruction of
nigrostriatal circuits, replenishment of dopaminergic neurons and reduction of neurological
deficits were achieved in mice with a 6-OHDA model of PD by the reprogramming of
astrocytes to functional neurons via depletion of RNA-binding protein PTB (PTBP1), and
the functional characteristics of newly-developed neurons were confirmed with the chemo-
genetic protocols [144]. Astrocytes of different origins might demonstrate various abilities
to be reprogrammed into neurons: adult human astrocytes could be reprogrammed to
neuroblasts with miRNAs (miR-302/367), but mouse astrocytes required valproic acid for
successful conversion [246].

When mouse embryonic bodies (EBs) were transplanted into SN of rats and mice,
stimulation of neurogenesis was observed, but the establishment of fully differentiated
dopaminergic neurons failed; however, previously non-dividing resident GFAP+/S100b+
cells acquired neuroblast markers after EBs transplantation [64]. Similarly, in the 6-OHDA
rat model of PD, chronic (10 days) infusion of platelet-derived growth factor (PDGF-BB) and
brain-derived neurotrophic factor (BDNF) results in the generation of newly-formed cells
in the striatum and SN, but these cells do not demonstrate the expression pattern of striatal
mature projection neurons or dopaminergic neurons in SN [247]. The combination of
6-OHDA-lesion of SN dopaminergic neurons and infusions of transforming growth factor
α (TGFα) into forebrain structures results in a massive migration of neural progenitors
from the SVZ to the striatum, their differentiation to dopaminergic neurons, and the
improvement of rotational behavior in rats [248]. However, data obtained in humans and
in rodents with PD models seem to be controversial: the striatum of PD patients was found
to contain six times fewer tyrosine hydroxylase-expressing cells [249]. Moreover, as it was
resumed in [250], there is no confirmation that the enhancement of striatal neurogenesis
would result in the improvement of behavioral effects in PD in a similar way, as it was
shown in the striatal transplantation of dopaminergic neurons, but the stimulation of
striatal neurogenesis and reinnervation of local interneurons is a promising strategy in PD.

Attempts to produce dopaminergic neurons from SVZ stem cells have shown that
adult NSC-derived cells co-express Nestin and tyrosine hydroxylase and demonstrated a
low survival rate, but embryonic stem cell-derived neurons have characteristics of mature
cells with strong dopamine release upon the action of depolarizing stimuli [251]. Thus, the
use of stem cells close to embryonic parameters (iPSCs) should have obvious advantages
in cell-replacement therapy.

Undoubtedly, all the attempts aimed to reduce α-synuclein-induced alterations (in-
cluding prevention of its aggregation and dissemination or enhancing degradation of
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α-synuclein aggregates) would be efficient in restoring the neurogenesis in PD-affected
brains, thereby contributing to functional recovery [29].

6. Conclusion and Perspectives

The current attempts to establish reliable and safe therapeutic platforms for the restora-
tion of impaired brain plasticity in neurodegeneration are facing the complexity of adult
neurogenesis. Recent achievements in understanding the key molecular mechanisms of
NSCs/NPCs maintenance and development, the role of intercellular communications in
the adjustment of neurogenesis to the actual needs of the active brain, and application of
up-to-date tools for getting the desired cellular phenotypes (e.g., in iPSC-based protocols)
and precise activation of target cells (e.g., in optogenetic protocols) suggest new opportuni-
ties in the cell-replacement therapy, either via the stimulation of endogenous neurogenesis
or the generation of cells for efficient engrafting.

In the case of synucleinopathies, this approach should be based on the molecular
mechanisms of impaired brain plasticity caused by abnormal accumulation and distribu-
tion of α-synuclein in various brain regions, including conventional and non-conventional
neurogenic niches. There are no doubts that aberrant neurogenesis is ultimately involved
in the pathogenesis of PD from the very early, even pre-motor and pre-manifesting, stages.
Correct analysis of neurogenesis impairments, as well as the development of novel ap-
proaches to manipulate the neurogenic capacity of NSCs/NPCs, would give progress in
the early diagnostics, effective prevention, and treatment of PD.

In this context, various niche cellular components (NSCs, NPCs, astrocytes, BMECs,
and mature neurons) serve as promising targets for the optogenetic control of the local
microenvironment. Modulating the functional activity of niche cells might be helpful
in the control of cell proliferation, reprogramming, and differentiation either in vitro or
in vivo. The same approach is rather prospective for improving the outcomes of cells
transplantation and their functional integration in the affected brain regions.

Thus, the application of novel optogenetic/chemogenetic tools and advanced in vitro
models, including those based on iPSC-derived cells, organoids, or utilizing 3D brain-on-
chip platforms, are of great importance for the development of new therapeutic options
and assessment of aberrant neurogenesis in Parkinson’s type neurodegeneration.
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Abbreviations

AV adeno-associated virus
ALDH1L1 aldehyde dehydrogenase 1 family member L1
AMP adenosine monophosphate
ADP adenosine diphosphate
AQ4 aquaporin 4
ASCL1 Achaete-Scute homolog 1
ATP adenosine triphosphate
BBB blood-brain barrier
BDNF brain-derived neurotrophic factor
BMECs brain microvessel endothelial cells
BMP4 bone morphogenetic protein 4
CaMKII calcium/calmodulin-dependent kinase II
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CD cluster of differentiation
ChR2 channelrhodopsin 2
CNTF ciliary neurotrophic factor
CRISPR-Cas9 clustered regularly interspaced short palindromic repeats-associated protein 9
Cx connexin
3D three-dimensional
DAMPs damage-associated molecular patterns
DJ-1 deglycase-1
EB embryonic body
EGF epidermal growth factor
E/I excitation/inhibition balance
FBS fetal bovine serum
FCS fetal calf serum
FGF fibroblast growth factor
Foxa2 forkhead box protein A2
GABA gamma-aminobutyric acid
GDNF glia cell line-derived neurotrophic factor
GFAP glial fibrillary acidic protein
GPCRs G-protein-coupled receptors
GSK3 glycogen synthase kinase 3
HDAC histone deacetylase
IGF insulin-like growth factor
IL interleukin
iPSCs induced pluripotent stem cells
LIF leukemia inhibitory factor
LiGluR light-gated glutamate receptor 6
Lmx1a LIM homeobox transcription factor 1 alpha
LRKK2 leucine-rich repeat kinase 2
MPTP 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
mRNA messenger ribonucleic acid
NAD+ nicotinamide adenine dinucleotide
NeuroD1 neurogenic differentiation 1 transcription factor
Neurog2 neurogenin 2
NFIA nuclear factor I A
NFIB nuclear factor I B
NMDA N-methyl-D-aspartate
NPCs neural progenitor cells
NSCs neural stem cells
Nurr1 nuclear receptor related 1
6-OHDA 6-hydroxydopamine
optoFGFR light-activatable fibroblast growth factor receptor
optoGap light-activatable gap junction
optoGPCR light-activatable G-protein coupled receptor
PARK2 parkin ubiquitin protein ligase
Pax6 transcription factor paired box protein
PCNA proliferating cell nuclear antigen
PD Parkinson’s disease
PDGF-BB platelet-derived growth factor
PINK-1 PTEN (phosphatase and tensin homolog deleted)-induced kinase 1
PRKN parkin
RGCs radial glia cells
PTBP1 RNA-binding protein PTB
RNS reactive nitrogen species
ROS reactive oxygen species
S100β S100 calcium-binding protein B
SGZ subgranular zone
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SHH sonic hedgehog
smNPCs small molecule-treated neural progenitor cells
SN substantia nigra
SNCA synuclein
Sox6 SRY-Box transcription factor 6
Sox9 SRY-Box transcription factor 9
SVZ subventricular zone
SYN1 synapsin 1
TGFβ transforming growth factor-beta
TRP transient receptor potential channel
VOCC voltage-operated calcium channel
Wnt Wingless/Int-1
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Abstract: The parietal cortex of rodents participates in sensory and spatial processing, movement
planning, and decision-making, but much less is known about its role in associative learning and
memory formation. The present study aims to examine the involvement of the parietal association
cortex (PtA) in associative fear memory acquisition and retrieval in mice. Using ex vivo c-Fos im-
munohistochemical mapping and in vivo Fos-EGFP two-photon imaging, we show that PtA neurons
were specifically activated both during acquisition and retrieval of cued fear memory. Fos immuno-
histochemistry revealed specific activation of the PtA neurons during retrieval of the 1-day-old fear
memory. In vivo two-photon Fos-EGFP imaging confirmed this result and in addition detected
specific c-Fos responses of the PtA neurons during acquisition of cued fear memory. To allow a more
detailed study of the long-term activity of such PtA engram neurons, we generated a Fos-Cre-GCaMP
transgenic mouse line that employs the Targeted Recombination in Active Populations (TRAP) tech-
nique to detect calcium events specifically in cells that were Fos-active during conditioning. We
show that gradual accumulation of GCaMP3 in the PtA neurons of Fos-Cre-GCaMP mice peaks at
the 4th day after fear learning. We also describe calcium transients in the cell bodies and dendrites of
the TRAPed neurons. This provides a proof-of-principle for TRAP-based calcium imaging of PtA
functions during memory processes as well as in experimental models of fear- and anxiety-related
psychiatric disorders and their specific therapies.

Keywords: parietal association cortex; fear memory; c-fos; calcium activity; transgenic mice; two-
photon imaging

1. Introduction

The parietal cortex is an associative cortical area that participates in various integrative
brain functions, including multisensory processing, decision-making, motion planning,
navigation, attention, and working memory [1]. Though this area has been extensively
studied in cognitive tasks in primates [2], only more recently has it become the subject of
corresponding analyses in rodents [3,4].

The parietal region in the rodent brain is defined as an area between visual and
somatosensory cortices [3,5,6]. It is connected with diverse brain areas, including other
associative cortical regions, such as orbitofrontal, retrosplenial and anterior cingulate
cortices [4,7]. Its neurons respond to modality-specific (auditory, visual, or somatosen-
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sory) as well as complex stimuli [8–10]. In rodents, this area is also involved in spatial
navigation [11] and decision-making [12,13].

According to Franklin and Paxinos (2007), the mouse parietal cortex consists of anterior
and posterior parts, and the anterior part corresponds to the parietal association cortex
(PtA). Though most rodent studies address the functions of the posterior parietal cortex,
network analysis of mouse cortical connectivity revealed that the PtA has a high level of
betweenness centrality that makes it a strong hub region within the cortical network [14].
Therefore, in this study, we focus on the role of mouse PtA in associative memory processes.

Retrosplenial, cingulate, and frontal associative cortical areas, which send projections
to the PtA, are involved in the coding and retrieval of different types of memory [15–19].
Interestingly, there is no evidence about direct connections between the PtA and the
prelimbic prefrontal cortex, which is known to be involved in the formation and retrieval
of associative memory including conditioned fear memory in rats in mice [20–22]. The rat
PtA is known to participate in the retrieval of recent and remote spatial memory [23,24].
However, the contribution of PtA to associative memory is still poorly understood. A direct
way to address this question is to examine the specific expression of immediate-early genes
(IEGs) involved in experience-dependent neuronal plasticity.

Expression of IEGs such as c-fos is commonly used to identify neurons activated by
learning and involved in memory encoding [25–27]. c-fos encodes the transcription fac-
tor that regulates the activity of effector genes and the following long-term plasticity in
neurons [28]. Different Fos-based methods are used to investigate the experience-induced
changes of brain neuronal circuits in various learning and memory paradigms. C-Fos
immunostaining is commonly used to access neuronal activity only at a single time point.
In contrast, in vivo Fos-imaging allows observing the activation of the same neuronal
population in different behavioral episodes. In this case, Fos-EGFP transgenic mice allow
repeated imaging of Fos-positive neurons and comparison of neuronal populations acti-
vated during learning and memory retrieval [18,29–31]. Similarly, the method of targeted
recombination in active populations (TRAP) was used to capture the candidate engram
neurons [25,32]. TRAP is an approach to obtain permanent genetic access to distributed
neuronal ensembles that are activated by experiences within a limited time window [32,33].
In Fos-TRAP transgenic mice, the tamoxifen-dependent recombinase CreERT2 is expressed
in an activity-dependent manner under the control of the c-fos promoter. Active cells that
express CreERT2 undergo recombination only in the presence of tamoxifen (TM). This
allows genetic access to neurons that were active during a time window less than 24 h after
injection. Nonactive cells do not express CreERT2 and do not undergo recombination, even
if TM was injected [32]. Previously the TRAP approach was used to assess the involvement
of neurons genetically captured during context fear conditioning (FC) in subsequent mem-
ory retrieval [33,34]. Optogenetic silencing of TRAP-labeled neuronal populations in CA3
or DG prevented the expression of the corresponding memory [33]. In the present study, we
used c-Fos immunostaining, Fos-EGFP in vivo imaging, and Fos-TRAP to investigate the
involvement of PtA cortex in the encoding and retrieval of associative fear memory in mice.
Using c-Fos-immunohistochemistry, we found that PtA neurons were specifically activated
during cued fear memory retrieval. In vivo Fos-EGFP imaging showed, in addition, the
specific changes of activity during both fear conditioning and memory retrieval. Finally,
we applied the TRAP technique for calcium imaging specifically in PtA engram cells. We
showed no specific activity in such cells during conditioned stimulus (CS) presentation
during the 1-day-old memory retrieval.
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2. Results

2.1. Immunohistochemical Analysis of Fos Expression in the PtA

First, we analyzed c-Fos expression in the PtA during cued fear memory acquisition
and retrieval. Wild-type mice were trained to associate CSs with foot shocks. We used
three groups of mice: Paired (CS was paired with foot shock), CS-only (mice received only
CS), and Home Cage (HC, mice were not tested in FC assay). Only Paired group but not
CS-only group developed freezing behavior as the number of pairings increased (two-way
ANOVA, p < 0.0001) (Figure 1a). Freezing response to the CS during memory retrieval was
higher in the Paired group compared with CS-only group (two-way ANOVA, p < 0.0001)
(Figure 1b). Freezing level during novel context exploration, however, was the same in
the Paired and CS-only groups (two-way ANOVA, p = 0.5341), (Figure 1b). These results
demonstrate that mice learned association between conditioned and unconditioned stimuli
(CS-US association) and did not exhibit memory generalization to a novel context.

Figure 1. Freezing during (a) fear conditioning (FC) and (b) memory retrieval 24 h after the FC (mean, 95% confidence
interval (CI)). Fear response increased during training only in the Paired group (* p < 0.0001, two-way ANOVA). Trained
animals froze more than CS-only group during conditioned stimulus (CS) memory retrieval (* p < 0.0001, two-way ANOVA
with post hoc Tukey test).

For the next step, we sacrificed the animals from all groups one hour after FC or
memory retrieval and performed immunostaining to detect c-Fos in the PtA. The density
of the PtA c-Fos-positive cells was higher in the Paired and CS-only groups than in the HC
group during FC or memory retrieval (one-way ANOVA and post hoc Tukey test, p < 0.001)
(Figure 2). However, there was no significant difference between Paired and CS-only
groups during FC (one-way ANOVA and post hoc Tukey test, p = 0.9532) (Figure 2a). On
the contrary, c-Fos-positive cell density was higher in the Paired group than in the CS-only
group during memory retrieval (one-way ANOVA and post hoc Tukey test, p = 0.0364)
(Figure 2b). This data suggest that PtA neurons are active during new experience acquisi-
tion regardless of the associative or nonassociative nature of this experience. At the same
time, PtA is specifically activated during CS memory retrieval, suggesting its role in the
recent fear memory storage.
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Figure 2. The density of c-Fos-positive cells in the PtA 1 h after (a) fear learning and (b) memory retrieval on the next
day (mean, 95% CI). The density of the PtA c-Fos-positive cells was higher in the Paired and CS-only groups than in the
Home cage (HC) group during FC or memory retrieval (p < 0.001, one-way ANOVA and post hoc Tukey test). During
memory retrieval, c-Fos-positive cells density was higher in the Paired group compared with the CS-only group (* p = 0.0364,
one-way ANOVA and post hoc Tukey test). (c) Image of Fos-positive cells in PtA in HC, CS-only and Paired groups (scale
bar is 100 µm).

2.2. In Vivo Investigation of C-Fos Expression in the PtA of Fos-EGFP Mice

In the next experiment, we analyzed c-Fos activation of individual PtA neurons during
cued memory acquisition and retrieval using in vivo two-photon imaging in Fos-EGFP
transgenic mice. Imaging was performed three days before FC to access basal level of
c-Fos expression in PtA neurons in a home cage, 90 min after FC session, and 90 min
after memory test (Figure 3a). This approach allowed us to address and compare c-Fos
activity of a specific neuronal population in PtA after different behavioral procedures in
the same animal.

Overall, we identified 9325 neurons in all the mice during all sessions of two-photon
visualization. In the control imaging session (home cage condition, 3 days before fear
conditioning) 520 ± 160 Fos-EGFP positive neurons per mouse (mean ± 95% CI) in 16 mice
were identified. 17% of all identified neurons changed their activity (i.e., were activated
or inactivated) at least in one imaging session. We normalized the number of Fos-EGFP
positive neurons in both conditioning and retrieval sessions to the number of neurons that
were active during the control imaging session and found that the number of Fos-EGFP
positive neurons increased during the FC training and memory recall in the Paired group
but not in the CS-only and HC groups (t-test, compared with 1, p = 0.0156) (Figure 3b).
Moreover, we found that during learning, but not during memory retrieval, the number
of Fos-EGFP positive PtA cells was significantly higher in the Paired group than in the
CS-only or HC groups (two-way ANOVA and post hoc Tukey test, p < 0.05).
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Figure 3. (a) Design and timeline of the in vivo imaging experiment with Fos-EGFP mice. (b) Number of PtA Fos-EGFP
positive neurons normalized to the number of neurons active during the control session (mean, 95% CI). The number of
Fos-EGFP positive neurons was increased during learning and memory retrieval on the next day in the Paired group (n = 7)
but not in the control groups (* p = 0.0156, compared with 1, t-test; # p < 0.05 compared with CS-only (n = 3) and HC group
(n = 3) groups, two-way ANOVA and post hoc Tukey test).

Next, we compared the number of neurons that were inactive during the control
imaging session, but were activated during FC or memory test. The number of neurons
activated during fear conditioning normalized to the total number of neurons for each
group was higher in the Paired group than in the CS-only and HC groups (64 (n = 7 mice),
40 (n = 6), and 32 (n = 3) neurons in average, respectively, one-way ANOVA and post hoc
Tukey test, p < 0.05) (Figure 4a). The number of neurons activated by memory retrieval
was similar in all groups (64 (n = 7), 49 (n = 6), and 38 (n = 3 mice) neurons on average,
respectively, one-way ANOVA, p = 0.2185) (Figure 4b).

Figure 4. Number of the PtA neurons that were inactive before FC and active during (a) fear learning and (b) memory
retrieval on the next day normalized to all identified neurons in Fos-EGFP mice (mean, 95% CI). The number of neurons
that were inactive before FC and were active during FC was higher in the Paired group (n = 7) than in CS-only (n = 6) and
HC (n = 3) groups (* p < 0.05, one-way ANOVA and post hoc Tukey test).

Altogether, these results indicate that, as sampled by in vivo Fos-EGFP activity, PtA
neurons are involved in associative fear memory formation and retrieval in the mouse brain.

However, there are certain restrictions with the use of c-Fos as an indicator of condi-
tioned neuronal activity. Long duration of c-Fos protein synthesis or of Fos-triggered EGFP
accumulation does not allow precise matching of these biochemical responses to the stimuli
that induced them. Furthermore, not all neuronal responses are accompanied by induction
of c-fos transcription. To overcome these limitations and to address the causal links between
learning and PtA activity in a more precise manner we used TRAP to image calcium activity
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specifically in neurons that expressed c-Fos during fear conditioning. The next sections
describe the Fos-Cre-GCaMP transgenic mice used for this purpose as a proof-of-principle
to capture and image calcium transients in learning-activated PtA neurons.

2.3. Characterization of Fos-Cre-GCaMP Transgenic Mice

First, FosCreER and Ai38 (RCL-GCaMP3) transgenic mice were crossed to obtain a
double transgenic line Fos-Cre-GCaMP. Next, we performed the genotyping of Fos-Cre-
GCaMP offspring mice. As was expected, we found specific sites for GCaMP (226 bp) and
Fos-Cre (293 bp) compared to 128 bp and 215 bp from DNA of wild-type mice.

To determine the time course of GCaMP accumulation in TRAPed neurons we per-
formed repeated two-photon imaging of the PtA area at different time points after the
session of FC-triggered Cre-recombination. The first visualization was performed two
hours after FC training to investigate the possibility of early spontaneous recombination.
We found no GCaMP-expressing neurons in PtA at this time point. Thus, no background
or spontaneous recombination events appear in a short time after tamoxifen injection. One
day after FC training the number of GCaMP-expressing neurons was at a 15% level of the
maximal number of all identified neurons (Figure 5a). We found 70% GCaMP-expressing
neurons two days after the recombination event. The total number of Fos-TRAPed neurons
reached 15, 35, 82, and 134 for 4 mice by the 4th day after the recombination event and
remained at the same level during the following imaging sessions (Figure 5a). Thus, the
maximum level of GCaMP accumulation occurs on the 4th day after the Cre-recombination
and persists thereafter. Based on this data, we started calcium imaging sessions in the
Fos-TRAPed neurons from the 4th day after the FC-induced recombination.

μ

Figure 5. (a) GCaMP accumulation in the PtA neurons of Fos-Cre-GCaMP transgenic mice after cued fear learning. The
total number of the GCaMP-positive neurons reached a maximum on the 4th day after training and remained at maximum
level up to the 7th day (n = 4, mean, 95% CI). (b) Depth distribution of the GCaMP-expressing neurons in the PtA. Dots
show the individual values for each mouse.

2.4. Two-Photon Imaging of TRAPed Neurons in the PtA

Volumetric two-photon reconstruction of a field of view (FOV) within the PtA was
performed before calcium activity imaging in five Fos-Cre-GCaMP mice. The number of
detected Fos-TRAPed neurons varied in the examined animals: 20, 30, 60, 70, and 86 neu-
rons per mouse in 0.08 mm3 volume. Neurons were visible at depths up to 450 µm. The
maximum density of Fos-TRAPed GCaMP-expressing neurons was detected at 100–180 µm
from the brain surface, a depth that matches the position of layer 2/3 of the PtA cortex
(Figure 5b). Fos-TRAPed neurons showed fluorescence in the neuronal soma (nearly 15 µm
in diameter), as well as in the processes (Figure 6A,B). Also, we visualized dendritic shafts
(1–2 µm in diameter) with spines at depth of 5–20 µm under the brain surface (Figure 6B).
Most of the Fos-TRAPed cells were pyramidal neurons according to the observed mor-
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phology (Figure 6C–E). This result is consistent with our data on the types of FC-induced
Fos-TRAPed neurons in the mouse neocortex [30].

μ

μ
μ μ

 

Figure 6. (A) 3D reconstruction of GCaMP-expressing neurons in the PtA. (B) Dendritic shafts and spines (tagging by
yellow arrows) at cortical layer 1 of the PtA. (C–E) Examples of GCaMP-positive neurons in cortical layer 2 of the PtA.
Green channel: GCaMP signal, red channel: autofluorescence of collagen at the brain surface.

To examine calcium activity in the Fos-TRAPed PtA neurons during fear memory
recall we presented head-fixed mice with the CS and simultaneously recorded GCaMP
fluorescence on the fourth day after FC training. In total, we recorded calcium activity
in the somas of 28 neurons in layer 2/3 of PtA (Figure 7a). We found 11 unique calcium
events in 6 neurons. Most of the neurons (80%) showed no calcium spikes during imaging
sessions (Figure 7b). Surprisingly, no specific increase of calcium activity (i.e., reliably
repetitive increase) during the presentation of the CS was observed (Figure 7c).
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Figure 7. (a) Example field of view during in vivo imaging of Fos-Cre-GCaMP neurons; green-colored ROI—example of ac-
tive cells, grey-colored ROI—example of nonactive cells. (b) Percentage of active and silent neurons (n = 3 mice). (c) Example
calcium traces of Fos-TRAPed PtA neurons during presentation of the auditory CS. Asterisks * mark calcium events.

Additionally, spontaneous calcium transients were registered in the dendritic shaft
and spines of the Fos-TRAPed neurons. Figure 8 shows an increase of GCaMP fluorescence
in one area of the shaft and the following increase of fluorescence in the neighboring areas
of the dendrite.

Taken together, these results suggest that the Fos-Cre-GCaMP mice are suitable for the
investigation of calcium activity in the neurons, which were specifically activated during a
particular learning episode.
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Figure 8. Example calcium traces in the dendritic spine of Fos-TRAPed PtA neuron. Yellow circles are regions of interest. We
registered calcium event in ROI 4 and the following fluorescence increase in the neighboring ROIs 5 and 6 of the dendritic
shaft. Asterisks * mark calcium events.

3. Discussion

Although it is known that the rodent parietal cortex is involved in various forms of
sensory processing and decision-making tasks, it is less clear how this area contributes
to associative memory encoding and retrieval [3,4]. Our results suggest that the anterior
part of the parietal cortex (the parietal association cortex) is specifically activated during
episodes of the cued associative fear memory encoding and retrieval. This conclusion
is supported both by immunohistochemical analysis of c-Fos expression and by in-vivo
activity imaging in Fos-EGFP mice.

A possible caveat in this conclusion appears whenever it is not possible to differentiate
between sensory-induced and experience-dependent processes. According to previous
studies, the parietal cortex participates in multisensory processing and receives diverse
projections from other sensory brain regions [3,4]. Therefore, the increased number of
c-Fos-expressing cells in PtA after the presentation of the auditory stimulus during FC
training or fear memory retrieval may potentially reflect this sensory processing function
of the parietal cortex. To exclude this explanation, we compared changes of the PtA
activity in the Paired group with the CS-only control group, which received the same set
of auditory stimuli without the subsequent foot shock exposure. Using such comparison
in c-Fos-immunohistochemistry experiment, we found that PtA neurons were specifically
activated in the Paired group during memory retrieval. In vivo Fos-EGFP imaging showed,
in addition, the specific changes of activity during both FC training and memory retrieval.
These results are consistent with the hypothesis that PtA is specifically involved in encoding
and retrieval of associative memory. The diverging results of the two imaging approaches
can be explained by different methods used for estimation of cell populations: by ex vivo
c-Fos immunohistochemical analysis we compared the whole populations of activated
neurons, while using in vivo analysis we compared cells, which were inactive before and
changed their activity specifically during FC or memory test. Noticeably, in Fos-EGFP mice,
we showed that the predominant proportion of identified neurons expressed Fos-EGFP
during all two-photon imaging sessions. This observation is consistent with previous
reports on Fos-EGFP expression in the mouse cerebral cortex [18,30,31].

Taken together our ex vivo and in vivo Fos imaging data suggest that the PtA neurons
are actively engaged in fear conditioning processes. This highlights a potential role of PtA in
associative memory functions as well as in fear- and anxiety-related psychiatric disorders.

In addition to Fos activity imaging, we used Fos-associated transgenic mouse ap-
proach as a proof-of-principle for long-term investigation of calcium activity in neurons
specifically tagged during a cognitive episode. Currently, different IEG-based methods
such as compartment analysis of temporal activity by fluorescent in-situ hybridization
(catFISH) or TetTag and TRAP transgenic systems are used to label histochemically neurons
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that were activated during two behavioral episodes [25,32,33,35,36]. However, the catFISH
technique has a limited tagging window that allows comparing populations of neurons that
were activated in two episodes with only about 30 min time window [36]. Also, catFISH is
not suitable for the investigation of the dynamic activity of labeled cells. Other approaches
like TetTag and TRAP histochemical strategies allow comparing neuronal populations
which were activated in two episodes spaced for at least 72 h [32,33]. In our study, we
used the TRAP strategy to introduce genetically encoded calcium indicator GCaMP3 into
neurons, that expressed c-fos during FC training. We showed gradual accumulation of
GCaMP3 in the PtA neurons of Fos-Cre-GCaMP transgenic mice peaking on the 4th day
after fear learning. We also detected calcium transients in such Fos-Cre-GCaMP cells and
localized them both to cell bodies and dendrites of the TRAPed neurons.

However, to our surprise, we could not detect reliable calcium responses to the
auditory CS. At least two potential reasons can account for such a result. One possibility
relates to the laminar heterogeneity of neocortex involvement in memory storage [24,37].
In our experiments we used memory retrieval test 24 h after training, a period which
qualifies as a recent memory [24,25,36]. Notably, consolidation from the recent to remote
long-term memory was shown to be accompanied by a laminar reorganization of neuronal
activity in the mouse parietal cortex [24]. This shift in the pattern of neuronal activation
occurred from deep cortical layers at earlier times of memory storage to superficial cortical
layers at later times. Due to limitations of two-photon imaging, here, we were restricted
to sampling only superficial layers of the PtA. Neurons from these layers might be less
involved in the recent memory retrieval compared to deeper layer cortical neurons as
was previously shown for other cortical areas [24,36,37]. This hypothesis can be tested
experimentally by using GRIN(Gradient-Index)-lens two-photon imaging, three-photon
imaging, or miniscopes to examine the laminar distribution of Fos-Cre-GCaMP neurons
responsive to CS presentation. A second possibility is that responses of all PtA engram
neurons to CS mature during systems consolidation of memory, therefore these neurons
would not yet be involved in CS encoding 1 day after training. This hypothesis is supported
by the recent finding that 7d- and 14d-TRAPed neurons of PrL were significantly more
likely to be reactivated during remote memory retrieval when compared to 1d testing [38].
Whether the PtA neurons have a response maturation profile similar to PrL is an important
question that requires a specific study.

Altogether our results indicate the impication of the parietal association cortex in
associative fear learning and emphasize the potential role of PtA in fear- and anxiety-related
psychiatric disorders.

4. Materials and Methods

4.1. Animals

Male C57Bl/6J mice (2–3 months old) were used for ex vivo study of c-fos expression in
the PtA after cued fear conditioning or memory retrieval. Transgenic Fos-EGFP male and fe-
male mice (B6.Cg-Tg(Fos/EGFP)1–3Brth/J, JAX Stock No: 014135, The Jackson Laboratory)
were used for in vivo two-photon imaging of PtA neurons during FC or memory retrieval.
Transgenic Fos-Cre-GCaMP male and female mice were obtained by crossing two trans-
genic mouse lines Ai38 (RCL-GCaMP3) (B6;129S-Gt(ROSA)26Sortm38(CAG-GCaMP3)Hze/J, JAX
Stock No: 014538, The Jackson Laboratory) and FosCreER (B6.129(Cg)-Fostm1.1(cre/ERT2)Luo/J,
JAX Stock No: 021882, The Jackson Laboratory).

Wild-type mice were group-housed 5–6 per cage. Transgenic mice were housed
individually. All animals were kept under a 12 h light/dark cycle. All experiments
were performed during the light phase of the cycle. All methods for animal care and
all experiments were approved by the National Research Center “Kurchatov Institute”
Committee on Animal Care (protocol code NG-1/109PR, date of approval 13 February
2020) and were in accordance with the Russian Federation Order Requirements N 267 M3
and the National Institutes of Health Guide for the Care and Use of Laboratory Animals.

84



Int. J. Mol. Sci. 2021, 22, 8244

4.2. Behavior

During cued fear conditioning mice were placed into the fear conditioning chamber
(MED Associates Inc.) for a 3-min exploration of context A. Then seven conditioned sound
stimuli followed by a foot shock (2 s, 0.75 mA for wild type mice or 1 mA for the transgenic
mice) were presented with ITIs 40–60 s. Each CS consisted of 5 presentations of a tone (2 s,
9 kHz, 80 dB) with 2 s intervals. 24 h later cue memory was tested in context B. Mice were
placed in context B for 3-min exploration, and then presented with the CS for 3 min (45 tone
signals with 2 s intervals). Context A and B were cleaned before and after each session with
70% ethanol or 53% ethanol solution of peppermint, respectively. Context A was an IR light
illuminated plastic box (30 cm × 23 cm × 21 cm) with a grid floor. To change the context
for memory retrieval we placed the black plastic A-shaped insert into the FC chamber and
covered the grid floor with a plastic sheet and wood sawdust on top (context B). Context
B was illuminated with white and IR light. Freezing behavior was quantified using an
automatic detection system (Video Freeze, MED Associates Inc., Fairfax, VT, USA).

For c-Fos immunostaining three groups of mice were used: Paired (n(FC) = 12,
n(test) = 11), CS-only(n(FC) = 10, n(test) = 11) and Home cage group (n(FC) = 12, n(test) = 13).
Mice from the Paired group were conditioned using the protocol described above. Mice
from the CS-only group were submitted to the same protocol but without foot shock. Half
of the mice were sacrificed 90 min after FC (n(FC)), while the other half was tested for
memory retrieval and sacrificed 90 min after a test (n(test)). The Home cage mice were
sacrificed in parallel with experimental animals without any behavioral manipulations.

Fos-EGFP mice were divided into the same groups: Paired (n = 7), CS-only (n = 6)
and Home cage (n = 3). One month after cranial window implantation mice undergo FC
training and memory retention test as described above.

Fos-Cre-GCaMP mice were FC trained 24 h after TM injection according to the de-
scribed protocol.

4.3. Genotyping

Fos-Cre-GCaMP mice were genotyped at the age of 30–60 days. For genotyping we
extracted DNA from the tail tissue in lysis buffer (0.01 M Tris-HCl, pH = 7.5; 0.01 M EDTA,
pH = 8.0; 0.1 M NaCl; 1% SDS; 0.2 mg/mL proteinase K), performed PCR (in PCR buffer
with Taq polymerase, DNTP, forward and reverse primers) and identified DNA sites using
electrophoresis in agarose gel (2.5%). Primers oIMR4981, oIMR8038, 34,319, 34,962 were
used for GCaMP genotyping, and 17,016–17,018 for Fos-Cre genotyping (The Jackson
Laboratory).

4.4. Surgery

For cranial window surgery, transgenic mice were anesthetized with an intraperitoneal
injection of zoletil (0.04 mg/g body weight) and xylazine (0.5 µg/g body weight). Dexam-
ethasone (4 mg/kg) was administered subcutaneously 5 min before surgery to prevent
tissue stress and cerebral edema. Viscotears moisturizing gel (Novartis Healthcare) was
applied to prevent eye drying. Mice were fixed in a stereotaxic frame (Stoelting) and 37 ◦C
body temperature was maintained by a heating plate (Physitemp). 3 mm craniotomy over
the PtA (centered 1.0 mm lateral and 1.7 mm posterior to the Bregma) [3] was performed
as described previously [39]. A 5-mm round glass coverslip (Menzel, Thermo Fisher)
was attached to the skull using cyanoacrylate glass glue (Henkel). A Neurotar head post
(Neurotar Ltd., Helsinki, Finland) was cemented to the skull with dental cement (Stoelting)
and was later used for head fixation in the Mobile Home Cage system (MHC, Neurotar
Ltd., Helsinki, Finland).

Two weeks after surgery Fos-EGFP and Fos-Cre-GCaMP mice were head-fixed in
the MHC each day (5 to 40 min) for two weeks for habituation to imaging conditions. In
this system, a head-fixed mouse can move around a lifted MHC and freely explore its
environment [40].
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4.5. Tamoxifen Injection

Fos-Cre-GCaMP mice received a single i.p. injection (150 mg/kg) of TM (Sigma) 24 h
before FC training. TM was dissolved in the corn oil (Sigma) (10 mL/kg) and 96% ethanol
(1.3 mL/kg) at 65 ◦C for 1–2 h. The dose of TM and timing of injection were in accordance
with the previously described protocol [32].

4.6. Immunohistochemistry

Mice were sacrificed 90 min after FC training or test. Brains were removed and
immediately frozen in liquid nitrogen vapor. 20-µm coronal sections were prepared on a
cryostat (Leica) and fixed in 4% paraformaldehyde. For c-Fos immunostaining, primary
rabbit polyclonal antibodies against the c-Fos protein (sc-52, Santa Cruz Biotechnology,
Dallas, TX, USA, dilution 1:500) and horse secondary antibodies against rabbit conjugated
with avidin-biotin complex (ImPRESS reagent kit anti-rabbit, Vector Laboratories) were
used. Sections were stained in 0.06% diaminobenzidine solution (Sigma). Brain sections
were taken at a distance of −1.7 mm from the bregma. Whole section images were acquired
through the fluorescence microscope scanner (Olympus, VS110).

4.7. In Vivo Two-Photon Imaging

Two-photon imaging was performed on Fos-EGFP and Fos-Cre-GCaMP mice 30–60 days
after cranial window implantation using an Olympus MPE1000 two-photon microscope
equipped with a Mai Tai Ti:Sapphire femtosecond-pulse laser (Spectra-Physics) and a
water-immersion objective lens, 20 × 1.05 NA (Olympus). 960 nm wavelength was used
for excitation. Series of images were recorded with the Olympus Fluoview Software
Version 3.1.

4.7.1. Fos-EGFP Mice

The volume series of images (0–350 µm under the pia) were recorded at 0.82 frame
per second (fps) continuously, with 500 × 500 µm field of view and 512 × 512 pixels
resolution. PtA two-photon imaging was performed three days before FC (basal level of
c-Fos expression in the home cage), 90 min after FC, and 90 min after memory test. Home
cage mice were imaged together with other groups but without any prior experience.

4.7.2. Fos-Cre-GCaMP Mice

To determine the dynamics of GCaMP accumulation after Cre recombination, we
visualized the PtA at different time points starting 2 h after FC in 4 mice. Volume series of
images (0–300 µm under the pia) were recorded at 0.2 fps continuously, with 500 × 500 µm
field of view and 512 × 512 pixels resolution.

To analyze the activity of trapped cells PtA layer 2/3 neurons (approximately
100–200 µm deep from pia) were imaged three days after FC. During the calcium imaging,
mice received seven series of the CS (one series consisted of 10 short tones (2 s, 9 kHz,
80 dB) with 2 s intervals). Time series of images were recorded at 1.78 fps continuously,
with 253 × 253 µm field of view, 256 × 256 pixels resolution and 2× zoom.

For spontaneous calcium activity in dendrites, we recorded a time series of images
at 1.92 fps, with 35 × 44 µm field of view, 180 × 144 pixels resolution and zoom 4× at the
depth of 5–10 µm without any stimulation.

The image analysis was performed in Olympus Fluoview Software Version 3.1, FIJI,
Imaris 7.4.2 and a custom Python plugin. Regions of interest (ROIs) corresponding to
identifiable cell bodies or spines were selected manually in the Olympus Fluoview Software
Version 3.1. ∆F/F was calculated by subtracting each value with the mean of the lower
50% of previous 10-s values and dividing it by the mean of the lower 50% of previous 10-s
values.Calcium events detection was performed whenever the difference between a trace
amplitude and its median value crossed the threshold of 4 median absolute deviations,
calculated for each cell over the whole trace.
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Abstract: Cholinergic neurotransmission is a key signal pathway in the peripheral nervous system
and in several branches of the central nervous system. Despite the fact that it has been studied
extensively for a long period of time, some aspects of its regulation still have not yet been established.
One is the relationship between the nicotine-induced autoregulation of acetylcholine (ACh) release
with changes in the concentration of presynaptic calcium levels. The mouse neuromuscular junction
of m. Levator Auris Longus was chosen as the model of the cholinergic synapse. ACh release was
assessed by electrophysiological methods. Changes in calcium transients were recorded using a
calcium-sensitive dye. Nicotine hydrogen tartrate salt application (10 µM) decreased the amount of
evoked ACh release, while the calcium transient increased in the motor nerve terminal. Both of these
effects of nicotine were abolished by the neuronal ACh receptor antagonist dihydro-beta-erythroidine
and Cav1 blockers, verapamil, and nitrendipine. These data allow us to suggest that neuronal
nicotinic ACh receptor activation decreases the number of ACh quanta released by boosting calcium
influx through Cav1 channels.

Keywords: neuromuscular junction; neurotransmitter release; acetylcholine; nicotinic receptor;
calcium channel; calcium transient

1. Introduction

Acetylcholine (ACh) is the main neurotransmitter in the peripheral nervous system
of vertebrates and humans. In particular, it is responsible for the transmission of signals
from the motor nerve to the skeletal muscles [1,2]. Since the neuromuscular junction is
a key linker in the initiation of any motor act (from voluntary movement of the limbs,
to breathing, to contraction of the vocal cords), an investigation of the regulation of neu-
romuscular transmission is of great importance for both fundamental neurobiology and
applied medicine.

Since the midst of the 20th century, the data began to accumulate indicating that
ACh, released in the synaptic cleft from the nerve endings, activates presynaptic cholin-
ergic receptors, thus exerting a modulatory effect on the neurotransmission process by
changing the amount and/or dynamics of subsequent portions of neurotransmitter re-
lease [2–7]. Initially pharmacologically, and later by other methods it has been shown that
both ionotropic nicotinic and metabotropic muscarinic cholinergic receptors are present in
the motor nerve terminal, and the activation of these receptors can lead to autoregulation
of ACh release [4,5,8–11]. According to the data of morphological and functional analysis,
presynaptic cholinergic receptors can be located both near the active zones and relatively
far from the synaptic cleft [4,12,13].
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When studying autoregulation mediated by muscarinic cholinergic receptors, it was
found that the activation of the M1-subtype receptors led to facilitation of the release. In
contrast, activation of the M2-subtype caused inhibition of the ACh quanta release [14,15].
Both the M1- and M2-mediated mechanisms depend on calcium influx [14,16–18].

Studies of the mechanisms of the autoregulation of ACh release mediated by nicotinic
cholinergic receptors are complicated by the fact that the predominant population of these
proteins is located in the postsynaptic membrane. Their activation is accompanied by the
depolarization of sarcolemma and the subsequent generation of action potential, which
ultimately leads to muscle contraction. The data indicate that the activation of presynaptic
nicotinic cholinergic receptors leads to inhibition of the process of ACh release [19–21].

Also, experimental evidence was obtained indicating the possible involvement of
voltage-gated calcium channels (VGCCs) of the L-type (Cav1) in the modulation of neu-
rotransmission [20,22]. Meanwhile, the results of a number of studies demonstrate that
neither the Cav1 type nor the N-type (Cav2.2) VGCCs participate in the evoked release of
ACh in mammalian neuromuscular contacts [23–26].

Thus, the question of the role of calcium channels in the mechanisms of the regulation
of ACh release, as mediated by nicotinic cholinergic receptors, remains open as of now.

In the present study, using a pharmacological approach, electrophysiological tech-
niques and the method of the optical registration of changes in calcium levels in the motor
nerve endings, we made the following observations. An agonist of nicotinic receptors (at
a concentration not significantly affecting the state of the postsynaptic membrane) leads
to a decrease in the amount of released ACh quanta. This effect is accompanied not by
a decrease, but by an increase of calcium ion entry into the motor nerve terminal. Our
data suggest that the nicotinic cholinergic receptors responsible for the mechanism of ACh
release autoregulation are the receptors of neuronal type. Activation of these receptors
leads to upregulation of the Cav1 type of VGCCs, resulting in the enhancement of Ca2+

entry into the nerve ending.

2. Results

2.1. Effects of Nicotine on the Electrophysiological Parameters of the Neuromuscular Junction

Using the intracellular microelectrode technique, we recorded the resting membrane
potential (RMP) of the muscle fiber, amplitude of miniature endplate potentials (mEPPs),
frequency of occurrence of mEPPs, and the amplitude of the evoked potentials of the end
plate (EPPs).

Alterations in RMP and mEPP amplitude indicate the postsynaptic action of the
pharmacological agent. Changes in the frequency of occurrence of mEPPs suggest the
presynaptic action of the drug. The EPP amplitude, in turn, can vary due to changes at both
the pre- and post-synaptic levels. Therefore, it was necessary to assess the effect of nicotine
on every parameter mentioned above to determine the optimal effective concentration of
nicotine to study the autoregulation.

The control RMP value of muscle fibers was −71.48 ± 0.77 mV (n = 30). Applica-
tion of nicotine at concentrations of 0.1 µM, 1 and 5 µM did not affect the RMP signifi-
cantly, providing values of −69.72 ± 0.90 mV (n = 30), −70.91 ± 0.78 mV (n = 30), and
−70.85 ± 0.87 mV (n = 30), respectively (Figure 1a). A slight significant depolarization was
observed when nicotine concentration was increased to 10 µM (−67.04 ± 0.79 mV; n = 30).
At a concentration of 50 µM, a more pronounced depolarization was observed, and the
mean RMP value decreased to −56.94 ± 1.29 mV (n = 30; Figure 1a).

Another sign of the postsynaptic action of nicotine was the change in the amplitude
of mEPP. The mean value of the amplitude of the spontaneous signal in the control was
0.88 ± 0.05 mV (n = 30). Application of nicotine in concentration up to 10 µM did not affect
mEPP amplitude significantly, with the values being 0.83 ± 0.04 mV (n = 30) for 0.1 µM,
0.84 ± 0.05 mV (n = 30) for 1 µM, 0.96 ± 0.06 mV (n = 30) for 5 µM, and 0.83 ± 0.05 mV
(n = 30) for 10 µM (Figure 1b). Asignificant decrease in mEPP amplitude to 0.55 ± 0.04 mV
(n = 30) was observed only with 50 µM nicotine (Figure 1b).
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Figure 1. Effects of nicotine on the electrophysiological parameters registered at the mouse neuro-
muscular junction. Changes in absolute values are shown (a) resting membrane potential (RMP) of
muscle fibers, (b) amplitudes of miniature endplate potentials (mEPP), (c) frequency of the mEPPs,
and (d) the amplitudes of evoked endplate potentials (EPP) in the control and 15 min after nicotine
application (the range from 0.1 to 50 µM). Results are expressed as mean ± SEM. Asterisks (*) indicate
significant effects (p < 0.05, one-way ANOVA test with Dunnet’s post-hoc comparison).

In contrast to the amplitude of mEPPs, the effect of nicotine on the frequency of
occurrence of spontaneous signals was detected at significantly lower concentrations. That
is, the average values of the frequency of mEPPs upon application of 0.1 and 1 µM nicotine
were 1.64 ± 0.15 Hz (n = 30) and 1.22 ± 0.12 Hz (n = 30), respectively, and did not differ
from the control value of 1.57 ± 0.14 Hz (n = 30; Figure 1c). After application of 5 µM
nicotine, the frequency significantly decreased to 1.07 ± 0.08 Hz (n = 30), and inhibition
was further enhanced to 0.98 ± 0.07 Hz (n = 30) for 10 µM and 0.57 ± 0.06 Hz (n = 30) for
50 µM (Figure 1c).

The amplitude of the EPP, which reflects the level of evoked ACh release and depends
on changes in the sensitivity of the postsynaptic membrane in the area of the neuromuscular
contact, was 32.80 ± 1.02 mV (n = 30) in the control. Application of nicotine at concen-
trations of 0.1 µM, 1 and 5 µM did not alter the average amplitudes of EPP, which were
equal to 31.93 ± 1.21 mV (n = 30), 32.43 ± 1.11 mV (n = 30), and 32.33 ± 1.18 mV (n = 30),
respectively (Figure 1d). However, nicotine produced a decrease in EPP amplitude, starting
at the concentration of 10 µM (28.36 ± 1.27 mV; n = 30), while at 50 µM the amplitude
decreased almost twofold to 16.89 ± 1.09 mV (n = 30; Figure 1d).

Thus, for further investigations of the ACh release autoregulation mechanisms, con-
centration of 10 µM nicotine was chosen. When using nicotine at this concentration, a
decrease in the EPP amplitude was observable, while there were no changes in the mEPP
amplitude (with only a slight depolarization of the sarcolemma).

2.2. Activation of Neuronal Nicotinic Receptors Leads to Downregulation of the EPP
Quantal Content

Under control conditions, the quantal content (QC) was 46.8 ± 4.5. The bath appli-
cation of nicotine (10 µM) decreased the QC of EPP significantly by 12.0 ± 4.4% (n = 7;
Figure 2).
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Figure 2. Nicotine inhibits the evoked release of ACh quanta (quantal content, QC) by activating
nNAChRs. Panels on the top are representative traces of EPP and mEPP (50 signals averaged)
in separate experiments with nicotine application (Nic, 10 µM; (a)), and nicotine application after
pretreatment with the neuronal cholinergic receptor antagonist DHβE (1 µM; (b)). (c) Results are
expressed as mean ± SEM and SD of QC, as percentages with nicotine (n = 7), DHβE (n = 9), and
DHβE plus nicotine (n = 9) applications versus control. Asterisks (*) indicate significant effects
(p < 0.05, one-way repeated ANOVA test with Tukey’s post-hoc comparison).

The nicotine-induced decrease in the number of ACh quanta released in response
to stimulation of the motor nerve suggests the involvement of presynaptic cholinergic
receptors. Using the antagonist of neuronal nicotinic ACh receptors (nNAChRs) DHβE
[27,28], we obtained the data supporting this suggestion. The application of DHβE alone
at a concentration of 1 µM did not change the QC of EPP (101.5 ± 1.3%; n = 9, Figure 2),
however, after pretreatment with DHβE, the inhibitory effect of nicotine on the quantal
release of ACh was completely abolished (105.5 ± 6.6%; n = 9; Figure 2).

2.3. Activation of Neuronal Nicotinic Receptors Induces an Increase of the Calcium Level in the
Motor Nerve Terminal

Since the process of the evoked release of a neurotransmitter is triggered by the entry
of calcium ions into the nerve ending [29,30], it was suggested that the inhibitory effect of
nicotine on ACh release could be related to a decrease in Ca2+ influx.

The amplitude changes of the optical signal (∆F/F0) from the calcium dye loaded
into the nerve terminal in response to a single stimulus (with the same characteristics as
during EPP registration) averaged about 30% (Figure 3). Nicotine application did not lead
to a decrease, as expected, but instead caused a significant increase in the amplitude of
the calcium transient by 13.7 ± 4.3% (n = 8; Figure 4). Thus, in the presence of a nicotinic
receptor agonist, the presynaptic calcium level increases more strongly in response to nerve
stimulation than in its absence. Is this increase indeed triggered by nNAChRs, whose
activation leads to a decrease in the subsequent ACh release? The answer to this question
was obtained in the experiments with an antagonist of nicotinic receptors, DHβE.
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Figure 3. Pseudo-color calcium images of a motor nerve terminal loaded with Oregon Green
488 BAPTA-1 Hexapotassium Salt. The axon is imaged before and during single electrical stimulus
(0.2 ms duration). Scale bar, 20 µm.
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Figure 4. Nicotine increases the calcium transient in the motor nerve ending by the activation of
neuronal ACh receptors. Blockade of the receptors leads to a decrease in the amplitude of the calcium
signal. Panels on the top are representative traces of calcium transient from separate experiments
with nicotine application (Nic, 10 µM; (a)), and nicotine application after pretreatment with an
nNAChR antagonist DHβE (1 µM; (b)). (c) Mean ± SEM and SD of the amplitude of the calcium
signal, expressed as a percentage of control when applying nicotine (n = 8), DHβE (n = 15) and DHβE
plus nicotine (n = 15). Asterisks (*) indicate significant effects (p < 0.05, one-way repeated ANOVA
test with Tukey’s post-hoc comparison).

Application of the antagonist alone led to a decrease in the calcium transient signif-
icantly by 12.9 ± 1.5% (n = 15; Figure 4). However, after pretreatment with DHβE, the
calcium signal-enhancing effect of nicotine was completely abolished (100.0 ± 0.8%; n = 15;
Figure 4).
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2.4. Neuronal Nicotinic Receptors Alter Calcium Level in Presynaptic Terminal by Gating L-Type
(Cav1) Calcium Channels

To identify the source of the increase in the calcium signal upon the activation of
presynaptic nNAChRs, cadmium chloride, a nonselective blocker of calcium-permeable
channels, was used at a concentration of 10 µM. After the application of cadmium chloride,
a decrease in the amplitude of the calcium transient was observed by 54.5 ± 2.7% (n = 9).
In the presence of cadmium, the effect of nicotine on the alterations in calcium levels was
completely abolished (101.4 ± 3.4%; n = 9; Figure 5). Therefore, the observed increase in
the presynaptic calcium level upon the activation of nNAChRs is mediated by proteins
(channels) which are permeable for Ca2+. Further experiments were carried out to establish
which type of VGCCs are involved in nicotine-induced increases in calcium transients.
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Figure 5. The calcium transient-enhancing effect of nicotine is abolished after a nonspecific calcium
channel blockade, but not after inhibition of Cav2.1-type calcium channels. Panels on the top are
representative traces of calcium transient from individual experiments: (a) the effect of the nonspecific
calcium channel blocker CdCl2 (Cd2+, 10 µM), (b) no effect of nicotine (Nic, 10 µM) after pretreatment
with CdCl2, (c) the effect of the Cav2.1 VGCC blocker ω-agatoxin IVA (Aga, 40 nM), and (d) the effect
of nicotine on the calcium transient after pre-incubation with ω-agatoxin IVA. (e) Mean ± SEM and
SD of calcium signal amplitudes obtained in the above series and expressed as a percentage of control
or value after CdCl2 (n = 9), CdCl2 + Nic (n = 9), Aga (n = 5;) and Aga + Nic (n = 7) application.
Asterisks (*) indicate significant effects (p < 0.05, one-way repeated ANOVA test).

The application of the specific P/Q-type (Cav2.1) VGCCs blocker ω-agatoxin IVA at
a concentration of 40 nM that blocks only a certain proportion of channels [31] led to a
significant decrease in the calcium transient by 67.0 ± 4.4% (n = 5; Figure 5). In the case of
a partial blockade of the main type of VGCCs Cav2.1, nicotine application (10 µM) led to
an increase in the amplitude of the calcium transient significantly by 29.9 ± 3.8% (n = 10,
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Figure 5). Therefore, the effect of the activation of nNAChRs on the intracellular calcium
level is not mediated by Cav2.1 channels.

Cav1 calcium channel blockers such as verapamil (50 µM) and nitrendipine (25 µM),
produced significant calcium transient decreases of 25.0 ± 4.4% (n = 9) and
18.8 ± 1.1% (n = 17), respectively (Figure 6). The application of nicotine after pretreatment
by these blockers did not cause any changes in the calcium transient: the amplitudes were
101.8 ± 1.5% (n = 9) and 100.7 ± 1.2% (n = 17), respectively (Figure 6).
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Figure 6. Lack of effect of nicotine (an increase in the amplitude of the calcium transient) and DHβE
(a decrease in the amplitude of the calcium transient) after blockade of the Cav1 channels. Panels
on the top are representative traces of calcium transient from individual experiments: (a) effect of
Cav1 calcium channel blocker nitrendipine (Nitre, 25 µM), (b) lack of nicotine (Nic, 10 µM) effect
after pre-application of nitrendipine, (c) lack of DHβE (1 µM) effect after nitrendipine pre-treatment,
(d) effect of Cav1 type VGCCs blocker verapamil (50 µM), (e) no effect of nicotine after pre-application
of verapamil. (f) Mean ± SEM and SD of calcium signal amplitudes obtained in the above series and
expressed as a percentage of control or value after Nitre (n = 17), Nitre plus Nic (n = 17), Nitre plus
DHβE (n = 7), verapamil (n = 9) and verapamil plus Nic (n = 9) application. Asterisks (*) indicate
significant effects (p < 0.05, one-way repeated ANOVA test).

These data allow us to conclude that the observed increase in the calcium level in the
nerve ending upon activation of nNAChRs by an exogenous agonist is due to mediation by
Cav1 type VGCCs. Therefore, the phenomenon of the endogenous activation of presynaptic
cholinergic receptors discovered by us should also be mediated by calcium channels of this
type. Indeed, the calcium transient-reducing effect of DHβE, when Cav1 channels were
blocked by nitrendipine, was completely abolished (100.0 ± 0.8%; n = 7; Figure 6).
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Thus, the results obtained allow us to conclude that activation of nNAChRs leads
to an additional increase in the entry of Ca2+ into the nerve ending through VGCCs of
the Cav1 type. Therefore, if this is the mechanism underlying the decrease in the quantal
content upon activation of this type of cholinergic receptor, then it should be expected that
the blockade of Cav1 type of calcium channels will eliminate the nicotine-induced decrease
in the amount of released ACh quanta. Examining this assumption became the scope of
the next step of the study.

2.5. Nicotine-Induced Decrease in Acetylcholine Release Is Mediated by L-Type (Cav1) Calcium
Channels and Not Coupled to Apamin-Sensitive KCa Channels

To assess the possible role of Cav1 type of calcium channels in the nicotine-induced
mechanism of ACh release autoinhibition, verapamil and nitrendipine were used at the
same concentrations as in experiments with calcium transients.

Verapamil and nitrendipine application resulted in a significant decrease in the QC by
14.2 ± 3.2% (n = 6) and 11.2 ± 2.9% (n = 6), respectively (Figure 7). Nicotine application
after pre-treatment with Cav1 channel blockers did not cause any changes in the evoked
ACh release, and the QCs were 101.6 ± 1.9% (n = 6) and 103.8 ± 2.4% (n = 6), respectively
(Figure 7).
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Figure 7. Nicotine-induced decrease in the ACh release (quantal content, QC) involves L-type Cav1
channels. Panels on the top are representative traces of EPP and mEPP (50 signals averaged) from
individual experiments: (a) and (b) lack of nicotine (Nic, 10 µM) effect after pre-application with the
Cav1 VGCC blockers nitrendipine (Nitre, 25 µM) and verapamil (50 µM); (c) mean ± SEM and SD of
QC, expressed as a percentage of control or value after Nitre (n = 6), Nitre plus Nic (n = 6), Verapamil
(n = 6) and Verapamil plus Nic (n = 6) application. Asterisks (*) indicate significant effects (p < 0.05,
one-way repeated ANOVA test with Tukey’s post-hoc comparison).

One of the possible calcium-activated targets that may be responsible for the nicotine-
induced depression of ACh release is the apamin-sensitive KCa channel [21]. To examine
the involvement of this channel into the nicotine-induced decrease of ACh release from the
motor nerve terminal, experiments with KCa blocker apamin were conducted.

The application of this blocker to small-conductance Ca2+-activated K+ channels alone
at a concentration of 100 nM did not change the QC of EPP (95.9 ± 1.8%; n = 6, Figure 8).
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In the presence of apamin the effect of nicotine on the QC of EPP remained unchanged
(10.5 ± 1.4%; n = 6, Figure 8). Therefore, the effect of the activation of nNAChRs on the
quantal release of ACh is mediated by Cav1 channels and not coupled to apamin-sensitive
KCa channels.
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, nicotine at concentrations up to 1 μM has no effect 
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Figure 8. Nicotine-induced decrease in ACh release (quantal content, QC) is observed in the presence
of apamin (Apa), the blocker of small conductance Ca2+-activated K+ channels. Panel on the top
(a) is representative traces of EPP and mEPP (50 signals averaged) from individual experiments with
apamin application (100 nM) and with nicotine (Nic, 10 µM) application after pretreatment with
apamin; (b) Mean ± SEM and SD of QC, expressed as a percentage of control or value after apamin
(n = 6), apamin + Nic (n = 6). Asterisks (*) indicate significant effects (p < 0.05, one-way repeated
ANOVA test with Tukey’s post-hoc comparison).

3. Discussion

3.1. Effects of Nicotine on ACh Release

The results of our study demonstrate that in the mouse neuromuscular preparation
of m.LAL, nicotine at concentrations up to 1 µM has no effect on either the processes
of ACh release from the nerve terminal or on the processes of its interaction with the
postsynaptic membrane. At the concentration of 5 µM, the presynaptic effect of nicotine
appears to become detectable (inhibition of the spontaneous release of ACh due to the
activation of presynaptic cholinergic receptors). An increase in concentration to 10 µM
enhances the presynaptic effect of the alkaloid (suppression of not only spontaneous, but
also of the evoked ACh release) and leads to a weak postsynaptic effect (decrease in RMP
due to the activation of postsynaptic cholinergic receptors). With an increase in nicotine
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concentration to 50 µM, dramatic changes become evident in all recorded parameters
of neurotransmission.

Thus, nicotine at a concentration of 10 µM exerts both postsynaptic and presynaptic
inhibitory effects on the neuromuscular synapse, causing a decrease in the number of
ACh quanta released in response to action potential. A similar decrease in the QC during
the activation of cholinergic receptors has been noted earlier [17,20,21,32], however, these
results were obtained on other preparations, in conditions of initially reduced QC, or in cut
fiber preparations.

3.2. Presynaptic Cholinergic Receptors and the Role of Calcium Influx in the Mechanism of ACh
Release Autoinhibition

Since the inhibitory effect of nicotine on the QC was completely abolished by the
application of the antagonist of neuronal cholinergic receptors DHβE, it was concluded
that these receptors are involved in the cholinergic mechanism of regulation of ACh release.
DHβE binds to the β2 subunits of neuronal receptors and is a selective antagonist for non-
α7 nAChRs [33]. In the heteromeric receptors of ganglionic neurons the primary α subunit
is α3, whereas in the rodent central nervous system the primary α subunit is α4 [34]. The
α4β2 nNAChR is the most abundant subtype expressed in the brain, and studies have
demonstrated that this receptor subtype is located presynaptically [35]. Therefore, we can
assume that, in the neuromuscular synapse, neuronal cholinergic receptors have the α4β2
subunit composition. This assumption is supported by the data that at 1 µM DHβE, that
we used in this study, the mouse α4β2 receptors are almost completely blocked, while the
α3β4 subunit receptors remain essentially active [34].

In the next step of the mechanism of autoinhibition triggered by nNAChRs, it was
necessary to answer the following key question: how is the activation of the presynaptic
nicotinic receptors coupled to changes in the intracellular calcium level? Previous data
[20,32,36] were indicating such a coupling, but there was no direct evidence found for
this prior to our study. Using standard electrophysiological methods, combined with the
fluorescent method for registration of calcium transients, which reflect changes in the
calcium level within the presynaptic terminal upon action potential arrival, enabled us to
obtain data on changes in the ACh release. Our results demonstrate that the activation of
nNAChRs (sensitive to DHβE), leading to a decrease in ACh release, is accompanied by an
increase in the level of calcium in the nerve terminal. Another important observation made
was the significant effect of DHβE on the amplitude of the calcium transient when applied
alone. This may indicate that there exists a background tonic activation of nNAChRs
which results in a tonic increase in calcium entry into the nerve terminal. We suggest
that the release of endogenous ACh during motor nerve stimulation and the spontaneous
quantal release under physiological conditions results in the modulation of presynaptic
Ca2+ entry and provides a physiologically important feedback [17]. In the absence of
impulse activity, the largest amount of ACh is released from the nerve terminal through
non-quantal release [37]. This ACh is able to tonic the activation of muscarinic cholinergic
receptors at the neuromuscular synapse [38]. Therefore, it can be assumed that DHβE-
sensitive nicotinic cholinergic receptors can also be activated by a non-quantal ACh.

The complete absence of the effect of nicotine on the calcium signal after pre-treatment
with cadmium (10 µM), which is a nonselective blocker of all types of calcium Cav chan-
nels [39] allows two conclusions to be put forward: (i) the increase in the calcium level in
the nerve terminal is mediated by transmembrane proteins permeable for Ca2+ from the
environment; (ii) the observed entry of Ca2+ is mediated by channels other than those of
nNAChRs. The last suggestion is very important, because it has been shown earlier that
nNAChRs are more permeable to Ca2+ as compared to permeability of their muscle-type
counterparts [40,41]. At the same time, it was shown that cadmium up to a concentration
of 200 µM does not block currents through nNAChRs [42], but significantly blocks currents
through VGCCs [43,44].

After the inactivation of VGCCs of Cav2.1 type, which are key to triggering the
process of evoked ACh release [31,45,46] the effect of nicotine on calcium entry into the
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terminal was preserved, while after the blockade of Cav1 type channels, it was completely
abolished. It should be noted that the possibility of the involvement of these channels in the
evoked release of ACh quanta remained under debate until recently, as in [20,47–49] versus
[23–26]. We have obtained clear evidence of the involvement of the Cav1 type of calcium
channels in the regulation of the bulk calcium level in the terminal, and of the process of
neurotransmission in the mammalian neuromuscular junction.

3.3. Critical Issues in Establishing the Coupling between nNAChRs and L-Type (Cav1) Calcium
Channels while Using a Pharmacological Approach

The phenylalkylamine (verapamil), dihydropyridine (nitrendipine) and benzoth-
iazepine classes of Cav1 type calcium channel blockers are capable of blocking nNAChRs
[42,50]. The absence of the effects of nicotine (both on the calcium transient and on the
QC) after the application of verapamil and nitrendipine may well be related to a simple
direct blockade of nNAChRs (sensitive to DHβE and permeable to Ca2+). Indeed, DHβE,
verapamil, and nitrendipine all lead to a decrease in the transients. At the same time, all
three pharmacological agents abolish the effect of nicotine.

If even the direct blockade of nNAChRs by verapamil and nitrendipine does take place,
a number of additional facts still point to the involvement of the Cav1 calcium channels in
the mechanism of modulation of calcium entry and the process of ACh release in the nerve
terminal. So, after the application of all three agents, the calcium entry decreases, however,
the effect of verapamil and nitrendipine is almost two times more pronounced than that
of DHβE. Furthermore, the QC does not change after the addition of DHβE, whereas in
the presence of verapamil and nitrendipine it is decreased by more than 10%. In addition,
the activation of cholinergic receptors (by nicotine) and presumed blockade of cholinergic
receptors (by verapamil and nitrendipine) have not an opposite, but a unidirectional effect:
a decrease in the QC. And, last but not least, the absence of the effect of nicotine on the
calcium transient after the application of cadmium, which does not affect the functioning
of nNAChRs (including α4β2 nNAChRs) or even potentiate them [42,51], indicates that in
our case a pharmacological effect on two different targets took place.

3.4. How the Activation of nNAChRs Modulates L-Type (Cav1) Channel Functioning

nNAChRs have high Ca2+ permeability [41], which does not have a direct effect on
the calcium transient amplitude. However, calcium entry through these receptors can
lead to two potential outcomes and one can observe an increase in the amplitude of the
calcium transient as a result of two mechanisms: (i) the CDF process (calcium dependent
facilitation) of the Cav1 type channel is triggered [52] (Figure 9a); (ii) the CDI (calcium
dependent inactivation) process of Cav1 type calcium channels, mediated by the interaction
between CaM and Ca2+ channel, is disrupted by increasing CaMKII activity [53] (Figure 9b).
However, according to [20], a decrease in ACh release caused by activation of nNAChRs is
not associated with CaM.

The existence of a functional interaction between nNAChRs and the channels of the
Cav1 type was established in a primary culture of neurons in the mouse cerebral cortex [54].
It should be noted that this work revealed the interaction of calcium channels with α4β2
nNAChRs. Potentially, a similar interaction takes place in the muscle-nerve junction. The
authors believe that activation of presynaptic receptors leads to depolarization sufficient
for opening of Cav1 calcium channels and entry of calcium into the neuron [54] (Figure 9c).

The question that arises is how enhanced Ca2+ entry via Cav1 channels can result in
the downregulation of the ACh release. Firstly, the results obtained on the neuromuscular
preparations suggest that the calcium channels of Cav1 type are located far from the
active zones [55], an therefore that Ca2+ entering through them cannot directly interact
with the exocytosis machine. Secondly, it was shown repeatedly that the elevation of the
intra-terminal Ca2+ level could activate calcium-sensitive proteins participating in the
downregulation of neurotransmitter release. Among them, the most probable candidates
are calmodulin, calcineurin, and Ca2+-activated K+ (KCa) channels [21,56,57]. However,
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according to our data, apamin-sensitive KCa channels are not involved into the nicotine-
induced effects on the evoked ACh release.

 

Figure 9. Schematic drawing showing possible mechanisms of the coupling between nAChRs and
L-type (Cav1) calcium channels in the motor nerve terminal. (a) Calcium dependent facilitation
of the Cav1 type channel, mediated by CaM and triggered by calcium [52], which enters through
nNAChRs; (b) calcium dependent inactivation process of Cav1 type calcium channels, mediated by
the interaction between CaM and the Ca2+ channel, is disrupted by an increase in CaMKII activity [53];
(c) opening of Cav1 calcium channels and entry of calcium into terminal caused by depolarization
due to activation of nAChRs [54].
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4. Materials and Methods

4.1. Animals

Mice BALB/C (20–23 g, 2–3 months old) of either sex were used in this study. All
animal care and experimental protocols met the requirements of the European Communities
Council Directive 86/609/EEC and was approved by the Ethical Committee of Kazan
Medical University (No. 10; 20 December 2016). Animals were housed in groups of
10 animals divided by gender inside plastic cages with plenty of food (standard mice
chow) and water ad libitum. The temperature (22 ◦C) of the room was kept constant and a
12 h light/dark cycle was imposed. Animal studies are reported in compliance with the
ARRIVE guidelines [58] and with the recommendations made by the British Journal of
Pharmacology [59].

4.2. Tissue Preparations and Solutions

Animals were euthanized by cervical dislocation in accordance with the approved
project protocol. The Levator auris longus muscle (m. LAL) was quickly removed [60], then
put into a Sylgard® chamber with bubbled (95% O2 and 5% CO2) Ringer solution (pH 7.4)
containing (in mM): NaCl 137, KCl 5, CaCl2 2, MgCl2 1, NaH2PO4 1, NaHCO3 11.9, and
glucose 11. Bath solution temperature was controlled by a Peltier semiconductor device.
Experiments were performed at 20.0 ± 0.3 ◦C. Muscle contractions were prevented using
µ-conotoxin GIIIB in a 2 µM concentration [61].

4.3. Electrophysiology

We used a standard intracellular recording technique [14,62]. Microelectrodes were
prepared from borosilicate glass (World Precision Instruments, Sarasota, FL, USA) using
a P97 micropipette puller (Sutter Instrument, Novato, CA, USA). Recording electrodes
were 20–30 MΩ and filled with 3 M KCl. To record evoked and spontaneous (miniature)
endplate potentials (EPPs and mEPPs, respectively) an Axoclamp 900 A amplifier and a
DigiData 1440 A digitizer (Axon Instruments, San Jose, CA, USA) were used. Membrane
potential was at −60 to −80 mV and recorded by a miniDigi 1B (Axon Instruments, San
Jose, CA, USA). Experiments with membrane potential deviations over 7 mV were declined.
The nerve was stimulated with rectangular suprathreshold stimuli (0.2 ms duration, 0.5 Hz
frequency) via a suction electrode connected to a model 2100 isolated pulse stimulator (A-M
Systems, Sequim, WA, USA). All electronic devices were driven by pClamp v10.4 software
(Molecular Devices, San Jose, CA, USA). Bandwidth was from 1 Hz to 10 kHz. After
collecting 35 EPPs, mEPPs during 2 min were recorded. Quantal content was estimated as
ratio of averaged EPPs to mEPPs amplitude.

4.4. Calcium Transient Recording

Nerve motor endings were loaded with Oregon Green 488 BAPTA-1 Hexapotas-
sium Salt 1 mM high-affinity calcium-sensitive dye (Molecular Probes, Eugene, OR,
USA) through the nerve stump, as described previously [44]. The fluorescence signal
was recorded using an imaging setup based on an Olympus BX-51 microscope with a
×40 water-immersion objective (Olympus, Tokyo, Japan). Calcium transient registration
was performed via a high-sensitivity RedShirtImaging NeuroCCD-smq camera (RedShir-
tImaging, Decatur, GA, USA), at 500 fps (exposure time 2 ms) and 80 × 80 pixels, which
was sufficient for calcium transient registration with good temporal resolution. As the
source of light, a Polychrome V (Till Photonics, Munich, Germany) was used with a set
light wavelength of 488 nm. The following filter set was used to isolate the fluorescent
signal: 505DCXT dichroic mirror, E520LP emission (Chroma, Bellows Falls, VT, USA). We
used Turbo-SM software (RedShirtImaging, Decatur, GA, USA) for data recording. In each
experiment, 8 fluorescence responses were recorded, then averaged. This was an optimal
amount to obtain data of sufficient quality and to reduce excitotoxicity and photobleaching
of the fluorophore.
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To analyze the recorded images, ImageJ software (NIH, Bethesda, MD, USA) was
used. We picked regions of interest in the motor nerve ending image and background
manually. Subsequent data processing was performed in Excel (Microsoft, Redmond, WA,
USA). Background values were averaged and subtracted from signal values. Data were
represented as a ratio: (∆F/F0 − 1) × 100 %, where ∆F is the fluorescence intensity during
stimulation, and F0 is the fluorescence intensity at rest [63].

4.5. Materials

Nicotine hydrogen tartrate salt (nicotine), nitrendipine, verapamil, ω-agatoxin IVA,
cadmium chloride, and dimethylsulfoxide (DMSO) were obtained from Sigma Aldrich
(St. Louis, MO, USA). Dihydro-β-erythroidine hydrobromide (DHβE), apamin (TOCRIS,
Bristol, UK), and µ-conotoxin GIIIB were obtained from Peptide Institute Inc. (Osaka,
Japan). Drugs were dissolved in distilled water with the exceptions of nitrendipine and
verapamil, which were dissolved in DMSO. Further dilutions for all drugs were done in
Ringer solution. In experiments with drugs which were dissolved in DMSO, the same
concentration of DMSO was added to the control solution as was present in the solution
with the agent. Finally, the DMSO concentration in the solution did not exceed 0.01%.

4.6. Data and Statistical Analysis

Data collection and statistical analysis comply with the recommendations of the British
Journal of Pharmacology on experimental design and analysis in pharmacology [64]. The
number of experiments in each experimental group was selected on the basis of observing
a statistically significant effect while using the minimum number of animals (3R principles)
and on experience from previous studies. Animals were randomly assigned to the different
experimental groups, with each group having the same number of animals by design.
Blinding of the operator was not feasible, but data analysis was performed semi-blinded
by an independent analyst.

Statistical analysis was performed using Statistica 6.1 Base (Tulsa, OK, USA). A
Shapiro–Wilk normality test was used to analyze the data distribution. Null-hypothesis
testing was performed by ANOVA. One-way ANOVA followed by Dunnett’s or Tukey’s
test for multiple comparison post hoc was used. For related groups, a one-way repeated
ANOVA test was performed. Data are presented as mean ± SEM. Values of p < 0.05 were
considered significant.

5. Conclusions

In the present study, we found that activation of presynaptic nNAChRs leads to a
decrease in the quantal ACh release from the nerve ending. This negative feedback mecha-
nism is mediated by the modulating of the function of VGCCs of the Cav1 type, which leads
to an increase in the entry of Ca2+ into the nerve terminal (Figure 10). Understanding of
the peculiarities of action of ACh (nicotine) on the nNAChR-containing nerve endings (not
only in cholinergic synapses [51,65]) has a broad scientific and clinical significance, since
cholinergic nicotinic signaling (in addition to neuromuscular transmission and synaptic
transmission in ganglia) is involved in the setting of a variety of processes, including
anxiety, depression, arousal, memory, and attention [66,67].
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Figure 10. Working model of the mechanism of autoregulation of ACh release in the peripheral
cholinergic synapse via nNAChRs. Activation of nNAChRs is accompanied by an increase in the
entry of calcium ions into the motor nerve terminal through the L-type (Cav1) calcium channels. The
latter are involved in both the process of evoked ACh release and its modulation.
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Abstract: Optosensorics is the direction of research possessing the possibility of non-invasive moni-
toring of the concentration of intracellular ions or activity of intracellular components using specific
biosensors. In recent years, genetically encoded proteins have been used as effective optosensory
means. These probes possess fluorophore groups capable of changing fluorescence when interacting
with certain ions or molecules. For monitoring of intracellular concentrations of chloride ([Cl−]i)
and hydrogen ([H+] i) the construct, called ClopHensor, which consists of a H+- and Cl−-sensitive
variant of the enhanced green fluorescent protein (E2GFP) fused with a monomeric red fluorescent
protein (mDsRed) has been proposed. We recently developed a line of transgenic mice expressing
ClopHensor in neurons and obtained the map of its expression in different areas of the brain. The
purpose of this study was to examine the effectiveness of transgenic mice expressing ClopHensor for
estimation of [H+]i and [Cl−]i concentrations in neurons of brain slices. We performed simultaneous
monitoring of [H+]i and [Cl−]i under different experimental conditions including changing of exter-
nal concentrations of ions (Ca2+, Cl−, K+, Na+) and synaptic stimulation of Shaffer’s collaterals of
hippocampal slices. The results obtained illuminate different pathways of regulation of Cl− and pH
equilibrium in neurons and demonstrate that transgenic mice expressing ClopHensor represent a
reliable tool for non-invasive simultaneous monitoring of intracellular Cl− and pH.

Keywords: genetically encoded biosensors; optopharmacology; transgenic mice; intracellular pH;
intracellular chloride; brain slices; pH and Cl− transporters

1. Introduction

Neuronal activity is accompanied by dynamical changes in the intra- and extracellular
concentration of ions. A number of studies demonstrated that activation or inhibition of
neurons can cause a rapid shift of hydrogen (H+) and chloride (Cl−) [1–3]. The physiolog-
ical intracellular pH range in different eukaryotic cells is 6.5–8.0 [4], which corresponds
to a very low free H+ concentration, from 10 nM to 300 nM. In the mammalian brain the
intracellular pH is 7.0–7.4 [5,6] reflecting the importance of maintaining the intracellular
H+ concentration ([H+]i) in a narrow range.

Intracellular Cl− concentration ([Cl−]i) in different cell types varies from 3 mM to
60 mM, being around 5–10 mM in the majority of mammalian neurons [7]. Deviations from
this physiological range can alter the excitability of cells, modulate the function of a variety
of proteins including ion channels [8–10]. Abnormal changes in concentrations of these
ions are associated with the development of pathological processes and some disorders
including neurodegeneration, epilepsy and brain ischemia [11–13].

To maintain H+ and Cl− in physiological ranges, various transporters, cotransporters,
and other ion regulating proteins are expressed in cells of biological organisms. The
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regulation of intracellular [H+]i is primarily driven by Na+/H+ exchange, Na+-driven
Cl−/HCO3

− exchange, Na+/HCO3
− cotransport, and Cl−/HCO3

− exchange [1,14–16].
The level of [Cl−]i is maintained predominantly by a K+/Cl− cotransporter (KCC2),

which pumps out Cl− from the cells, a Na+/K+/Cl− cotransporter NKCC1, which loads Cl−

into the cell, and a Cl−/HCO3
− exchanger [3]. Activation of the Cl−/HCO3

− exchanger
leads to local simultaneous pH and Cl− changes. These interrelated relationships highlight
the necessity of simultaneous monitoring of changes in Cl− and H+ concentrations.

To measure pH and Cl− in cells of biological organisms, several methods have been
proposed. The most used are ion-selective microelectrodes [17–19], fluorescent dyes [20–22]
and genetically encoded probes [7,23–26]. Especially promising are genetically encoded flu-
orescent sensors, which allow non-invasive monitoring of intracellular ion concentrations
in specific cell types.

For simultaneous registration of [H+]i and [Cl−]i, the construct ClopHensor has been
developed, which consists of a H+- and Cl− -sensitive variant of the enhanced green
fluorescent protein (E2GFP) fused with a monomeric red fluorescent protein (mDsRed) [27].
The sensor was studied at the heterologous expression in different cells. It has been shown
that the construct possesses a pKa = 6.8 for H+ and Kd for Cl− in the range 40–50 mM at
physiological pH ~ 7.3 [24,27,28]. Improved variants of ClopHensor have been developed
and tested in cultured brain slices using biolistical transfection [29]. Another biosensor
optimized for the simultaneous [Cl−]i and pHi imaging, called LSSmClopHensor, has been
developed [30]. It was expressed in the cortex of rats using in utero electroporation and
used for analysis in brain slices and in vivo [30,31].

Recently, we presented a line of transgenic mice expressing ClopHensor in neurons
due to the neuronal-specific promoter Thy1 [32]. The pattern of ClopHensor expression
across the brain has been revealed using the CLARITY method in combination with
confocal and light-sheet microscopy. It showed a robust expression of ClopHensor in the
hippocampal formation, thalamus, ponds, medulla, cerebellum and other areas [32].

The present study is devoted to the analysis of H+- and Cl−-transients at synaptic stim-
ulation of neurons in hippocampal slices of Thy1: ClopHensor mice. We analyzed changes
in both ion concentrations at different approaches including inhibition of GABA-ergic
synaptic transmission, extracellular Ca2+-free and low Cl− or Na+ conditions. Our obser-
vations demonstrate the efficiency of transgenic mice expressing ChlopHensor for reliable
non-invasive monitoring of intracellular Cl− and pH in normal and pathological conditions.

2. Results

2.1. Simultaneous Monitoring of pH and Cl− Using ClopHensor

Experiments were performed on brain slices of transgenic mice expressing ClopHensor
using the mouse neuronal promoter Thy1. ClopHensor consists of a modified enhanced
green fluorescent protein E2GFP connected with a monomeric DsRed (mDsRed) via a
20-amino-acid flexible linker (Figure 1A). E2GFP carries a specific anion-binding site
engineered by the single substitution T203Y and elevation of Cl− causes static quenching
of E2GFP’s fluorescence [33]. Like all green fluorescent proteins, E2GFP is also sensitive
to pH: its emission decreases when it is acidified. However, E2GFP’s emission intensity
does not depend on pH when excited at its isosbestic point of 458 nm, allowing one to
perform ratiometric analysis. In addition, at wavelengths above 540 nm, signals of both
fluorescent proteins, E2GFP and mDsRed, are pH and Cl−-independent (Figure 1B). This
allows the simultaneous ratiometric analysis of changes in [H+]i and [Cl−]i at monitoring
upon excitation at three wavelengths: 488 nm: pH- and Cl−-dependent E2GFP signal,
458 nm: pH-independent E2GFP signal, and above 543 nm: Cl−- and pH-independent
mDsRed signal [27].
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Figure 1. Monitoring pH and Cl− in brain slices of mice expressing ClopHensor. (A) Schematic representation of ClopHensor.
(B) Excitation spectra of ClopHensor collected at different pH values (5.9, 6.9, 7.4, and 8.4) in the absence of Cl− (left) and at
increasing Cl− concentration (0–1 M) and constant pH = 6.9 (right) (modified from Arosio et al., 2010 [27]). (C) Micrographs
of pyramidal cells of CA1 hippocampal region, expressing ClopHensor, under illumination with excitation light with
wavelengths of 455 nm, 505 nm and 590 nm (age P7).

In the present study, we recorded fluorescence at slightly different excitation wave-
lengths (455 nm, 505 nm and 590 nm) and estimated changes in concentrations of ions
using the following ratios:

RpH = ∆F505nm/∆F455nm (1)

RCl = ∆F590nm/∆F455nm (2)

Examples of fluorescence at different excitation wavelengths are shown in Figure 1C.
Details of calibration are presented in Section 4.
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2.2. Effect of Bicuculline on Synaptically Induced Cl− and pH-Transients in Hippocampal Neurons

To examine the properties of intracellular Cl− and H+ transients during synaptic
activation, we performed experiments on hippocampal slices of transgenic mice expressing
ClopHensor. The first task was to establish how the changes in intracellular concentra-
tions of Cl− and H+, evoked by electrical stimulation, are amenable to pharmacological
modulation of synaptic transmission. Fluorescent emission signals were recorded from the
hippocampal CA1 area upon sustained tetanic stimulation of Schaffer’s collaterals (100 Hz
for 20 s). Stimulus intensities ranged from 20 µA to 320 µA. The experiments were carried
out on adult transgenic mice aged 2–8 months.

High-frequency stimulation of Schaffer’s collaterals caused strong changes of fluo-
rescence signals excited at 455 nm and 505 nm without effect on excitation at 590 nm (not
shown). Ratiometric analysis revealed that these changes correspond to an elevation of
both [Cl−]i and [H+]i. In this set of experiments, in hippocampal CA1 neurons, the base
level of [Cl−]i was 8.0 ± 1.1 mM (n = 5) and the mean intracellular pH was 7.30 ± 0.02
(n = 11). High frequency synaptic stimulation increased the [Cl−]i to 0.8 ± 0.3 mM (n = 5)
and acidification of neurons to 0.024 ± 0.006 units pH (n = 11).

In order to test the assumption that during synaptic stimulation, the accumulation of
Cl− in the hippocampal neurons is, at least partially, due to Cl− influx via activated GABAA
receptors, we applied bicuculline, an antagonist of these receptors [34]. The traces shown
in Figure 2A illustrate that upon the synaptic stimulation, bicuculline strongly decreased
the amplitude of synaptically induced changes of [Cl−]i. On average, the mean amplitude
of Cl− influx decreased to 41.2 ± 12.2% (Figure 2B, n = 7, p < 0.01). In contrast, upon
application of bicuculline the amplitude of synaptically induced pH transients increased
by 90.7 ± 17.4% (Figure 2C, n = 8, p < 0.01). Picrotoxin, a blocker of Cl−-selective GABA
receptor channels, caused similar changes in the amplitudes of Cl− and pH transients (data
not shown).

The augmentation of pH transients can be, at least partially, explained by the fact
that bicuculline blocks inhibitory transmission, which leads to an increase in the general
excitability [35]. To check the involvement of this mechanism in the potentiation of synapti-
cally induced H+ responses upon inhibition of GABA receptors, we analyzed the effect of
bicuculline on the amplitude of evoked local field potentials (eLFP). After stimulation of
Schaffer’s collaterals, a population of CA1 neurons are activated simultaneously and fire an
action potential in synchrony, giving rise to a single eLFP. As illustrated in Figure 2D, the
addition of bicuculline (40 µM) led to an elevation of eLFPs. The mean potentiation was
24 ± 3.8% (Figure 2E). Consequently, in the presence of bicuculline, the effectiveness of the
stimulation increased, causing stronger depolarization and augmentation of pH transients.
A competitive AMPA/kainate receptor antagonist (CNQX, 40 µm) completely abolished
stimulation-induced changes of ratiometric emission signals, confirming that they have
emerged from synaptic activation (not shown).

Altogether, these data demonstrate that: (i) bicuculline modulates in opposite ways
the synaptically evoked Cl−- and pH-transients in neurons expressing ClopHensor; (ii)
bicuculline only partially inhibits synaptically induced elevation of [Cl−]i; (iii) inhibition
of GABA receptor by bicuculline causes potentiation of eLFPs.
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Figure 2. Effect of bicuculline on Cl−- and pH-transients induced by synaptic stimulation of hippocampal CA1 neurons
in brain slices of transgenic ClopHensor mice. (A) Traces of Cl−- (top) and pH-specific emission signals (bottom) in
control (black) and the presence of 40 µM bicuculline (green). Arrows indicate stimulation (100 µA, 100 Hz, 20 s). (B)
Mean inhibition by bicuculline (40 µM) of Cl− transients induced by synaptic stimulation of CA1 hippocampal neurons
(mean percentage ± SEM, n = 7, 2–8 months). ** Significant difference with p < 0.01 (Paired Sample Wilcoxon Signed Rank
Test). (C) Mean potentiation by bicuculline (40 µM) of stimulation-induced pH-transients. Summary data from 8 slices
(mean percentage ± SEM, n = 8, 2–8 months). ** Significant difference with p < 0.01 (Paired Sample Wilcoxon Signed
Rank Test). Age of mice 2–8 months. (D) Superimposed traces of evoked local field potentials (eLFP) induced by single
stimulation of Schaffer’s collaterals in control (black) and the presence of 40 µM bicuculline (green). Presented averaged
traces of 10 individual eLFPs (stimulation: 20 µA, single pulse width 200 µs; age 7 months). (E) Summary of the eLFP
amplitude potentiation by 40 µM bicuculline. 100% is the amplitude of eLFPs in control condition. Values are mean ± SEM
(n = 7). ** Significant difference with p < 0.01 (Paired Sample Wilcoxon Signed Rank Test). Age of mice 2–8 months.

2.3. Effect of Bicuculline on Intracellular pH Changes after Tetanic Stimulation, Assessed
Using BCECF-AM

To ensure the specificity of the pH changes when using ClopHsensor, we performed a
series of experiments with the pH-sensitive dye BCECF-AM [36]. This compound is well
tolerated by cells and offers ratiometric estimation of pH values.

We determined the pH changes by calculating the ratio of two emission signals
obtained after illumination by light at 455 nm and 505 nm. The intracellular pH changes
after tetanic stimulation and its modulation by bicuculline were analyzed. Experiments
were conducted on wild type juvenile mice (P10–P12). Registration conditions were
similar to those performed on slices from transgenic ClopHensor mice. Examples of
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CA1 hippocampal neurons loaded with BCECF and excited at different wavelengths are
presented in Figure 3A. Evoked pH-specific ratiometric emission signals were obtained by
giving the same pattern of electrical stimulation (100 Hz for 20s); the stimulus intensities
ranged from 200 µA to 250 µA. 
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4 

Figure 3. The effect of bicuculline on the evoked pH signals recorded using BCECF-AM. (A) Micro-graphs of pyramidal
cells of the CA1 hippocampal region, loaded by BCECF-AM, under illumination with excitation wavelengths of 505 nm and
455 nm (P12). (B) Representative traces of pH-specific ratiometric emission transients evoked by high-frequency electrical
stimulation (200 µA, 100 Hz for 20 s) in control (left trace, black) and after addition of 10 µM bicuculline (right trace, green).
The arrows indicate the moments of stimulation (P11). (C) Summary of bicuculline action on the amplitude of pH changes
induced by synaptic stimulation. Normalization to the control values (mean ± SEM, P10–12, n = 5). * Significant difference
with p < 0.05 (Paired Sample Wilcoxon Signed Rank Test).

Similar to the observations with ClopHensor, on neurons loaded with BCECF-AM,
the addition of bicuculline resulted in an increase of the pH transients evoked by tetanic
stimulation (Figure 3B). Summary data from 5 slices showed that upon addition of bicu-
culline, the mean amplitude of the pH signals increased to 208.6 ± 48.8% (Figure 3C, n = 5,
p < 0.05).

These results demonstrate that: (i) sustained high-frequency stimulation induces acid-
ification of cells and bicuculline potentiates the amplitude of pH transients; (ii) pH-specific
emission signals are similar at recording either with BCECF-AM or using ClopHensor.

2.4. Analysis of the Decay Kinetics of Cl− and pH Transients

We then performed a comparative analysis of the kinetics of synaptically induced Cl−

and pH transients. It was evaluated by determining the decay time constants, i.e., the time
during which the peak amplitude of Cl− and H+ components decreases by e-times (τdecay).

112



Int. J. Mol. Sci. 2021, 22, 13601

The τdecay of pH-fluorescent signals recorded from hippocampal slices of mice express-
ing ClopHensor was 157 ± 20.3 s, n = 16 (Figure 4A,B). This was close to values obtained
on slices from wild type mice loaded with BCECF (τdecay=188.6 ± 16.5 s, n = 14; Figure
4A,B). The concentration of intracellular Cl− ions was restored considerably faster than the
pH after high-frequency stimulation of synaptic inputs (Figure 4A, red trace). The mean τ

decay of Cl− transients was 35 ± 4.2 s (n = 9, Figure 4B), i.e., about 4.5 times shorter than
that of pH signals.
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Figure 4. Comparison of the decay kinetics of stimulation-induced Cl− and pH transients in hippocampal CA1 neurons.
(A) Representative traces of normalized Cl−-(red trace) and pH-(black trace) transients registered using the transgenic
ClopHensor mouse (stimulation 100 Hz for 20 s; age 6 months), and pH-specific signals using BCECF-AM (blue trace;
stimulation: 100 Hz for 20 s; age P11). (B) The mean time constants of decay of the Cl− and pH stimulation-induced
responses were recorded with ClopHensor (age 2–7 months) and BCECF (age P10-12). Data from 9–16 slices. Values are
mean ± SEM. *** Significant difference with p < 0.001 (Mann Whitney U test).

These results suggest that the mechanisms involved in the withdrawing of ions from
neurons operate much faster for Cl− than for H+ and different mechanisms are involved in
the maintenance of normal physiological transmembrane concentrations of these ions.

Next, we analyzed how changes of physiologically important ions, involved in regula-
tion of Cl− and H+ transporters, modulate the amplitude of Cl− and pH transients induced
by depolarization.

2.5. Changes of [H+]i- and [Cl−]i-Induced by High [K+]o-Depolarization

Several studies used [K+]o-induced depolarization as a tool for stimulation of pH changes
in different cell types [37–40]. We used this approach to analyze the properties of pHi and
[Cl−]i transients in neurons of hippocampal slices under different experimental conditions.

In all experiments, the high [K+]o solution contained 20 mM, i.e., 17.5 mM of potassium
gluconate was added to normal ASCF containing 2.5 mM K+. Depolarization induced by
application of high [K+]o ASCF caused a remarkable elevation of [Cl−]i in all slices, with an
average of 11.4 ± 1.1 mM (n = 11). Concerning pH, two types of responses were observed.
In the majority of slices, [K+]o-induced depolarization caused acidification of neurons by,
on average, 0.15 ± 0.02 pH units (n = 23). In 8 cases, biphasic pHi-shifts composed of
an early short-lasting alkalinisation that turned into a longer-lasting acidification were
observed. We have not analyzed yet the reasons for this difference in the pH responses.

2.6. [K+]o-Induced Changes of pH and Cl− in a Ca2+-Free ACSF

Observations of cells in culture conditions demonstrated that elevation of external
K+ causes strong depolarization of neurons, accompanied, in addition to acidification, by
a rise in intracellular Ca2+ [38,39]. In these studies, acidic [K+]o-induced pH responses
were either completely prevented by the use of a Ca2+-free medium [38], or even inversed
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and became alkalizing [39], suggesting a key role of Ca2+ ions in depolarization-induced
pH changes.

We performed an analysis of the removal of external Ca2+ on depolarization-induced
transients of [Cl− ]i and pHi in brain slices of ClopHensor mice. Under control conditions,
when high K+ was applied to slices for 3–6 min, an elevation in [Cl−]i and decrease in
pH were observed (Figure 5A). In this set of experiments, [K+]o-induced intracellular
acidification occurred, on average by 0.12 ± 0.11 pH (n = 4, Figure 5C), and an increase
in [Cl−]i occurred by 10.12 ± 1.21 mM (n = 4, Figure 5B). After washing, [Cl−]i recovered
toward the baseline, while the base level of pHi sometimes followed to more alkaline
values (Figure 5A).

Applying a Ca2+-free ACSF containing 1 mM EGTA did not change the base level of
[Cl−]i, while a decrease in pH, i.e., acidification of the cell cytoplasm was observed (Figure
5A). On average, the base level of pHi decreased by 0.09 ± 0.02 (Figure 5D, n = 8, p < 0.01).
[K+]o-induced depolarization caused an elevation of [Cl−]i by 12.75 ± 0.83 mM (n = 4,
Figure 5B). Surprisingly, unlike reports on preparations in culture [38,39], in our conditions,
the pH responses to high K+ were acidifying, only with reduced amplitudes compared
to the control. On average, the [K+]o-induced pH decrease was by 0.10 ± 0.08 pH (n = 4,
Figure 5C).

2.7. The Effect of Extracellular Cl− on Synaptically-Induced Changes of [Cl−]i and pHi

Our next task was to determine the contribution of Cl− ions to the [Cl−]i and pHi
transients. For this, we analyzed the effects of decreasing Cl− concentration in ACSF
from 134.7 mM to 7.2 mM (“low Cl−” conditions). The changes in base levels of pHi and
[Cl−]i, as well as the amplitudes of Cl− and H+ transients evoked by a high-frequency
stimulation, were determined. On average, the mean amplitude of Cl− influx on high-
frequency stimulation was 0.8 ± 0.3 mM (Figure 6A,B). At the same time, stimulation
caused acidification by 0.012 ± 0.005 pH (Figure 6A,C). After adding the “low-Cl−” ACSF,
a diminishing base level of [Cl−]i, synchronously with alkalinisation of neurons, was
observed. New levels of [Cl−]i and pHi were completely stabilized in about 15 min (Figure
6A). On average, [Cl−]i diminished by 7.1 ± 1.1 mM (p < 0.05, n = 5) and i increased by
0.19 ± 0.01 units (p < 0.05, n = 5; Figure 6D,E).

During the first minutes after establishing new steady-state levels in “low-Cl−” exter-
nal solution, high-frequency stimulation of Schaffer’s collaterals caused the acidification
directed pH responses, in which the amplitude was much higher than in control ACSF
(Figure 6A). On average, ∆pHi increased by 5 times in comparison with that recorded
in the normal ACSF and became 0.063 ± 0.013 units pH (p < 0.05, n = 5, Figure 6C). The
Cl− transients on stimulation were nearly completely suppressed (Figure 6A,B). With an
increase in the duration of incubation of slices in the “low-Cl−” ACSF, the amplitude of
the evoked pH responses decreased until they completely disappeared (data not shown).
Our preliminary observations suggest that the reason for this elimination of pH responses
is a continuous strong decrease in the amplitude of evoked local field potentials upon
transition to “low-Cl−” ACSF conditions.
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Figure 5. Effect of external Ca2+ removal on depolarization-induced changes in [Cl−]i and pHi in neurons of hippocampal
slices. (A) Typical changes in [Cl−]i (top) and pHi (bottom) evoked by the application of 17.5 mM K+ in the presence
of 2.3 mM external Ca2+ (Control) and in Ca2+-free ASCF. The periods of K+ application and changes in external Ca2+

are indicated by the bars above the traces. Note the decrease of pH upon elimination of external Ca2+. (B,C) The mean
[K+]o-induced changes of [Cl−i (B) and pHi (C) in control and in Ca2+-free ASCF. Summary of data from 4 slices (mean
percentage ± SEM, age 4 months). (D) Mean values of base level of pHi in the control condition (2.3 mM of external Ca2+)
and in Ca2+-free ASCF. * Significant difference with p < 0.05.
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neurons of ClopHensor mice. (A) Typical traces of continuous recording of [Cl ]i (top) and pHi (bottom) illustrating the 
effects of the transition to low Cl  ASCF and responses on high-frequency stimulation (age 6 months). The low Cl  
ACSF application is highlighted by yellow. Arrows indicate moments of stimulation. (B,C) Mean changes of synaptically 
induced [Cl ]i (B) and pHi (C) in conditions of high and low external Cl  (mean ± SEM, n = 5, age 6 months). (D,E) Summary 
of the effect of reduction of external Cl  concentration on base levels of [Cl ]i (D) and pHi (E) (mean percentage ± SEM, n = 
5, 6 months). * Significant difference with p < 0.05 (Paired Sample Wilcoxon Signed Rank Test). 
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this set of experiments, the mean K+-induced decrease in pHi was 0.15 ± 0.02 pH and the 
elevation of [Cl ]i was 4.36 ± 0.77 mM (n = 5). 

Figure 6. Effect of reduction of extracellular Cl− and high-frequency stimulation on [Cl−]i and pHi in the hippocampal
CA1 neurons of ClopHensor mice. (A) Typical traces of continuous recording of [Cl−]i (top) and pHi (bottom) illustrating
the effects of the transition to “low Cl−” ASCF and responses on high-frequency stimulation (age 6 months). The “low Cl−”
ACSF application is highlighted by yellow. Arrows indicate moments of stimulation. (B,C) Mean changes of synaptically
induced [Cl−]i (B) and pHi (C) in conditions of high and low external Cl− (mean ± SEM, n = 5, age 6 months). (D,E)
Summary of the effect of reduction of external Cl− concentration on base levels of [Cl−]i (D) and pHi (E) (mean percentage
± SEM, n = 5, 6 months). * Significant difference with p < 0.05 (Paired Sample Wilcoxon Signed Rank Test).

2.8. Changes of [Cl−]i and pHi during [K+]o-Induced Depolarization in the Low-Cl− ACSF

We then tested how a decrease in extracellular Cl− affects the amplitude of [Cl−]i and
pHi changes caused by the [K+]o-induced depolarization. Similarly to previously described
observations (Section 2.5), the addition of 17.5 mM K+ in normal ACSF induced reversible
transients of acidification and synchronous elevation of [Cl−]i in neurons (Figure 7A). In
this set of experiments, the mean K+-induced decrease in pHi was 0.15 ± 0.02 pH and the
elevation of [Cl−]i was 4.36 ± 0.77 mM (n = 5).

As previously described, upon perfusion of slices with “low Cl−” ACSF, the base
level of pH increased and [Cl−]i synchronously decreased (Figure 7A). In “low Cl−” ACSF
conditions, depolarization caused by the addition of 17.5 mM K+, resulted in a significant
increase in the amplitude of pH acidification responses, while [Cl−]i responses were
nearly completely suppressed or even oppositely directed, i.e., showed a small efflux of
intracellular Cl− (Figure 7A). On average, the mean amplitude of “high K+”-induced pHi
responses was 0.33 ± 0.06 (p < 0.05, n = 5), i.e., about 2 times higher than in the control
ACSF, while the mean change of [Cl−]i was −0.14 ± 0.03 (p < 0.05, n = 5), i.e., about 30
times smaller in comparison with control conditions. After washing with normal ACSF,
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the base levels of pHi and [Cl−]i returned to initial values; in addition, the amplitudes of
K+-induced transients were fully recovered (Figure 7B,C).

These results are in accord with the above-described effect of lowering external Cl−

on synaptically induced changes of pHi and [Cl−]i.
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Figure 7. Effect of extracellular Cl− on changes of [Cl−]i and pHi caused by K+-induced depolarization. (A) Typical
traces of continuous recording of [Cl−]i (top) and pHi (bottom) illustrating the effects of the transition to “low Cl−” ASCF
and responses to the addition of 17.5 mM K+ to hippocampal slices (age 7 months). The “low Cl−” ACSF application is
highlighted by the green bar. (B,C) Summary of the effect of K+-induced depolarization on changes of [Cl−]i (B) and pHi

(C). Data from 5 slices (mean ± SEM, n = 5, 7 months). * Significant difference with p < 0.05 (Paired Sample Wilcoxon Signed
Rank Test).

2.9. Changes in [Cl−]i and [H+]i during [K+]o-Induced Depolarization in the Low-Na+ ACSF

Extracellular Na+ is one of the important participants and regulators of transporters
of intracellular proton concentration [1]. For instance, the electrogenic sodium bicarbon-
ate cotransporter NBCe1 (SLC4A4) contributes to intracellular as well as extracellular
acid/base homeostasis in the brain and its dysfunctions are associated with pathophysio-
logical states [16,41,42]. In addition, the Na+-dependent 2HCO3

−/Cl−-exchanger (NDCBE)
represents an important pH- Cl−-coupled physiological controller of ions [15].

Lastly, we analyzed how a decrease in external Na+ affects changes in pHi and
[Cl−]i caused by high K+ depolarization. Similar to the above-presented results, in ASCF
containing normal Na+ concentration, K+-induced depolarization caused intracellular
elevation of both H+ and Cl− ions (Figure 8A). On average, the increase in [Cl−]i was 12.06
± 1.19 mM (Figure 8B) and acidification was 0.18 ± 0.04 pH (Figure 8C).

Changing the solution to a low-Na+ ASCF (replacement of NaCl with choline Cl) led
to a decrease in the base level of intracellular Cl− and H+ (Figure 8A). The mean changes
were for [Cl−]i by 1.98 ± 0.15 mM (n = 5, p < 0.05, 6 months) and for H+ by 0.08 ± 0.01 pH
units (n = 5, p < 0.05, 6 months). In low-Na+ ASCF, responses to K+-induced depolarization
were potentiated by more than 2 times for both ions, resulting in the mean changes of
25.77 ± 2.74 mM and 0.40 ± 0.05 pH units (n = 5, Figure 8B,C).
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Figure 8. Effect of extracellular Na+ on [Cl−]i and pHi responses induces by the high K+ depolarization. (A) Typical traces
of continuous recording of [Cl−]i (top) and pHi (bottom) illustrating the effects of the transition to “low Na+” ASCF and
responses to the addition of 17.5 mM K+ to hippocampal slices (age 6 months). (B,C) Summary of the high K+-induced
changes in concentrations of Cl− (B) and H+ (C) in control (grey columns) and in ACSF containing low Na+ (26.5 mM) (red
columns). Summary from 5 slices (mean ± SEM, 6 months).

3. Discussion

Our study provides evidence that the optosensoric reporter, ClopHensor, expressed in
transgenic mice, represents an efficient tool for non-invasive monitoring of intracellular Cl−

and H+ ions. Applying different conditions for modulation of neuronal activity in brain
slices from transgenic mice, we demonstrated the ability of ClopHensor to simultaneously
monitor and analyze changes in [Cl−]i and [H+]i during artificial changes of its equilibrium.

Maintaining physiologically relevant concentrations of H+ and Cl− has a pivotal
role in controlling neuronal excitability in the adult brain and during development, and
is likely to be crucial in pathophysiological conditions. Both ions play an important
role in many cellular processes, including neurotransmission, regulation of membrane
potential, cell volume and water–salt balance, modulation of the functions of different
proteins, including voltage-gated and receptor-operated channels [1,12,43–46]. Because
of high metabolic activity, accompanied by depolarization, neurons may be susceptible
to acidification-induced injury, as can happen in excessive synaptic activation or during
conditions of anoxia or ischemia.

The steady-state physiologically relevant dynamic range of pHi and [Cl−]i is de-
termined by the balance of both passive transport, through ion channels and by active
mechanisms via exchangers or cotransporters [1,46,47].

The intracellular Cl− in neurons of the mammalian brain is primary regulated by two
cation–Cl− cotransporters, the Na+/K+/2Cl− cotransporter 1 (NKCC-1) and the K+/Cl−

co-transporter 2 (KCC-2) [46–49]. NKCC1 pumps Cl− into neurons, while KCC2 uses the
energy of the K+ gradient to extrude Cl− from neurons and maintain relatively low [Cl−]i
(Figure 9). Dysfunction or changes in the expression of these cotransporters is critically
linked to the etiology of several neurologic disorders including epilepsy, acute trauma,
ischemia, autoimmune disorders, and neuropathic pain [48,50,51].
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Figure 9. Scheme of key transmembrane transport elements controlling intracellular Cl− and pH in
brain cells.

Similarly, a modest shift of intra- and extracellular H+ ion concentration can have
significant effects on brain functions, such as neuronal excitability, synaptic transmis-
sion and metabolism [1,52]. This is the result of the sensitivity of a large number of
processes to protons, such as ion channel gating and conductance, synaptic transmis-
sion, cell-to-cell communication via gap junctions, and enzymatic activity in brain energy
metabolism [52–55]. The major pH regulating transporters identified in the mammalian
brain so far comprise the Na+/H+ exchanger (NHE1), electrogenic Na+/HCO3

− cotrans-
porter 1 (NBCe1), Na+-dependent Cl−/HCO3

− exchange (NDCBE), and Na+-independent
anion exchanger (AE3) (Figure 9; [1,15,56]. NBce-1, NDCBE and AE3 transporters perform
translocation of HCO3

−, thus controlling the physiological range of pHi. The electrogenic
Na+/HCO3

− cotransporter NBCe1 is one of the major regulators of [H+]i and is expressed
in most brain cell types, with the most prominent expression being astrocytes [1]. It has
been shown that NBCe1 is not only an acid extruder/base loader, as suggested in early
studies [57,58], but also an acid loader/base extruder [16]. Anion Cl−/HCO3

− exchange
(AE3) is known as an important acid-loading performer in brain cells [16,59]. The finding
that hippocampal neurons of knockdown AE3 mice (Ae3–/–) lack detectable Cl−/HCO3

−

exchange activity [60] suggests that AE3 plays a critical role in the maintenance of the Cl−

equilibrium potential and/or pHi in neurons.
The role of monocarboxylate transporters (MCTs) in the regulation of the functional

integrity of synaptic transmission has been demonstrated. In excitatory synapses, MCT
constitutively supports synaptic transmission, even under conditions when there is a
sufficient amount of glucose and intracellular ATP [61]. Monocarboxylates cause a decrease
in the pH of neurons, which is associated with changes in bioelectric activity [62]. MCT’s
involvement in Cl modulation requires future analysis.

These features of transporters emphasize the need for simultaneous monitoring of
[Cl−]i and [H+]i when analyzing the mechanisms of ion homeostasis and neuronal activ-
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ity, particularly using neuropathological models. A genetically encoded sensor, named
ClopHensor, was proposed for simultaneous measurement of Cl− and H+ ion concen-
trations [27]. This construct has shown its effectiveness at the heterologous expression
in cell lines, demonstrating good sensitivity and high stability to bleaching during long
fluorescence measurements [28]. We recently presented a line of transgenic mice express-
ing ClopHensor in neurons and obtained a detailed map of its distribution in the mouse
brain [32]. Expression of this probe in transgenic mice was found to be highly specific and
reproducible in different animals, suggesting that this experimental model represents a
promising tool for analysis of dynamic changes in [Cl−]i and pHi.

In the present study, we analyzed the effectiveness of ClopHensor expressed in trans-
genic mice for monitoring [Cl−]i and [H+]i in neurons of hippocampal slices upon chang-
ing the ionic equilibrium by pharmacological modulation of neuronal activity, changes
in extracellular concentrations of Ca2+, Cl− or Na+, and by depolarization caused by
high-frequency synaptic stimulation or the use of high K+.

3.1. Kinetics of Synaptically Induced Transients of [Cl−]i and [H+]i

High frequency induced stimulation of Schaffer’s collaterals resulted in the elevation
of [Cl−]i and [H+]i and slow recovery. Importantly, the decay kinetics of Cl− transients was
nearly 5-fold faster than pH. The experiments on wild type mice using the chemical pH
sensor, BCECF, confirmed remarkably slow kinetics of pHi recovery. These differences in
the kinetics of recovery of Cl− and H+ responses may reflect the involvement of different
cellular participants in control of these ions’ homeostasis.

In the study using the ClopHensorN indicator heterologously expressed in cultured
hippocampal slices, about 1.5 times faster decay of intracellular Cl− concentrations were
indicated [29]. A profound analysis is necessary to reveal relationships and efficacy of
different transporters and other mechanisms involved in the recovery of [Cl−]i and [H+]i
from synaptically induced disequilibrium.

3.2. Effect of GABA Receptor Inhibition on Synaptically Induced Transients of [Cl−]i and [H+]i

Results of our study demonstrate that in hippocampal slices of transgenic mice,
high frequency stimulation of Shaffer’s collaterals causes an intracellular increase of both
ions, Cl− and H+. Synaptic stimulation causes the release of neurotransmitters, primary
glutamate and GABA, which activates corresponding receptors, leading to the opening of
cation and anion-selective ion channels and resulting depolarization of neurons.

As predicted, inhibition of GABA-mediated chloride conductance by bicuculline
resulted in a decrease of the synaptically induced influx of Cl−. On the other side, this
decrease was accompanied by potentiation of acidific [H+]i transients. This could be a
consequent of two main things: (i) increased synaptic stimulation due to blockade of
inhibitory GABA receptors; (ii) changes in the activity of transporters.

In support of the first possibility, the electrophysiological analysis showed that bicu-
culline causes an elevation in the amplitude of evoked local field potentials. On the other
side, experiments that lowered the extracellular Cl showed that in spite of the strong reduc-
tion of evoked local field potentials, the amplitude of synaptically induced pH responses
was potentiated nearly 10 times in comparison with control.

We suggest that this may be a consequence of the weakening of the acidifying activity
of the Cl−HCO3

− exchange. This assumption was tested in experiments with high K+-
induced depolarization and changes of external concentrations of ion participating in the
functioning of transporters.

3.3. Analysis of High K+-Induced Depolarization on Changes of [Cl−]i and [H+]i in External

Ca2+-Free Conditions

Depolarization induced by application of high K+ or by other means has been used
in a number of studies for analysis of pHi changes in cultured and freshly dissociated
neurons, and brain slices [37–40,63]. In most studies, depolarization induced by application
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of high external K+ was accompanied by elevation of intracellular Ca2+ and decrease of
pH, i.e., acidification [37,39]. Early observations performed on cultured cells showed that
under external Ca2+-free conditions, the acidification responses were either completely
prevented [38] or even inversed, i.e., exhibited an increase in pHi [39]. Moreover, a blocker
of voltage-gated Ca2+ channels inhibited K+-induced responses, suggesting that an increase
in [Ca2+]i is a key factor for acidosis to occur [38].

We tested this suggestion in experiments on brain slices of ClopHensor-expressing
mice and obtained distinct results. In our experiments, transition to external Ca2+-free
conditions alone caused a decrease in base pH, i.e., acidification. Surprisingly, K+-induced
depolarization produced additional acidification. The responses were only partially attenu-
ated in comparison with control, suggesting an only partial contribution of Ca2+-dependent
processes in pHi responses induced by membrane depolarization.

The reasons for these contrast observations have to be clarified. Among them may be
the use of HEPES solution in cell culture experiments and different energy states of neurons.

3.4. Effect of Decreasing Extracellular Cl− and Na+ on K+-Induced Changes in [Cl−]i and [H+]i

3.4.1. Decreasing Extracellular Cl−

In our experiments, decreasing Cl− in ASCF resulted in a slow-developing (10–15 min)
strong decrease in the base level of cytoplasmic Cl− and elevation of pH, i.e., extruding
of H+ from neurons. However, in “low-Cl−” conditions, high K+-induced depolariza-
tion caused remarkable potentiation of acidification pH responses, while Cl− responses
were nearly completely suppressed. These observations are in accordance with results
obtained at high-frequency synaptic stimulation and indicate that different mechanisms
are involved in the control of [Cl−]i and pHi at changes of extracellular ion concentrations
and during depolarization of neurons. A decrease in extracellular Cl− weakens the ability
of the Cl−/HCO3

− transporter to pump Cl− into neurons in exchange for HCO3
−, which

leads to slow alkalinization. At high K+ application, depolarization induces elevation of
intracellular Ca2+, resulting in stimulation of PMCA transporter activity and consequent
acidification.

3.4.2. Decreasing Extracellular Na+

Since the NHE, NBCe1 and NDCBE transporters operate on a Na+ gradient, a decrease
in the extracellular Na+ concentration should lead to a decline in the operation of these
pumps and, as a result, to a weakening of protons extruding from the cytoplasm, and a
decrease in intracellular HCO3

− We assume that for these reasons, in our experiments, there
was a decrease in the pHi of neurons during the transition to low Na+ and a potentiation
of acidic responses to depolarization caused by increased K+. In the future, these processes
will be analyzed in detail.

In conclusion, the baseline level and fluctuations of intracellular Cl− and pH play a
crucial role for intercellular and intracellular signaling, as well as for cellular and synaptic
plasticity. Our study demonstrates that transgenic mice expressing ClopHensor provide
ample opportunities for studying the homeostasis of chloride and hydrogen not only under
normal conditions, but also in pathology.

In particular, Cl− gradients are disrupted in epilepsy, especially in early childhood,
which significantly complicates treatment. Hydrogen gradients in the central nervous
system are disrupted by neuroinflammatory processes of various origins and ischemia.
Research in these areas is relevant today, and ClopHensor mice can be a reliable tool for
in-depth analysis of the mechanisms controlling the physiological ranges of concentrations
of these ions.

4. Materials and Methods

4.1. Animals

Experiments were conducted on laboratory ICR CD-1 outbreed mice of both sexes
at postnatal days 10–12 and adult transgenic mice, aged 2–6 months, strain C57BL/6N
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expressing ClopHensor (Diuba et al., 2020). Use of animals was carried out in accordance
with the Guide for the Care and Use of Laboratory Animals (NIH Publication No. 85–
23, revised 1996) and European Convention for the Protection of Vertebrate Animals
used for Experimental and other Scientific Purposes (Council of Europe No. 123; 1985).
All animal protocols and experimental procedures were approved by the Local Ethics
Committee of Kazan State Medical University. Mice had free access to food and water
and were kept under natural day length fluctuations. Animals were not involved in any
previous procedures.

4.2. Solutions and Drugs

Brain slices were prepared in ice-cold high potassium solution containing (in mM): K-
gluconate 120, HEPES acid 10, Na-gluconate 15, EGTA 0.2, NaCl 4 (pH 7.2, 290–300 mOsm).
After cutting, slices were incubated in a high magnesium artificial cerebrospinal fluid
(ACSF) containing (in mM): NaCl 125, KCl 2.5, CaCl2 0.8, MgCl2 8, NaHPO4 1.25, glucose 14,
NaHCO3 24 (pH 7.3–7.4, 290–300 mOsm). Storage of slices and performing of experiments
were conducted in ACSF, containing (in mM): NaCl 125, KCl 2.5, CaCl2 2.3, MgCl2, 1.3,
NaHPO4 1.25, glucose 14, NaHCO3 24 (pH 7.3–7.4, 290–300 mOsm). The ACSF was
continuously oxygenated with 95% O2 and 5% CO2 to maintain the physiological pH.
The following drugs were used: APV (40 µM, Hello Bio, Bristol, UK, Cat# HB0225),
CNQX (10–40 µM, Sigma Aldrich, St. Quentin Fallavier, France, CAS: 115066-14-3), (-)-
Bicuculline methochloride (10 µM or 40 µM, Tocris, Science Park Abingdon, UK, Cat#0131),
BCECF/AM (10 µM, Sigma Aldrich, St. Quentin Fallavier, France, CAS: 117464-70-7). All
drugs were diluted on the day of the experiment from the 1000× to 4000× stocks kept
at −20 ◦C.

4.3. Preparation of Brain Slices

Sagittal 350 µm thick sections of the cerebral hemispheres containing the hippocampus
were obtained with the use of a vibratome of Model NVSLM1, World Precision Instruments.
Mice were euthanized by decapitation. The brain was quickly removed and placed in
a Petri dish filled with ice-cold high-K+ solution. The cerebellum and olfactory bulbs
were cut off using a scalpel; the cerebral hemispheres were separated by cutting along
the longitudinal fissure and mounted onto the vibratome specimen disc using superglue,
orienting them downward with the sagittal cut surface and the cortex facing the razor blade.
Sagittal 350 µm thick sections were prepared in ice-cold high K+ solution. After being
cut, slices were incubated for 15 min at room temperature in a resting high magnesium
oxygenated ACSF. Then, slices were placed in a chamber filled with oxygenated ACSF.
Before use, slices were allowed to recover for at least 1 h at room temperature.

Experiments were conducted during the period of 1–6 h after slicing. For the record-
ings, the brain slices were placed in a chamber perfused with an oxygenated ACSF. Record-
ings were carried out at 30–31 ◦C with the speed of perfusion of 25 mL/min.

4.4. Fluorescence Imaging in Brain Slices

4.4.1. Monitoring of [Cl−]i and pH on Brain Slices ClopHensor Mice

Fluorescence images were obtained using an upright microscope Olympus BX51WI
equipped with the iXon Life 897 EMCCD camera (Andor, Oxford Instruments, Abingdon,
UK), a 4-Wavelength LED Source (LED4D001, Thorlabs, Newton, NJ, USA) accompanied
with a Four-Channel LED Driver (DC4100, Thorlabs), a quad-band filter set (Cat# 9403,
Chroma, Foothill Ranch, CA, USA), and a water-immersion objective (60× magnification,
1 numerical aperture; LumPlanFL N, Olympus, Tokyo, Japan) (Figure 10).
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Figure 10. Setup for simultaneous monitoring of pHi and [Cl−]i using ClopHensor.

The 4-Wavelength LED Source was supplied by light-emitting diodes (LEDs) at 365 nm,
455 nm, 505 nm and 590 nm, the last three of which were used in our study. The capacity of
lighting and the LED switching order were adjusted via the DC4100 driver. Cyan channel
fluorescence (455 nm excitation) was detected from 460 nm to 485 nm, green channel
(505 nm excitation) from 527 nm to 551 nm, and red channel (590 nm excitation) from 600
nm to 680 nm.

All peripheral hardware control, image acquisition and the average fluorescence
intensity measurement were achieved using DriverLed software (KSMU, Kazan). Regions
of interest (ROI) were set around pyramidal cell bodies of the CA1 hippocampal region.
The average fluorescence intensity of the ROI was tracked online at the time of the real-time
fluorescence imaging. Numerical data were output by the DriverLed software on the
computer in the form of text documents, which were subsequently parsed using Excel
2016 (Microsoft).

Excitation of E2GFP was provided by light-emitting diodes (LEDs) at 455 nm and
505 nm, and a LED at 590 nm provided excitation of DsRed. The duration of excitation
at each wavelength was usually 70–110 ms. Examples of the images taken are shown in
Figure 1C. Fluorescent emission was recorded continuously from the hippocampal CA1
pyramidal cells with a sampling interval of 10 s. Evoked emission signals were obtained
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by stimulation of Schaffer’s collaterals by glass bipolar electrode, filled with ACSF, placed
in the stratum radiatum of the CA2 hippocampal area (100 Hz for 20 s, 20–320 µA, single
pulse width 200 µs).

4.4.2. Monitoring of pH Using BCECF

As an additional control of proper pH monitoring of intracellular pH in hippocampal
neurons, we used the pH-sensitive dye, 2′,7′-Bis (2-carboxyethyl)- 5 (6)-carboxyfluorescein-
acetoxymethyl ester (BCECF-AM) (Figure 11A). The fluorescent dye, BCECF, was intro-
duced for measuring cytoplasmic pH by Roger Tsien and co-workers [36]. Presently used
BCECF-AM is a mixture of three types of cell-permeable non-fluorescent molecules, which
are converted to fluorescent non-membrane-penetrating form by intracellular esterases [21].
This dye provides dual-excitation ratiometric monitoring of intracellular pH.

–

’
–320 μ

200 μs

sensitive dye, 2′,7′

) The chemical structure of one of the molecules of 2′,7′

μA to 250 μA.

Figure 11. (A) The chemical structure of one of the molecules of 2′,7′-Bis (2-carboxyethyl)- 5 (6)-carboxyfluorescein-
acetoxymethyl ester (BCECF-AM). (B) Excitation spectra of BCECF collected at different pH values. The BCECF pH
measurements were made by determining the pH-dependent ratio of emission intensity when it was excited at 505 nm
versus the emission intensity when excited at 455 nm.

We determined the pH changes by calculating the ratio of two emission signals
obtained after illumination by light at 455 nm and 505 nm (Figure 11B). The intracellular
pH changes after tetanic stimulation and its modulation by bicuculline were analyzed.
Experiments were conducted on wild type juvenile mice (P10-P12). Registration conditions
were similar to those performed on slices from transgenic ClopHensor mice. Evoked pH-
specific ratiometric emission signals were obtained by giving the same pattern of electrical
stimulation (100 Hz for 20s); the stimulus intensities ranged from 200 µA to 250 µA.

Hippocampal slices were stained with 10 µM BCECF-AM for 40 min in the oxygenated
ACSF. Then the dye was washed out and slices were superfused with normal ACSF for at
least 40 min to allow esterases to cleave AM and stabilise pHi. For fluorescent monitoring,
slices were transferred to the optical recording chamber, which was mounted on the stage
of an upright microscope (Olympus BX51WI) (Figure 10).

The setup consisted of a microscope (Olympus BX51WI equipped with the iXon
Life 897 EMCCD camera (Andor camera)), a 4-Wavelength Thorlabs LED Source (Light
source), and a quad-band filter set (excitation filter). Excitation light with wavelengths of
505 nm, 455 nm and 590 nm, each for 70–100 ms, was sequentially applied to slices and the
emission signals from CA1 pyramidal cells were registered by an EMCCD camera. The
stimulation electrode was placed in the stratum radiatum of the CA2 hippocampal area.
The evoked local field potentials were recorded using a glass micropipette electrode, placed
in the stratum radiatum of the CA1 hippocampal area and an HEKA EPC 10 Patch Clamp
Amplifier (not shown).
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Slices were alternately illuminated at 455 nm and 505 nm with duration of 100 ms.
Light from both wavelengths was passed through appropriate excitation and emission
filters. Fluorescence image pairs were captured every 10 s by an intensified camera. Evoked
emission signals were obtained in the same way as for ClopHensor: by sustained high-
frequency electrical stimulation of Schaffer’s collaterals (100 Hz for 20 s, 20–320 µA, single
pulse width 200 µs).

4.5. Electrophysiological Recording

Evoked local field potentials (eLFP) were recorded in the stratum radiatum of the
CA1 hippocampal region using glass micropipette electrodes filled with ACSF (resistance
1–2 MΩ) and an HEKA EPC 10 Patch Clamp Amplifier (HEKA Elektronik, Lambrecht,
Germany). The DS3 Constant Current Isolated Stimulator (Digitimer, Welwyn Garden, UK)
and a bipolar stimulating electrode placed on the Schaffer’s collaterals at the hippocampal
area CA2 were used for the induction of eLFPs. Current pulses 20–300 µA in amplitude
and 200 µs in duration were applied to obtain reliable eLFPs. Single eLFPs were recorded
continuously every 20 s. PatchMaster software (HEKA Electronik, Lambrecht, Germany)
was used to record eLFPs, control the HEKA EPC 10 Patch Clamp Amplifier and the DS3
Constant Current Isolated Stimulator.

4.6. Intracellular pH and Cl− Calibration of ClopHensor on Hippocampal Slices

To perform pH and Cl− calibration, we used a double ionophore technique [64]. The
brain slices were exposed to the antibiotic nigericin, which acts as H+/K+ antiporter and
the Cl−/OH− antiporter tributyltin, which forms pores in the cell membrane and allows
external Cl− to equilibrate with intracellular Cl− [65]. For the action of the compounds,
before fluorescent monitoring, the hippocampal slices were kept for 1–28 h at +4 ◦C in the
following solution: 150 mM K-Gluconate, 20 mM HEPES, and 10 mM D-glucose) with
addition of nigericin (20 mkM, pH = 7.22–7.25) and tributyltin (20 mkM).

For pH calibration, the solutions with different pH values (from 6.23 pH to 8.04 pH)
were prepared by adding KOH for alkalization. For calibration of Cl−, the solutions were
prepared at pH = 7.25 and contained a different concentration of Cl− (0, 3, 10, 30, 100 mM).
To keep the osmolality of the solutions, KCl was correspondently substituted by the K-
gluconate (150, 147, 140, 120, 50 mM). All of these solutions contained 20 mM HEPES, and
10 mM D-glucose.

Fluorescent signals were recorded from the CA1 zone of the hippocampus with the
following lighting parameters in the Drive LED program: Exposition 70 ms, LED on
100 ms, binning 2, Voltage (590 nm) 70 mV, Voltage (505 nm) 10 mV, Voltage (455 nm) 15
mV. The slices were incubated in each solution until the fluorescence stabilized, usually for
20–30 min.

We obtained a linear dependence for pH (from 6.7 pH to 7.6 pH) on the fluorescence
ratio (F505nm/F455nm):

pH = F505nm/F455nm × K1 + K2, (3)

where K1 = 0.44, K2 = 6.06.
Coefficients were obtained by fitting data for 6 slices.
To estimate the [Cl−]i from calibration data obtained on 4 slices, the following equation

was used:
[

Cl−
]

i = K0 +
K1 − K0

1 +
(

K3
F590 nm/F455 nm

)K2
(4)

where K0 = −0.33, K1 = 33.62, K2 = 10.1, K3 = 0.87.
All coefficients were obtained by fitting data using the Igor Pro 6.02 software.

4.7. Data Analysis and Statistics

Amplitudes of evoked local field potentials were measured using the Online Analysis
function of PatchMaster software (HEKA Electronik, Lambrecht, Germany). Superimposed
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average traces of evoked local field potentials were generated in PatchMaster software
and processed for further presentation in Igor Pro 6.02 software (WaveMetrics, Tigard,
OR, USA).

The average emission intensity of the region of interest (ROI) was measured online at
the time of the real-time fluorescence imaging or, if necessary, recalculated using DriverLed
software. Excel 2016 (Microsoft) software was used to compute and plot Cl− and pH-
dependent ratios of emission intensities and to measure the amplitudes evoked by tetanic
stimulation pH- and Cl−-specific ratiometric fluorescence emission signals.

Origin 15 software was used to perform a statistical analysis of the data, to plot the
graphs and compute the decay times of the evoked pH- and Cl− -specific fluorescence
emission signals.

Data are represented as means ± SEM. Statistical significance was determined using
Paired Sample Wilcoxon Signed Rank Test and Mann Whitney U test. Differences were
considered significant at p < 0.05.
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Abstract: Hippocampal place cells are a well-known object in neuroscience, but their place field
formation in the first moments of navigating in a novel environment remains an ill-defined process.
To address these dynamics, we performed in vivo imaging of neuronal activity in the CA1 field of
the mouse hippocampus using genetically encoded green calcium indicators, including the novel
NCaMP7 and FGCaMP7, designed specifically for in vivo calcium imaging. Mice were injected with
a viral vector encoding calcium sensor, head-mounted with an NVista HD miniscope, and allowed
to explore a completely novel environment (circular track surrounded by visual cues) without any
reinforcement stimuli, in order to avoid potential interference from reward-related behavior. First, we
calculated the average time required for each CA1 cell to acquire its place field. We found that 25% of
CA1 place fields were formed at the first arrival in the corresponding place, while the average tuning
latency for all place fields in a novel environment equaled 247 s. After 24 h, when the environment
was familiar to the animals, place fields formed faster, independent of retention of cognitive maps
during this session. No cumulation of selectivity score was observed between these two sessions.
Using dimensionality reduction, we demonstrated that the population activity of rapidly tuned CA1
place cells allowed the reconstruction of the geometry of the navigated circular maze; the distribution
of reconstruction error between the mice was consistent with the distribution of the average place
field selectivity score in them. Our data thus show that neuronal activity recorded with genetically
encoded calcium sensors revealed fast behavior-dependent plasticity in the mouse hippocampus,
resulting in the rapid formation of place fields and population activity that allowed the reconstruction
of the geometry of the navigated maze.

Keywords: Ca2+ indicators; calcium in vivo imaging; place cells; place fields; cognitive maps

1. Introduction

It is well known that neurons in the CA1 field of the hippocampus form a represen-
tation (also referred to as a cognitive map) of a novel context, while animals explore a
novel environment [1,2]. The long-term dynamics of such cognitive maps have been well
explored in studies [3–5], revealing that the place code can be stable for weeks, though
subserved by a drifting population of CA1 neurons. Moreover, it is known that multiple
cognitive maps can coexist in the hippocampus in a stable manner and switch between
different navigating sessions and even within the same navigating session [6,7].

However, the short-term dynamics of place field emergence and initial tuning are
still ill-defined. In particular, it is unclear whether place fields are established at the first
moment at which the animal arrives in a novel place, or whether several repeated visits
are necessary for place cells to become tuned. A recent study of head-restrained mice in
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a virtual navigation task demonstrated “immediate” place cells that appear and fire in a
stable manner from the first lap in a novel virtual environment [8]. However, it is unclear
how rapidly the place codes emerge in real conditions of animal free navigation.

Many of the previous studies on place cell registration used rewarded approaches
with pre-trained animals [7,9]. However, since goal-directed behavior may confound the
factor of spatial navigation [10,11], we used a reward-free task where mice were allowed
to explore a completely novel environment in the shape of an elevated circular track with
proximal and distal visual cues (Figure 1).

Figure 1. (A,B) Mouse with an attached NVista HD miniscope exploring the circular track. (C) A
scheme of calcium sensor injection and GRIN lens implantation. (D) A coronal brain section with a
footprint of a GRIN lens and calcium sensor expression. (E) The timeline of surgical preparations and
imaging.

To record place cell activity, we used head-mounted NVista HD miniscopes [12],
which are capable of capturing calcium signals from hundreds of neurons in freely moving
animals. To image cells, we used a set of genetically encoded calcium indicators: both
conventional GCaMP6s and GCaMP7f, as well as novel ones, NCaMP7 and FGCaMP7.
NCaMP7 is a new calcium indicator with enhanced brightness, containing a mNeonGreen
fluorescent protein, while FGCaMP7 is a novel calcium sensor based on fungi calmodulin
with lowered affinity to the intracellular environment and designed specifically for in
vivo miniscopic calcium imaging [13,14]. In these papers, we described in detail their
dynamic parameters, such as mean amplitude, and rise and decay times of typical calcium
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transients. Importantly, we showed that there is no notable difference in such parameters
between these new calcium indicators and a conventional one, GCaMP6s. Moreover, the
applicability of these sensors for the analysis of in vivo neural functions in awake mice was
directly demonstrated by calcium imaging of hippocampal place cells.

Using these tools, we set out to investigate the dynamics of the initial place field
formation in the mouse hippocampus, not only at the level of individual place cells, but
also at the level of a whole imaged CA1 population. The activity of large populations
of neurons is often well embraced by low-dimensional dynamics [15–17]. This makes it
possible to describe computations performed by groups of cells using the dynamics of
a small number of underlying “latent factors”, each of which corresponds to a separate
pattern of neuronal coactivation. However, it is not possible to observe the latent factors
directly, because they are often related to the initial variables in a non-obvious and non-
linear way. In this paper, we utilize the tools from manifold learning to construct an
underlying low-dimensional “neural manifold” from rapidly tuned place cell activity and
to explore its representational power.

2. Materials and Methods

2.1. Animals and Surgical Procedures

Nine C57Bl/6J mice aged from 2 to 3 months at the beginning of the experiment
were used for this study. All surgical protocols were described in detail in our pre-
vious papers [13,14,18,19]. First, a viral vector encoding one of the calcium sensors
(GCaMP6s/GCaMP7f/NCaMP7/FGCaMP7) was delivered to the CA1 field of the hip-
pocampus of the mice. Animals were anesthetized with a zoletil–xylazine mixture (40 and
5 mg/kg, respectively) and fixed in a stereotaxic holder (Stoelting Inc., Wood Dale, IL, USA).
Then, a circular 2-mm-diameter craniotomy was made (Bregma: −1.9 mm AP, −1.4 mm
ML), and 500 nL of AAV viral particles (AAV-DJ-CAG-GCaMP6s, AAV-DJ-CAG-GCaMP7f,
AAV-DJ-CAG-NCaMP7 or AAV-DJ-CAG-FGCaMP7) was injected to a depth of 1.25 mm
from the brain surface. Injections were performed through a glass micropipette with a
50 µm tip diameter (Drummond Scientific Comp., Broomall, PA, USA) by UltraMicroPump
with a Micro4 Controller (WPI Inc., Sarasota, FL, USA) at a rate of 100 nL/min. After
the injection, all exposed surfaces of the brain tissue were sealed with KWIK-SIL silicone
adhesive (WPI Inc.). Two weeks later, the animals were anesthetized and fixed in the
stereotaxis again, the silicone cap was removed, and the dura mater was perforated and
gently removed from the craniotomy site. Then, a column of cortex tissue superficial
to the hippocampus was gently aspirated by a blunt needle tip connected to a vacuum
source and the hippocampus was exposed and washed with sterile saline. After this, a
1.0-mm-diameter GRIN lens probe (Inscopix Inc., Palo Alto, CA, USA) was lowered slowly
to a depth of 1.1 mm while constantly washing the craniotomy site with sterile saline.
Next, all the exposed brain tissue was sealed with KWIK-SIL, and the lens probe was
fixed to the skull surface with dental acrylic (Stoelting Inc.). After another two weeks, the
animals were checked for fluorescent calcium signal under light anesthesia ( 1

2 of the dose
described above). The mice were fixed in the stereotaxis, and an NVista HD miniature
microscope (Inscopix Inc.) was lowered upon the GRIN lens probe and the optimal field of
view was chosen. Then, a baseplate for chronic imaging was affixed to the skull surface
with dental acrylic.

2.2. Miniscope Imaging in Freely Behaving Mice

Finally, after a one-week recovery period, awake mice with an attached NVista HD
miniscope were placed for 15 min into a custom-made circular O-shaped track (50 cm
diameter, 5 cm width, with 5 cm height borders) with proximal (different border material)
and distal (placed on a surrounding curtain 20 cm apart from the track) visual cues. Mice
were allowed to explore the environment in arbitrary directions and were not forced
to move. The imaging session was repeated for 8 of 9 mice on the next day after 24 h
and for 3 mice on the third day after 48 h from the first imaging session. The neural
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activity was recorded at 20 frames per second at resolution 1440 × 1080 px with an NVista
HD miniscope. Screenshots and video samples of raw calcium signal can be seen in
Figure A1 of Appendix A and in Supplementary Videos S1–S3.The video of mouse behavior
was captured with a Sony HDR CX-405 (Sony Corp., Tokyo, Japan) camera at 25 frames
per second.

At the end of the experiments, animals were perfused transcardially with 1%
paraformaldehyde in 0.1 mM CaCl2, and then brains were extracted and postfixed for
24 h in the same solution. Thin (50 µm) floating sections were prepared with a Leica 1200VT
(Leica Microsystems GmbH, Wetzlar, Germany) vibratome, stained with Hoechst dye
(Hoechst AG, Frankfurt, Germany) and imaged with an Olympus FluoView 1000 (Olympus
Corp., Tokyo, Japan) confocal microscope with a UMPlanFLN 10× NA 0.30 W objective.
All sections were inspected and checked for consistency of calcium sensor expression site
and GRIN lens implantation locations to the field CA1 of the hippocampus. Samples of
such sections can be seen in Figure 1D and in Figure A1 of Appendix A.

2.3. Neural and Behavioral Data Processing

Image processing was performed with the NoRMCorre [20] and MIN1PIPE [21]
pipelines and custom MATLAB and Python scripts. First, all movies were downsam-
pled spatially by a factor 2 to increase the computation speed. Then, the NoRMCorre
routine was applied to spatially align movies and to correct motion artifacts. Next, the
MIN1PIPE routine was applied to corrected movies, and locations and activity traces of
putative cell units were extracted and manually inspected (Figure 2A,B). Then, significant
calcium events were detected in the activity traces.

Detection of calcium events was performed with a custom routine, which was de-
scribed in our previous work [18]. First, a threshold of 4 or 5 median absolute deviations
(MADs) was applied to extracted neural traces for animals injected with slow (GCaMP6s,
NCaMP7 and FGCaMP7) or fast calcium sensors (GCaMP7f), respectively. Then, neighbor-
hoods of each upward threshold crossing were fitted with a typical calcium event model
function with fast rise and slow decay (Figure 2C). This model utilizes precise spiking time
t0, rise time ton, decay time toff and spiking amplitude A as the parameters to be optimized.
The lower limit of toff was set to 200 ms for mice injected with the GCaMP7f indicator
and 500 ms for the other ones. In case of acceptable fit (goodness of fit ≥0.8), a calcium
event was scored and the fit was locally subtracted from the original trace in order to let
subsequent events be fitted and scored (Figure 2D).

Data for each session were processed separately; matching of cells and traces across
sessions was performed with the CellReg routine [22] with default parameters (maximum
angle of 30 degrees, maximum translation of 14 microns, registration threshold P_same
of 0.5). Exact amounts of matched cells across sessions and their contours can be seen in
Table A2 and in Figure A2 of Appendix A. Positions of animals were extracted from be-
havioral video recording with the open-source Bonsai visual programming media [23]. All
obtained time series were synchronized and aligned to the beginning of the imaging session.
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Figure 2. (A,B) Selected neuron locations (A) and their traces (B) extracted by MIN1PIPE routine.
(C) Scheme of spike detection. Whenever the trace reaches the threshold value, the fitting procedure
starts in a range, denoted by the solid green line. Fitting curve f(t) is set to a composition of rise
and decay exponential factors and spiking amplitude A, where t0, ton and toff are fitting parameters.
(D) Scheme of multiple spike detection. In case of tolerable goodness of fit (not less than 0.8), the
event is scored, and the fitting curve is subtracted from the original trace, allowing next peaks to
be scored. (E) Spatial event distribution for putative place field detection. Solid black line denotes
Gaussian mixture fit of the distribution and grey zones are putative place fields. (F) An example of a
detected place field based on the distribution on the left. Trajectory of the mouse is unfolded in the
axial direction for better readability and colored with respect to raw activity of the correspondent
place cell. To check the consistency of putative place field, we calculated selectivity score each time
the animal attended place field zone (in the depicted case, selectivity score equals 1).

2.4. Place Cell Detection

Given some uncertainty that exists in the procedure of place cell detection [24] and that
the commonly used approach based on spatial information [25] requires a high running
speed of animals and does not consider the repeatability of place cell firing each time the
animal visits the place field, we used a conservative approach, where we checked both the
spatial and temporal persistence of place cell firing. The entire track space was divided
into 20 sectorial bins sized 5 × 7.5 cm. For each cell, an overall number of calcium events
was calculated for each bin and the distribution of calcium events was smoothed with
a Gaussian kernel (sigma = 1.25), normalized and thresholded by a value of 0.5. Then,
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centroids of all subthreshold peaks were considered putative place field centers. Width of
place fields was evaluated as width of subthreshold peaks + 1 bin from each side. Place
fields wider than a half of the track were excluded from further analysis. Next, for each
place field, we checked whether the correspondent cell fired in all epochs when the animal
attended a given place field. For this purpose, for each attendance of a given place field,
we calculated the selectivity score as a ratio of the number of events within the attendance
epoch over the total number of events within this epoch and adjacent epochs between visits
(Figure 2F). For each place field, we smoothed the selectivity score sequence with a Gaussian
filter (sigma = 1). Only epochs of attendance with smoothed selectivity scores more than
0.5 were considered relevant; place cells without at least three subsequent relevant epochs
were discarded from the analysis. The tuning latency for each place field was calculated
as the number of epochs (or as time in seconds) before the beginning of the first sequence
of three or more relevant epochs. We considered that the cognitive map retained between
sessions in case of significant similarity of the distribution of place field location shifts
between sessions to a normal distribution around zero (p < 0.05, Chi-square test).

2.5. Dimensionality Reduction

In this paper, we used the Laplacian eigenmaps method, which constructs a discrete
approximation to a continuous low-dimensional representation that naturally arises from
the geometry of the manifold [26]. Before dimensionality reduction, the calcium data for
each animal were presented in the form of the matrix DN×T , where N is the number of
selected cells and T is the total duration of recording. Therefore, Dij stands for the calcium
activity of the neuron i at the timeframe j. Only neurons with 5 or more calcium events
during the recording were considered.

We built a similarity graph G based on the data in the original high-dimensional space.
Each vector Vt was considered a point in R

N . Thus, each column of the matrix DN×T was
treated as a single N-dimensional vector of neural activity at a certain timeframe. Hence,
we obtained T multidimensional vectors in R

N , representing neural activity in different
moments in time: {Vt}, t ∈ [0, T]. To simplify the graph construction procedure and reduce
the computation time, we applied mean filtering to the initial time series of calcium activity
with window size w = 2, 4, 8. We made sure that the choice of the window size did not
qualitatively affect our results. This is because the calcium signal hardly changes during
the time corresponding to the window sizes of 40, 80, or 160 ms, respectively. All results
here were obtained for window size w = 8. Thus, the effective signal length and number of
nodes in G was Te f f = T/w.

For each of the Te f f similarity graph nodes, exactly k nearest neighbors were calculated
using Euclidean distance. The number of nearest neighbors k was the only free parameter
in our dimensionality reduction procedure. It tended to be chosen as small as possible
(however, its value should have ensured the integrity of the resulting graph). Keeping k
small is motivated by the local linearity assumption: if k becomes sufficiently large, the
Euclidean distance may not reflect the proximity relations between data points because
of the possible nonlinear curvature of the underlying manifold. The situation is also
complicated by the dimensionality curse in the initial space [27].

The resulting graph adjacency matrix was explicitly made symmetric to preclude
directed edge formation. This means that the “nearest neighbor” relation is made mutual:
if some node i is connected to a node j, the reverse is also true. It should be noted that, due
to the symmetrization procedure, the number of nearest neighbors k sets only the minimal
number of edges for a given node, but not a precise one. The similarity graph was ensured
to be connected. If it had more than one connected component after the construction
procedure, the largest one was taken (if the total share of discarded points did not exceed 5%;
otherwise, dimensionality reduction for a given k was considered unsuccessful). The time
moments corresponding to the excluded points were not considered further in the analysis.

Once a similarity graph was constructed, it was presented in the form of an adjacency
matrix A = {aij} with matrix elements aij = aji taking non-negative values. The absence of
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self-loops implies the vanishing of the diagonal elements: aii = 0. The matrix elements were
considered binary: aij = 1, if the nodes i and j 6= i are connected, and aij = 0 otherwise. The
next step was constructing a discrete Laplacian—a symmetric, positive semidefinite matrix
that can be considered a diffusion operator on the graph G. The spectral decomposition of
the graph Laplacian matrix can be used to optimally embed the graph in a low-dimensional
space [26]. According to the Laplacian eigenmaps algorithm, we considered the following
generalized eigenvalue problem:

Lv = λDv (1)

Here, D is the degree matrix of the network, whose elements are defined as
dij = deg(ni) if i = j and dij = 0 otherwise, where deg(ni) is the degree of the node i:
deg(ni) = ∑

j
aij. L stands for the graph Laplacian matrix, which is defined as

L = D − A (2)

The algorithm utilizes first m+ 1 solutions {fi}, i ∈ [0, m] of the generalized eigenvalue
problem (1) (ordered by the associated eigenvalues {λi} in the ascending order) to construct
an optimal embedding of the graph in R

m. To be precise, the k-th component of an
eigenvector ui defines an i-th coordinate of a low-dimensional embedding for a data point
vk ∈ R

N . Since the dimensionality of ui is equal to the number of nodes in the graph, the
first m non-trivial eigenvectors are enough to construct a m-dimensional embedding for
each data point.

The first eigenvector v0 corresponding to λ0 = 0 was left out because its components
were constant. It is known that a Laplacian matrix of a graph with c connected components
has c zero eigenvalues [28]. However, we restricted ourselves to the case of connected
graphs, which was ensured by the construction procedure. Hereinafter, we assume that, for
our graph, the problem (1) has a single zero eigenvalue.

To measure the reconstruction error of the track geometry, we calculated the residual
variance (RV) [29] between real mouse coordinates and points in the latent space. The
residual variance was calculated as RV = 1 − ρ2(Dh, Dl), where ρ defines the Pearson
correlation, and elements of Te f f × Te f f matrices Dh and Dl denote the pairwise Euclidean
distances calculated over the original trajectory points over the low-dimensional embedding
points, respectively.

3. Results

In the previous studies [13,14,18,30], we developed a non-rewarded paradigm, where
mice with a head-mounted NVista HD miniscope explored a custom-made O-shaped
circular track surrounded by curtains with distinctive visual cues (Figure 1B). Mice demon-
strated vigorous exploratory behavior, making on average 19 laps across the track during a
15 min imaging session. It should be noted that since mice were able to arbitrarily change
the moving direction, the number of laps varied significantly from session to session, and
some of the laps were not full.

The mice were transfected with AAV vectors carrying different calcium indicators
(namely GCaMP6s, GCaMP7f, NCaMP7 and FGCaMP7; detailed information can be seen in
Table A1 of Appendix A). All mice underwent identical surgical, imaging and behavioral
protocols. Mice explored the track at one, two or three consequent sessions, and the first
time the context was absolutely novel for them. We isolated neuron locations, calcium traces
and detected place-selective cells. For this, we selected candidate cells by the presence
of distinct peaks in the overall (across entire session time) spatial distribution of calcium
events of a given cell, and then checked if this cell fired or not each time the animal entered
its putative place field. Only candidate cells with stable firing statistics throughout the
session were considered place-selective (for more details, see Methods). We allowed each
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cell to have multiple place fields; however, the majority (85% on average) of place cells had
single place fields.

On the first day, all animals demonstrated a uniform distribution of place fields across
the track, without any distinct fluctuations in the vicinity of visual cues or other locations
in the track. We matched cell activity across days and monitored the place selectivity of
the same cell on all days. It turned out that, on the second day, 3 of 8 imaged mice had
cognitive maps similar to the first day (Figure 3). In the other five mice, cognitive maps
were not preserved, which may have been partially due to cells that were not active on the
first day.

3.1. Selectivity Score and Tuning Latency

To assess the spatial selectivity of place cells to their fields, we used the selectivity
score: for each place field, it was calculated whenever the animal attended the place
field as the ratio of the number of in-field calcium events of the place cell over the total
number of calcium events across the current lap (which may be not full). A selectivity
score of 1 corresponded to a cell that fired exclusively in its place field and a score of 0
took place when the place cell did not fire at its place field during this visit. The time and
the number of attendances when the smoothed selectivity score hits the threshold value
of 0.5 are considered as the tuning latency or time of specialization. Since each mouse
had its own trajectory and some mice explored the track faster than others, the number of
visits appeared to be a more universal parameter for the estimation of the tuning dynamics
of individual place cells rather than time itself. The distributions of tuning latency both
in the time and number-of-visits domains are shown in Figure 4A. On the first day, a
notable percentage (25.1%) of place fields were established at the very first attendance,
while an average place field was formed at the 7th attendance. In the time domain, 23.1%
of fields appeared within the first minute in the environment, while the average tuning
latency equaled 247 s. On the second and third days, the average tuning latency of place
fields decreased to values of 193 and 159 s, respectively, values that correspond to the 5th
attendance of the place field. The improvement of tuning latency nominated in visits on
the 2nd day was found significant (Figure 4C).

3.2. Selectivity Score Dynamics within Session and across Days

Regarding the selectivity score itself, its evolution was distributed in a similar manner
(Figure 4B) across all animals, characterized by strong decay of the rate of cells with longer
tuning latency. The mean selectivity score significantly increased from the first to the last
attendance on each day of the experiment, but the between-days difference in selectivity
score at the first and the last attendance appeared to be not significant (Figure 4D,E).
Moreover, no significant difference in selectivity score improvement was observed on the
2nd day between mice with a retained cognitive map versus mice in which the map was
not retained. Since we did not observe any cumulation of average selectivity score between
days, we searched for it at the level of individual place cells. Importantly, the improvement
in tuning latency appeared to be independent of the place field shift between sessions, i.e.,
cells that preserved their place field did not improve their tuning latency better than cells
whose place field shifted (Figure 4F–H).

Taken together, these data suggest that the selectivity of place cell firing rose faster
with each new day of the experiment, but without any significant cumulation. The retaining
or remapping of the spatial representation in mice does not correlate with significantly
higher selectivity scores or faster tuning dynamics. However, since these results are based
only on individual place cell firing statistics, and since not only place cells can contribute to
spatial coding [4,31], we performed a population analysis to confirm our results.
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Figure 3. (A) Distribution of place fields across days in a case of retained representation (left) and in
a case of remapping (right). Each line in a block corresponds to overall activation rate across the track
space of each individual place cell in three consequent sessions. Upper row: cells sorted by their peak
firing locations on the 1st day. Lower row: cells sorted by their peak firing locations on the 3rd day.
(B) Heat maps of place cells that changed their place field locations between days. Multiple place
fields of the same place cell are scored as fractions. N, not a place cell. Between-day transitions with
the retention of the map result in heat maps with distinct diagonals, while remapping transitions do
not. (C) Distribution of place field shifts for single-place-field place cells (between 1st and 2nd days
and between 2nd and 3rd days). Between-day transitions with the retention of the map show sharp
peaks in such distributions while remapping transitions show uniform distributions.
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Figure 4. (A). Distribution of tuning latency both in the number-of-visits domain and in the time domain.
(B). Sample of selectivity score distribution in one individual mouse on three consequent days (place
fields are sorted independently for each session). Red triangles denote the number of visits where the
specialization occurred (n_spec). (C) Tuning latency significantly decreases on the second day, while no
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difference is observed between retained-map and remapped mice. Two-way ANOVA, * p = 0.0488
factor day, ns—not significant (p > 0.05). (D) Evolution of mean selectivity score across days in all mice.
Mean scores for each animal are represented in thin lines. (E) Mean selectivity score significantly rises
within the first and the second day from the first to the last visit to a place field, while no difference is
observed between starting or ending selectivity score on the 1st versus that on the 2nd day. Two-way
ANOVA and post hoc Bonferroni test, ** p = 0.0261, *** p = 0.0006, ns—p > 0.05. (F) Scatter plot of
individual cell variance between 2nd and 1st days in n_spec (n_spec shift) versus place field shift for
retained-map mice (above) and remapping mice (below). Only one-field place cells were taken into
account. (G) Shifts in n_spec do not differ significantly between retained-map and remapped mice.
Unpaired Student’s t-test, p = 0.2544. (H) Distribution of n_spec shifts across all one-field place cells
for mice with the retention of the map and for mice with remapping.

3.3. Nonlinear Dimensionality Reduction Reveals Track Geometry from Multidimensional Place
Cell Activity

We performed a populational analysis of the neural data of the first six mice with a
sufficient (>200) number of detected cells on the 1st day and reduced the dimensionality of
the data with Laplacian eigenmaps (see Methods). The first two axes of the low-dimensional
space coincided with the coordinates of the mouse in the physical environment that it was
exploring (with the accuracy of rotation by a fixed angle: Figure 5A,B). It is important
to note that the algorithm did not receive any information about the real position of the
mouse as an input. This result could not be reproduced with PCA, indicating the nonlinear
nature of the problem (Figure 5C). The best result was achieved using low-energy Laplacian
eigenmodes of the similarity graph of neuronal activity vectors (Figure 5D).

Figure 5. (A) Round track with visual cues, (B) pointwise track representation, (C) first two axes of
PCA embedding, (D) first two axes of LE embedding (eigenvectors of the graph Laplacian).
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3.4. Dependence of Geometry Coding Quality on Population Size

Next, we estimated the quality of the decoding of the space. The reconstruction error
of the track space in the embedding (residual variance, RV) decreased with the number
of registered cells (Figure 6A). We attribute this to the fact that nonlinear dimensionality
reduction is able to distinguish “population” variables from the aggregate activity of
many cells.

Figure 6. (A) Negated mean selectivity score plus one (unselectivity score), which was interpolated,
smoothed with running average filter (window length 250 s) and plotted in the time domain. (B) Evo-
lution of reconstruction error within the timeline of the 1st day session. Dimensionality reduction
was performed for a sliding time window of length 250 s. Shadings represent standard deviations
for LE with different graph construction parameters. NC stands for the number of cells registered.
(C) Residual variance of the embedding depends on the number of detected cells. (D) Distribution of
mean 1-selectivity score and of mean reconstruction error across different animals. These distributions
demonstrate cosine similarity of 0.968 ± 0.047.
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3.5. Representation Quality Dynamics over Time

The residual variance of track representation decreased over time as the mice became
familiar with the environment explored (Figure 6 B). This effect was stronger the more
cells were recorded for a given animal. We attribute this to the gradual formation of a
population code in which information about the environment is distributed among many
neurons. We compared these data with the negated average selectivity score for each
mouse. The mousewise distributions of mean reconstruction error and of mean selectivity
score demonstrate cosine similarity of 0.968 (Figure 6D). This result shows the consistency
of different measures of quality of spatial coding.

4. Discussion

The main finding of this study is that place representations are promptly formed
in mice during free exploration in a completely novel environment. This is consistent
with the previous study by Muller et al. [32], where it was shown that place-selective cell
firing began within a few minutes in rats exploring a novel environment. Moreover, recent
data [8] show a similar distribution of place field forming times, nominated in laps, for mice
navigating in a regular manner in a virtual environment. Here, we extend these results to a
natural environment with completely free navigation conditions, where mice were capable
of arbitrarily choosing the moving direction.

It is known that several types of spatial representation remapping may occur between
different navigating sessions, including full, partial and rate remapping [33,34]. However,
the retention of the cognitive maps was also observed [3,35]. The ratio of animals with
preserved cognitive maps on the 2nd day in our experiments appeared to be consistent
with the previous study [7], where it was shown that the global remapping is a stochastic
process and several distinct cognitive maps can coexist in the same animal. Importantly,
multiple visual cues, distal and proximal, were used in this study, which also is consistent
with our experimental design. This could serve as an additional verifier that the mice
trained in our paradigm demonstrated normal parameters of spatial representations even
in the absence of reinforcement and goal-directed behavior.

The selectivity score dynamics that we observed suggest that the strength of place
coding of the imaged CA1 population increases within each session, but without significant
cumulation on further sessions. Nevertheless, we observed a reduction in average tuning
latency on the second day, when the environment was familiar to the animals. This can
be interpreted in the following manner: the strength of place coding starts from similar
levels each session but increases faster in a familiar environment than in a novel one. Such
dynamics can be associated with a gradual improvement in place coding between trials [36].
However, in this case, one could expect a more robust rise in the selectivity score in mice
with retained representations or at least in place cells preserving their place fields, but we
have not observed any significant difference. This implies that faster tuning of cognitive
maps may be conditioned by some mechanisms not at the level of individual place cells
but at the level of the whole CA1 population. Additional research should be done to clarify
this question.

It is known that not only place cells may contribute to spatial coding [4,31,37]. By
means of a population analysis, we demonstrated that a population of all registered cells as
a whole can encode the space of the environment and that the quality of such encoding
complements the average selectivity score. This can provide a basis for the estimation of
the exact contribution of non-place cells to spatial code by excluding the activity of place
cells from population activity, which will be a subject of further analysis.

We have not considered the direction specificity of place cells. It is known that, in
one-dimensional tracks, there are direction-specific place fields and one cell can have
place fields that are specific in different directions [38,39]. However, given the complete
arbitrariness of the animals’ trajectories in our paradigm, it is difficult to take the direction
into account due to unequal statistics of directions. Given this, we targeted our procedure
of place cell detection to omnidirectional place cells, taking into account only continuous
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statistics of selective cell firing during sequential animals’ entrances in the place field in
any direction.

One could expect some improvement in spatial code stability evoked by edge, border
and object-specific cells [40]. There are no distinct edges and borders within our behavior
paradigm, though some cells may be specifically tuned at distal and proximal visual cues
around the circular track. However, the evaluation of the exact contribution of such putative
cue-specific cells to spatial coding, as well as their precise identification, are obstructed
by the overlap of their activity with the activity of “regular” place cells, since cues are
integral parts of the environment. Additional modifications to the experimental setup will
be required to isolate the contribution of cue-specific cells in further studies.

Due to the dispersion in the number of cells detected across different animals, we
checked the consistency of our statistical comparison by excluding mice #8–9 with the
lowest number of detected neurons (see Table A1 of Appendix A). As a result, the p-value
of the factor day for the comparison of t_spec decreased from a value of p = 0.0488 to a
value of p = 0.0436 (Figure 4C), and the p-values of the comparison of selectivity score
between the first and the second visit to a field changed from values of p = 0.0261 and
p = 0.0006 to values p = 0.0153 and p = 0.0003 for the first and the second session, respectively
(Figure 4E). This change did not alter the statistical significance of the results, and therefore
we retained mice #8 and 9 in the analysis.

According to [41,42], place codes can be modulated by the exploratory behavior of
animals. We did not find any clear behavioral triggers or environmental cues that could
activate place cell tuning. Given the relatively high (25%) fraction of immediate early-tuned
(at the first visit to a field) place fields, special attention should be paid to the precise
registration of all behavior parameters from the first seconds of the mouse’s entry into
the environment. Nevertheless, at the level of discrete behavior acts, no behavior acts can
be completed within such time, which poses a question about some internal states of the
network activity leading to the rapid emergence of observed specializations.

Such mechanisms were suggested in studies by Dragoi and Tonegawa [43,44], which
reported a possibility that some pre-existing representations supply immediate place coding
in a novel environment. However, the contribution of such representations to overall place
coding may be accomplished by hippocampal replays between consequent sessions, which
may lead to the engagement of so-called "slowly-firing cells" of higher plasticity [45]. Taken
together, these approaches may explain the further distinction and completion of novel and
familiar environments.

Despite the clear geometric and physical meaning of the LE algorithm utilized in
our study, this approach has several drawbacks, which are common for many manifold
learning methods. In particular, this method does not scale well with increasing amounts
of accumulated data, because its implementation relies on the spectral decomposition
of the affinity matrix or related operators, such as the Laplacian or the transition matrix.
In general, this leads to a computational complexity of O(na), 2.4 < a < 3, depending on
the particular implementation. There is also no natural method for constructing a low-
dimensional embedding for the neural activity vector, which was not represented in the
initial data and, therefore, did not contribute to the formation of the graph. For this purpose,
one has to construct special approximate nonlinear operators [46], which is not always
possible. This limits the possibility of using the constructed embedding to analyze new
data. To address this issue, we are working on new robust neural network-based methods
for the dimensionality reduction of calcium signal data.
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5. Conclusions

We have estimated the basic parameters of place cell selectivity within an imaging
session at the first and second days of circular maze exploration. On the first day, the mean
tuning latency of all place fields in all mice equaled 247 s. On average, place specialization
was attained at the seventh visit of an animal to a place field, while 25.1% of place fields were
established at their first attendance. On the second day, 3 of 8 mice demonstrated retention
of their spatial representation, while 5 of 8 mice did not. In both cases, tuning latency on the
second day was significantly lower than on the first day. On each day, the mean selectivity
score significantly rose within the session. However, no cumulation was observed on
the second day, and the initial and ultimate selectivity scores did not differ significantly
between the first and the second day. Moreover, no difference in selectivity score or tuning
latency dynamics was detected between the mice that had map retention or underwent
remapping, neither at the level of individual cells nor at the level of average values.

Additionally, our nonlinear dimensionality reduction performed on CA1 neuronal
activity data revealed the geometry of the environment explored by the mice. The recon-
struction error for the six most informative mice on the first day of exploration corresponded
to the negated mean selectivity score of these mice.

Taken together, these results reveal the fast emergence and tuning dynamics of place
cell codes and demonstrate the applicability of novel calcium indicators NCaMP7 and
FGCaMP7 for the light-controlled analysis of neural functions in behaving mice.
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Appendix A. Extended Data Tables and Figures

Table A1. Mousewise statistics for each registered session. 1PF Cells, single-field place cells. N spec
and T spec, the average number of visit to a place field and correspondent time in seconds, since
which this place field is considered tuned. First visit and Last visit sel.sc., the average values of
selectivity score at the first and at the last attendance of a place field.

Mouse Session
Calcium
Sensor

Cells
Place
Cells

Place
Fields

1PF
Cells

N Spec T Spec
First
Visit
sel.sc.

Last
Visit
sel.sc.

Mouse 1
1

GCaMP6s
207 59 63 55 8.63 217.8 0.23 0.38

2 235 24 28 21 8.79 219.2 0.10 0.30
3 233 30 34 26 5.59 177.8 0.06 0.38

Mouse 2
1

GCaMP6s
263 90 101 79 10.10 237.3 0.20 0.30

2 297 88 102 74 5.69 146.5 0.23 0.38
3 228 80 92 68 7.37 196.4 0.19 0.41

Mouse 3
1

GCaMP6s
320 121 135 107 4.83 170.4 0.34 0.45

2 315 106 114 98 2.21 152.2 0.41 0.44
3 301 113 127 99 2.14 127.0 0.41 0.36

Mouse 4 1 GCaMP6s 562 257 298 218 3.90 256.4 0.32 0.49
2 487 247 294 202 4.07 246.6 0.30 0.49

Mouse 5 1 NCaMP7 283 74 82 66 7.99 252.1 0.20 0.35
2 317 86 96 77 6.58 186.0 0.09 0.46

Mouse 6 1 NCaMP7 200 26 30 22 6.63 245.1 0.15 0.33
2 189 11 13 9 4.62 208.8 0.09 0.58

Mouse 7 1 GCaMP7f 292 130 174 87 11.26 305.6 0.16 0.31
2 239 72 81 63 6.70 153.9 0.21 0.35

Mouse 8 1 FGCaMP7 95 10 10 10 6.10 144.4 0.31 0.31
2 123 35 38 32 5.68 102.4 0.30 0.47

Mouse 9 1 NCaMP7 103 12 19 7 7.26 271.5 0.23 0.35

Table A2. Cell matching and remapping rate statistics between sessions. We considered that the
cognitive map retained between sessions in case of the significant similarity of the distribution of place
field location shifts between sessions to a normal distribution around zero (p < 0.05, Chi-square test).

Mouse
Sessions

Compared
Cells Matched

Retention
p-Value

Retention of
Map

Mouse 1
1 vs. 2 157 0.886 no
2 vs. 3 179 0.657 no
1 vs. 3 153 0.839 no

Mouse 2
1 vs. 2 127 0.839 no
2 vs. 3 138 0.552 no
1 vs. 3 116 0.006 yes

Mouse 3
1 vs. 2 229 <0.001 yes
2 vs. 3 217 <0.001 yes
1 vs. 3 116 <0.001 yes

Mouse 4 1 vs. 2 396 <0.001 yes

Mouse 5 1 vs. 2 208 <0.001 yes

Mouse 6 1 vs. 2 120 0.456 no

Mouse 7 1 vs. 2 69 0.457 no

Mouse 8 1 vs. 2 77 0.237 no
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Figure A1. (A) Samples of histology sections indicating GRIN lens implantation locations stained
with Hoechst. (B) Samples of raw NVista HD video screenshots. Scale bars, 100 µm.

Figure A2. Samples of cell matching between sessions. Matched population is marked in green.
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Abstract: Understanding the dopaminergic system is a priority in neurobiology and neuropharma-
cology. Dopamine receptors are involved in the modulation of fundamental physiological functions,
and dysregulation of dopaminergic transmission is associated with major neurological disorders.
However, the available tools to dissect the endogenous dopaminergic circuits have limited specificity,
reversibility, resolution, or require genetic manipulation. Here, we introduce azodopa, a novel
photoswitchable ligand that enables reversible spatiotemporal control of dopaminergic transmission.
We demonstrate that azodopa activates D1-like receptors in vitro in a light-dependent manner. More-
over, it enables reversibly photocontrolling zebrafish motility on a timescale of seconds and allows
separating the retinal component of dopaminergic neurotransmission. Azodopa increases the overall
neural activity in the cortex of anesthetized mice and displays illumination-dependent activity in
individual cells. Azodopa is the first photoswitchable dopamine agonist with demonstrated efficacy
in wild-type animals and opens the way to remotely controlling dopaminergic neurotransmission for
fundamental and therapeutic purposes.

Keywords: azobenzene; behavior; brainwave; dopamine; GPCR; in vivo electrophysiology; optogenetics;
optopharmacology; photochromism; photopharmacology; photoswitch; zebrafish

1. Introduction

Dopamine receptors (DARs) are members of the class A G protein-coupled recep-
tor (GPCR) family and are prominent in the vertebrate central nervous system (CNS).
Their primary endogenous ligand is the catecholaminergic neurotransmitter dopamine,
a metabolite of the amino acid tyrosine. Among the many neuromodulators used by the
mammalian brain to regulate circuit function and plasticity, dopamine (Figure 1a) stands
out as one of the most behaviorally powerful [1,2]. Dopaminergic neurons are critically
involved in diverse vital CNS functions, including voluntary movement, feeding, reward,
motivation, sleep, attention, memory, and cognition. The extracellular concentration of

149



Int. J. Mol. Sci. 2022, 23, 10114

dopamine oscillates following day/night cycles and plays important physiological roles in
the regulation of olfaction, retinal function [3], and circadian rhythms [4]. Disentangling
these diverse components of DAR signaling and dopaminergic transmission is an unmet
need both of basic research and medicine, because their abnormal function leads to com-
plex medical conditions such as Parkinson’s and Huntington’s diseases, schizophrenia,
attention deficit hyperactivity disorder, Tourette’s syndrome, drug abuse, and addiction [1].
To date, five subtypes of DARs have been cloned: D1, D2, D3, D4, and D5. Based on
their coupling to either G

αs,olf proteins or G
αi/o proteins, which, respectively, stimulate

or inhibit the production of the second messenger cAMP, DARs are classified as D1-like
receptors (D1, D5) or D2-like receptors (D2, D3, D4). However, both classes are known
to signal through multiple pathways. Targeting these receptors using specific agonists
and antagonists allows to modulate dopaminergic transmission and dopamine-dependent
functions. Indeed, hundreds of compounds interfering with the dopaminergic system
have been developed, and many of them are clinically used to treat various disorders.
They also constitute pharmacological tools to study the role of dopamine in synaptic and
neural circuits [5,6] as well as the mechanisms underlying dopamine-related debilitating
conditions [7]. However, conventional ligands cannot differentiate among specific neuronal
sub-populations in heterogeneous brain regions where multiple neuronal subtypes exist,
thus potentially activating DARs that mediate distinct or even opposing physiological
functions [2]. For this reason, the lack of circuit selectivity is a confounding element in basic
research and likely cause of the poor safety as well as efficacy of many dopaminergic drugs.
Hence, methods to activate DARs noninvasively with high spatiotemporal resolution are
required both for research and therapeutic purposes.

’s and Huntington’s diseases, schizophrenia, 
’

αs,olf αi/o

 

Figure 1. Design, structure, and photochromism of azodopa. (a) Chemical structure of dopamine
and representative (semi)rigidified derivatives: rotigotine (nonselective agonist), A68930 (D1 agonist),
and dinapsoline (D1 agonist). (b) 2D and 3D chemical structure of the photochromic dopamine ligand
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azodopa (trans and cis isomers). Essential pharmacophoric features for D1 receptor binding are
highlighted: blue spheres represent cationic site points and H-bond donors, i.e., the protonated amino
function that can form a salt bridge and a hydrogen bond with Asp103 and Ser107, respectively;
red spheres represent H-bond acceptors, i.e., the hydroxyl groups of the catechol ring that can
interact with Ser198, Ser199, and Ser202; yellow spheres represent hydrophobic elements, i.e., the
aromatic ring that can form π–π interactions with Phe288 and Phe289. The mutual position and
orientation of such pharmacophoric features in the receptor-bound conformation should affect
binding affinity and efficacy of the ligands. (c) Photochromic behavior of azodopa (50 µM) studied
with steady-state spectroscopy in aqueous (PBS, pH 7.4) and organic (DMSO) solutions. As lifetimes of
cis-hydroxyazobenzenes are very short in polar protic solvents, no changes in the absorption spectrum
of aqueous solutions of azodopa could be observed after illumination with 365 nm light (3 min).
(d) Photochromic behavior of azodopa (30 µM) investigated by transient absorption spectroscopy
in water (only representative traces are shown for the sake of clarity; see Figure S7 for the full
experiment). Transient absorption time traces were measured at different wavelengths upon excitation
of trans-azodopa with a 5 ns pulsed laser at λ = 355 nm (3 mJ/pulse energy) and 25 ◦C. Thermal
relaxation half-life of the cis isomer (200 µs) was estimated by applying an exponential one-phase
decay model (GraphPad Prism 6). Inset: Transient absorption spectrum of trans-azodopa upon pulsed
irradiation at λ = 355 nm recorded at t = 0 µs. X-values represent wavelength (nm), Y-values represent
∆A (arbitrary units, AU).

Pursuing a traditional pharmacological approach would hardly pay off in such a physi-
ological scenario, because a drug generally affects its target in multiple CNS regions at once
and its effect is slowly reversible. Light is an unparalleled input signal to noninvasively ma-
nipulate biological systems in precisely designated patterns, and photopharmacology [8–10],
which relies on molecular photoswitches to regulate bioactive compounds, has already been
successful in GPCRs [11–16], ion channels [17,18], and enzymes [19,20]. The possibility of
using light as an external stimulus to manipulate specific populations of dopaminergic
neurons has generated enormous interest in neurobiology since the invention of opto-
genetics [21,22], in particular to elucidate the basis of complex behavioral and cognitive
processes [23,24]. However, the achievements of optogenetics rely on the overexpression
of exogenous proteins that lack critical aspects of endogenous GPCR signaling, including
their native ligand binding sites, downstream molecular interactions, and other elements
that can affect receptor dynamics. Thus, current optogenetic tools may provide partial,
or sometimes inaccurate, insights into biological processes. In addition, the application
of genetic manipulation techniques to human subjects is still importantly hampered by
safety (possible immune responses against the gene transfer), regulatory, and economic
issues. Complementary approaches to address some of these limitations have been pro-
posed. Trauner, Isacoff, and collaborators developed light-gated DARs through a combined
chemical–genetic method in which a weakly photoswitchable ligand was tethered via
a maleimide–thiol conjugation to a genetically engineered cysteine residue at the target
receptor in order to improve photocontrol [25]. They also used a genetically targeted
membrane anchor to tether a dopaminergic ligand via SNAP-tag labeling [15]. Unlike the
exogenous optogenetics tools described above, light-gated receptors bear a single-point
mutation and provide a nearly physiological study system, but they still require gene
delivery and overexpression. Genetics-free methods have also been described. For instance,
Etchenique, Yuste, and collaborators developed a caged dopamine compound based on
ruthenium–bipyridine chemistry and used it to activate dendritic spines with two-photon
excitation [26]. More recently, Gmeiner et al. described two caged DAR antagonists that
can serve as valuable tools for light-controlled blocking of D2/D3 receptors [27]. However,
notwithstanding its virtues, uncaging is an irreversible chemical process, while a photophar-
macological modulation based on reversible, byproduct-free molecular photoswitches has
important advantages in vivo. Noteworthy in this regard is the work published by König
and collaborators, who developed a set of photochromic small molecules by incorpora-
tion of dithienylethenes and fulgides into known dopamine receptor ligands [28]. Two of
those compounds, named 29 and 52, showed an interesting isomer-dependent (open vs.
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closed form) efficacy at activating D2 receptors, although neither in situ photoswitching nor
in vivo validation of their effects were reported. We present here the design, synthesis, and
photopharmacological characterization of the first chemical tool that enables the reversible
photocontrol of native dopamine receptors in wild-type animals. Notably, it can be used
to separate the retinal component of dopaminergic neurotransmission in zebrafish and
manipulate brain waves in mice.

2. Results

2.1. Design Strategy and Synthesis

Aryl azo compounds, especially azobenzenes, have emerged as the photoswitches of
choice in photopharmacology because of their physical and chemical properties, which
make them especially suitable for biological applications [29,30]. An elegant strategy
for the incorporation of an azobenzene into a bioactive ligand [11] relies on the isosteric
replacement of the two-atom linker between the two aromatic rings with a diazene unit
(–N=N–) [11,20,31–33], which entails minimal perturbation of pharmacophore and drug-
like properties, thus accounting for the success of this so-called azologization approach [31].
However, to the best of our knowledge, this strategy is not applicable to any of the known
dopamine agonists, since the scaffold of an isomerizable aryl azo compound is not directly
conceivable in their structure.

In the quest for a freely diffusible drug-like dopaminergic photoswitch, we noticed
that most agonists (especially to D1 receptors, see Figure 1a) are rigid or semi-rigid, con-
formationally restrained structures in which essential pharmacophoric features are held
in their mutual position [34]. Indeed, two main routes can be identified in the early devel-
opment of dopamine agonists, namely, the rigidification of the dopamine molecule and
the dissection of apomorphine, one of the first potent dopamine agonists to be found [35].
Dopamine rigidification led to the discovery of potent agonists, whereas the apomorphine
de-rigidification generally reduced its efficacy [36,37]. It stands then to reason that govern-
ing the geometry of such structures would enable the control of their biological effects. This
could be achieved by “building” upon a semi-rigid and photoisomerizable molecular frame
the structural elements required for DAR activation and using light as external control
signal. This approach can be likened to a “photoswitch decoration”, in which pharma-
cophore groups are introduced into the structure of a molecular photoswitch to design
a light-controlled bioactive compound. Common features in the dopamine agonist pharma-
cophore model are the following: (I) a cationic site point (an amino group) that forms a salt
bridge with an aspartic acid residue in the receptor’s third transmembrane helix (TM3);
(II) one or two hydrogen bond acceptor/donor sites (e.g., hydroxy groups), that interact
with serine residues in TM5; and (III) an aromatic ring system that takes part in π–π inter-
actions with hydrophobic residues in TM6 [38–40]. On these grounds, we devised a photo-
switchable dopamine agonist by decorating an azobenzene molecule with two hydroxyl
substituents (II) on one phenyl ring, and an amino group (I) connected through a short
linker to the other phenyl ring (III) (Figure 1b). This molecule, that we named azodopa,
carries the main DAR binding determinants and enables to change their relative position
upon photoisomerization (Figure 1b). Azodopa was synthesized in two steps via an azo-
coupling reaction between commercially available 2-(2-(dimethylamino)ethyl)aniline and
1,2-dihydroxybenzene (see supplementary Scheme S1 and Supplementary Materials, SM,
for detailed synthetic procedures and physicochemical characterization).

2.2. Photochemical Characterization

An essential condition for azodopa to function as a photoswitchable dopamine ligand
is that it photoisomerizes between two different configurations (trans and cis). We first
characterized it by steady-state UV–Vis absorption spectroscopy (Figure 1c), which revealed
an absorption maximum at 370 nm in aqueous solution (PBS, pH 7.4) and at 380 nm in
DMSO. It is known that the thermal cis-to-trans isomerization of 4-hydroxyazobenzenes
follows a very fast kinetics in polar protic solvents via solvent-assisted proton transfer
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tautomerization, whereas it proceeds more slowly in aprotic and nonpolar solvents [41].
In agreement, no changes in the absorption spectrum of azodopa could be detected with
a conventional UV–Vis spectrophotometer upon illumination at 365 nm in aqueous buffer
because of the short lifetime of its cis isomer in this medium, likely because of the presence
of a non-negligible concentration of azonium cation at physiological pH and/or the forma-
tion of hydrogen-bonded complexes with the solvents that accelerate the thermal cis-to-trans
isomerization via tautomerization, and only a small change could be recorded in a polar
but aprotic solvent such as DMSO, where the tautomerization is still possible, although
less pronounced (Figure 1c). No measurements were performed in nonpolar solvents (e.g.,
toluene) because of the very poor solubility of our compound in this kind of media. We next
determined the optimal isomerization wavelength and lifetime of cis-azodopa by means
of transient-absorption spectroscopy with ns-time resolution. Upon pulsed excitation of
azodopa in aqueous media with UV and violet light, an instantaneous and remarkable
decrease of the absorption signal was detected, which can be ascribed to the depletion of
the trans ground electronic state due to the photoinduced formation of the corresponding
cis isomer (Figure 1d) [41,42]. The initial absorption value was quickly recovered because
of the fast thermal cis-to-trans back-isomerization which restores the initial concentration
of the trans isomer with an estimated half-life of about 200 µs (Figure 1d). Thus, since
conversion to the trans form occurs almost immediately after turning the light off, we per-
formed all biological experiments under continuous illumination. Overall, our absorption
spectroscopy studies showed that azodopa undergoes trans-to-cis photoisomerization upon
illumination with UV and violet light and it spontaneously reverts to its full trans isomer
in a fraction of a millisecond once the light is switched off. Other mechanisms, such as
excited-state intramolecular proton transfer, could also play a role. In any case, azodopa
should allow fast regulation of DAR activity using a single illumination source to induce
trans-to-cis isomerization.

2.3. In Vitro Pharmacology

We next tested the effects of azodopa on D1-like receptors, for which freely diffusible
photoswitchable agonists have not been reported. First, we evaluated the binding affinity
of azodopa in mammalian D1-like and D2-like receptors using competitive radioligand
binding experiments performed either in the dark or under illumination at 365 nm (see SM
for details) [43,44]. Azodopa displayed a good capacity to bind to D1-like and D2-like recep-
tors, with higher affinity in the trans configuration in both cases. In particular, for D1-like
receptors, we calculated an almost fourfold decrease in affinity at 365 nm (Kd

dark = 600 nM,
Kd

365 nm = 2200 nM) (supplementary Figure S8 and Table S1). Since the activation of D1-like
receptors promotes cyclic adenosine monophosphate (cAMP) formation and phosphoryla-
tion by ERK1/2, we also investigated the ability of azodopa to behave as a D1-like agonist
by studying cAMP accumulation (Figure 2a) and ERK1/2 phosphorylation (Figure 2b) in
cells overexpressing human D1 receptors, both in the dark and under continuous illumi-
nation at 365 nm (to compare the “full trans” vs. the “cis-enriched” form, respectively).
Intracellular cAMP accumulation was measured in HEK-293T cells transiently transfected
with D1 receptors in a time-resolved fluorescence resonance energy transfer (TR-FRET)
assay. We found that azodopa induced cAMP accumulation in a dose- and light-dependent
manner (Figure 2a). In particular, we observed substantial differences between the two
forms at 5 µM and 10 µM, with the trans form being significantly more effective at inducing
cAMP production than the cis-enriched form at the same concentrations. When cells were
co-treated with the D1-like antagonist SKF83566 (300 nM), the effect of azodopa was largely
reduced or even disappeared, indicating that azodopa activates D1 receptors. In cAMP
assays performed in non-transfected HEK-293T cells used as negative control, azodopa
(10 µM), dopamine (1 µM), and SKF38393 (300 nM) did not produce any effect (Figure S9).
ERK1/2 phosphorylation was measured in HEK-293T cells transiently transfected with
D1 by Western blot analysis using phospho-ERK1/2 antibody. The application of azodopa
(10 µM) promoted ERK1/2 phosphorylation to an extent that was significantly different
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between the two conditions (dark vs. light). The full trans form displayed an efficacy
3.6-fold greater than the cis-enriched form (Figure 2b), in agreement with the observations
in cAMP accumulation assays. Again, co-treatment of the cells with SKF83566 abolished
azodopa responses, showing that the effects observed were mediated by D1. Although we
did not thoroughly characterize the pharmacological activity profile, azodopa displayed
D1-mediated photoactivity (blocked by SKF83566) also in zebrafish (see later).

μ

 

ANOVA followed by Tukey’s post

way ANOVA followed by Tukey’s post
–

“ ”

Figure 2. In vitro pharmacological characterization of azodopa. (a) Effect on D1-mediated adeny-
lyl cyclase activation. cAMP accumulation experiments in HEK-293T cells transiently transfected
with D1 and treated with different concentrations of azodopa, in the dark (black bars) or under
illumination (purple bars), in the presence (gray area) or not (white area) of a D1-like receptor
antagonist (SKF83566). Values are represented in percentage vs. basal levels of cAMP. Data are
mean ± S.E.M. (6 experiments performed in quadruplicate). Statistical differences were analyzed
by two-way ANOVA followed by Tukey’s post hoc test (*** p < 0.001 vs. basal; * p < 0.05 vs. basal;
ˆˆˆ p < 0.001 vs. dark; ˆˆ p < 0.01 vs. dark; $$$ p < 0.001 vs. controls non-pretreated with the antagonist).
(b) Effect on D1-mediated ERK1/2 activation. ERK1/2 phosphorylation was determined in HEK-293T
cells transiently transfected with D1 and treated with different concentrations of azodopa, in the dark
(black bars) or under illumination (purple bars), in the presence (gray area) or not (white area) of
a D1-like antagonist (SKF83566). Values are represented in percentage vs. basal levels of ERK1/2
phosphorylation. Data are mean ± S.E.M. (3 or 4 experiments performed in triplicate or quadrupli-
cate). Statistical differences were analyzed by two-way ANOVA followed by Tukey’s post hoc test
(*** p < 0.001 vs. basal; ˆˆ p < 0.01 vs. dark; $ p < 0.05 vs. controls non-pretreated with the antagonist).
(c–e) Effect on D1-mediated intracellular calcium release compared to dopamine. (c) Real-time cal-
cium imaging response (averaged traces, black line, n = 24 cells) in HEK-293T cells co-expressing
D1 receptors and R-GECO1 as calcium indicator. Traces were recorded upon direct application of
azodopa (50 µM, orange bars) in the dark (white area) and under illumination (purple area). Shadow
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represents “± S.E.M.”. Gray and green bars indicate the application of vehicle (control) and dopamine
(reference agonist), respectively. Light blue bars indicate wash-out periods. See example frames and
raw data traces of individual cells in supplementary Figure S10, and supplementary Video S1 for the
entire movie. Two values of the calcium responses generated by azodopa were calculated (Origin
8 software) and compared: the peak amplitude ∆F/F0 (d), calculated as the difference between
the maximal and the minimal intensity of each response (**** p < 0.0001 for vehicle vs. dopamine;
**** p < 0.0001 for vehicle vs. azodopa/dark; **** p < 0.0001 for azodopa/365 nm vs. azodopa/dark;
** p = 0.035 for dopamine vs. azodopa/365 nm), and the area under the curve (AUC) (e), calcu-
lated as the integral over the entire application time of vehicle or drugs (**** p < 0.0001 vehicle vs.
dopamine; **** p < 0.0001 for vehicle vs. azodopa/dark; **** p < 0.0001 for dopamine vs. azodopa
dark; **** p < 0.0001 for azodopa/365 nm vs. azodopa/dark; *** p = 0.001 for vehicle vs. dopamine;
** p = 0.0025 for dopamine vs. azodopa/365 nm). Data are mean ± S.E.M. (n = 40 cells from
3 independent experiments). Data were normalized over the maximum response obtained with the
saturating concentration of dopamine (50 µM) and were analyzed by one-way ANOVA followed
by Tukey’s post hoc test for statistical significance. All statistical analyses (panels (a,b,d,e)) were
performed with GraphPad Prism 6.

It is known that D1 receptors are also linked to other second messenger systems. These
include receptor-mediated activation of phospholipase C (Gq coupling) to generate inositol
1,4,5-trisphosphate (IP3) which participates in phosphoinositide turnover and calcium-
regulated signaling pathways in the brain [45]. IP3 receptors are mainly located in the
endoplasmic reticular membrane where IP3 can mobilize Ca2+ from intracellular stores [45].
Thus, as a complementary method to characterize azodopa in vitro, we performed Ca2+-
imaging experiments in HEK-293T cells co-expressing D1 receptors and R-GECO1 as
calcium indicator, and used dopamine as a control (Figure 2c–e, supplementary Figures
S10 and S11, supplementary Video S1). Azodopa (50 µM) was applied to the cells both in
the dark and under illumination with UV light. Dopamine (50 µM) was tested as reference
agonist. Robust increases of intracellular calcium were observed by the application of
azodopa in the dark (pure trans isomer), whereas only weak increases were recorded
when azodopa was applied under illumination (Figure 2c and Figure S10). Calcium
responses were quantified and compared by peak amplitude and area under the curve
(AUC). The analysis of these parameters showed that trans-azodopa stimulates the release
of intracellular calcium (similar to dopamine) and this effect is abolished under illumination.
In this experiment, trans-azodopa displayed significantly higher efficacy than dopamine
(Figure 2d,e). No responses were observed in control experiments in HEK cells (n = 25)
not expressing D1, thus confirming that the calcium oscillations were elicited by a specific
interaction at this receptor (Figure S11). Moreover, we verified that trans-azodopa fully
recovers its efficacy after long (60 min) exposure to 365 nm light, demonstrating that its
effects are reversibly photodependent and are not due to an irreversible photodegradation
of the molecule (Figures S20 and S21). Our results in calcium imaging experiments suggest
that trans-azodopa activates the Gq/phospholipase C pathway, in addition to the canonical
Gs/adenylyl cyclase pathway already investigated. Such intriguing behavior has been
described also for other dopamine agonists [45].

Taken as a whole, the results from our in vitro experiments illustrated in Figure 2
show that trans-azodopa is a full agonist at D1-like receptors and that its effects can be
partially or completely switched off with light. The reduction of azodopa efficacy under
illumination can be attributed to the photoisomerization process which decreases the
partial concentration of the trans isomer at the target receptor and/or disrupts the ligand
interaction(s) at the binding pocket.

2.4. Behavioral Effects in Zebrafish Larvae

The promising photopharmacological profile of azodopa prompted to use it in vivo to
modulate dopaminergic neurotransmission. For that purpose, we designed a behavioral
assay to record and quantify the locomotor activity of living animals as a function of drug
concentration and illumination. It is known that dopamine plays a pivotal role in motor
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control in humans, as it activates striatal direct pathway neurons that directly project to
the output nuclei of the basal ganglia through D1 receptors, whereas it inhibits striatal
indirect pathway neurons that project to the external pallidum through D2 receptors [46].
We chose zebrafish larvae (Danio rerio) as animal model for our experiments because of their
transparency, which facilitates the delivery of light, and their morphological, genetic, and
behavioral similarity to higher vertebrates [10,47–52]. Indeed, a functional nervous system
is established after only 4–5 days of embryonic development in zebrafish, enabling them
to perform complex behaviors such as swimming and exploratory activity. In particular,
the major dopaminergic pathways in mammals are also represented in the zebrafish brain,
and homologous receptors for most of the mammalian subtypes have been identified in
these animals. Humans and zebrafish share 100% of the amino acids in the binding site
for D1 and D3 receptors, and 85–95% for D2 and D4 receptors, and generally similar effects
are observed for dopaminergic ligands in zebrafish and in mammals [51]. As a rule of
thumb, dopamine receptor agonists increase the locomotor activity, whereas antagonists
decrease it [53]. However, disentangling the action of drugs on the multiple components of
dopaminergic transmission (including different brain regions [2], the regulation of retinal
function [3], and of circadian rhythms [4]) constitutes an unmet need of pharmacology and
medicine. Therefore, we set to test azodopa in vivo and to take advantage of photocontrol-
ling dopaminergic responses.

Zebrafish larval movements were tracked using a ZebraBox device for automated
behavioral recording. Zebrafish larvae at 6 days post-fertilization (6 dpf) were randomly
divided into control (vehicle) and treatment groups (with azodopa added to water). Each
individual was placed in a separate well of a 96-well plate. Our setup allowed exposing
the animal to controlled cycles of dark and 365 nm UV illumination, using the following
protocol: dark (20 min, for adaptation), UV light (30 s), dark (20 min), and then four cycles of
UV light (30 s) and dark (5 min) (see SM for details and supplementary Video S2). In order
to identify alterations in behavior, we measured multiple properties of locomotor activity to
determine the activity level [54]. In particular, we focused on fast movements and measured
swimming distances and duration of fast swimming, defined as speed ≥6 mm·s−1.

We first studied a wide concentration range (spanning from 1 nM to 1 mM azodopa)
to determine if behavioral effects could be observed without signs of acute toxicity. No
significant differences in locomotor activity were observed between the control group
and the treatment groups up to a concentration of 10 µM, neither in the dark nor upon
illumination (Figure S12). A strong increase in swimming activity was recorded at 1 mM,
but the effect ceased after 30 min, possibly because the fish were exhausted. We observed the
most interesting alterations of the behavioral profile at 100 µM (Figures 3a–d and S12). The
changes in the swimming activity over time for this group and the control group are plotted
in Figure 3a (full experiment represented in Figure S12; see also Video S2). We detected
a progressive increase in activity for 30–40 min and relatively small photoresponses (e.g., at
20 min in Figure 3a) which is often due to the slow uptake of the drug in the fish [14]. After
this period, animals treated with 100 µM azodopa displayed a high swimming activity
in the dark that was sustained for the whole duration of the experiment, and that was
abolished during each period of UV illumination (30 s bouts between minute 40 and 60 in
Figure 3a). These results agree with the intracellular signaling photoresponses observed
in vitro and confirm a trans-on/cis-off dopamine agonist profile. An averaged time course
(between 40–41.5 min, integrated every 5 s) of the swimming activity is magnified in
Figure 3b. Representative trajectories of individual fish in wells containing the vehicle or
100 µM azodopa in the dark (40–40.5 min) and under illumination (40.5–41 min) are shown
in Figure 3c, where green and red lines indicate slow (<6 mm·s−1) and fast (≥6 mm·s−1)
swimming periods, respectively (see Figure S13 for the entire plate and SM for experimental
details and analysis). Figure 3d shows the quantification and statistical analysis of the
total distances swum by the control group and the treatment group (100 µM azodopa)
during the last four cycles, namely, once the maximum effect of the drug was reached and
maintained (30 s pre-illumination, 30 s illumination, and 30 s post-illumination periods).
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Fish treated with azodopa covered a distance three times longer than the control group
during the same dark periods, and this effect was blocked under illumination. Interestingly,
we also noticed a reduction in swimming activity during the first 30 s of dark after each
illumination pulse in the treatment group, likely because the fish needed some time to
recover the maximum level of activity. The differences between the total distances swum
by the treatment group during the 30 s periods of dark (pre- or post-illumination) and the
30 s periods of illumination were also statistically significant (Figure 3d).
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Figure 3. Behavioral effects of azodopa in zebrafish. (a–e) Experiments with normal zebrafish.
(a) Swimming activity (distance/time) in larvae exposed to vehicle (control, gray line) or 100 µM
azodopa (treatment, orange line) in the dark (white areas) or under illumination with 365 nm light
(purple bars). Data are mean ± S.E.M. (n = 11–12 individuals/group). (b) Representative time frame
(40–41.5 min) of the swimming activity integrated every 5 s, showing how the effect of azodopa can
be completely shut down upon illumination. The spike of activity observed for the control group
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upon illumination represents the startle response to the light stimulus. (c) Exemplary trajectories of
individual larvae in one well containing the vehicle and two wells containing 100 µM azodopa in
the dark (40–40.5 min) and under illumination (40.5–41 min). Green lines and red lines indicate slow
and fast swimming periods, respectively. The remarkable and light-dependent difference in behavior
between untreated and azodopa-treated fish can be appreciated by observing these trajectories and the
supplementary Video S2. (d) Quantification of the total distances swum by the control group (vehicle)
and the treatment group (100 µM azodopa) during 4 consecutive cycles of illumination (30 s) and
dark (30 s before and after illumination). Data are mean ± S.E.M. (n = 11–12 individuals/group) and
were analyzed by two-way ANOVA followed by Tukey’s post hoc test (**** p < 0.0001; ** p = 0.0037).
(e) Dose–response study of azodopa (white area) and effect of a co-administered D1-like antagonist
(gray box). Different groups of larvae were exposed to increasing concentrations of azodopa. For
quantification, the average distance swum by each group during the last 4 consecutive dark–light
cycles (30 s integration) was considered. The graph shows that trans-azodopa (black bars) increases
the fish locomotor activity in a dose-dependent manner, but its effects are abolished by the co-
administration of a potent and selective D1-like antagonist (SKF83566, 50 µM). Data are mean ± S.E.M.
(n = 12 individuals/group) and were analyzed by two-way ANOVA followed by Sidak’s post hoc
test (**** p < 0.0001; ** p = 0.0063). (f,g) Experiments with blinded zebrafish. (f) Swimming activity
(distance/time) in larvae exposed to vehicle (control, gray line) or 100 µM azodopa (treatment,
orange line) in the dark (white areas) or under illumination with 365 nm light (purple bars). Data
are mean ± S.E.M. (n = 12 individuals/group). (g) Quantification of the total distances swum
by the control group (vehicle) and the treatment group (100 µM azodopa) during 4 consecutive
cycles of illumination (30 s) and dark (30 s before and after illumination). Data are mean ± S.E.M.
(n = 12 individuals/group) and were analyzed by two-way ANOVA followed by Tukey’s post hoc
test (**** p < 0.0001; * p = 0.0232). All statistical analyses (panels (d,e,g)) were performed with
GraphPad Prism 6.

Next, we sought to verify whether the effect of azodopa on zebrafish locomotor activity
is dose-dependent by testing a range of concentrations around 100 µM. For our analysis,
we averaged the distance swum by each group during the last four consecutive dark–light
cycles (30 s integration). We observed that azodopa increased the swimming activity in the
dark in a dose-dependent manner, while the effect under 365 nm illumination was smaller
at all concentrations and yielded a weak dose dependence (Figure 3e; see also Figure S14
for a representation of the activity profile at all concentrations). Moreover, we observed that
co-application of the D1-like antagonist SKF83566 (50 µM) abolished the behavioral effects
produced by azodopa at 100 µM in the dark, and restored zebrafish activity to control levels
(Figures 3e and S15). These experiments allow to exclude the participation of adrenergic
receptors in the photoresponses in vivo [14], and support the hypothesis that they are
mediated by D1-like rather than D2-like receptors (SKF83566 is thousand-fold more potent
in the formers). However, they cannot rule out the involvement of 5-HT2 receptors, as the
antagonist binds them with only 20-fold weaker potency.

To distinguish between the contribution of visual responses to (1) the changes in
fish locomotion and (2) the dopaminergic modulation with azodopa, we repeated the
experiments with blinded zebrafish larvae. The zebrafish retina contains four different cone
photoreceptor subtypes (UV, S, M, L), each one defined by the expression of specific opsins
that confer a particular wavelength-sensitivity. UV cones express SWS1, an opsin with peak
sensitivity in the UV range (λmax = 354 nm) [55]; therefore, the removal of functional UV
cones can be used to suppress UV-dependent behaviors [56]. Blinded zebrafish larvae were
obtained via a noninvasive blinding technique that induces photoreceptor apoptosis while
preserving the rest of the retina (see SM for details) [57]. They were remarkably inactive
and unresponsive to illumination (Figure 3f,g). The activity profile of azodopa-treated
blinded zebrafish was qualitatively similar to the one observed with azodopa-treated
normal zebrafish (Figure 3a,f respectively). Azodopa (100 µM) produced a remarkable
increase of the swimming activity of blind larvae for the entire experiment during the
dark periods, and this effect was abolished upon illumination. Quantification of the total
distances swum by the control group and the treatment group (100 µM azodopa) during the
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last four dark/light cycles confirmed our observations: the locomotion of blinded animals
could be significantly photoswitched with azodopa. The overall decrease in swimming
activity of blinded zebrafish (Figure 3f,g) compared to normal zebrafish (Figure 3a–e) is due
to the induced blindness, which reduces their exploratory tendencies. This phenomenon
is more pronounced in the control-blinded group, which is almost immobile, and makes
the effect of azodopa on locomotion appear even stronger: azodopa-treated blinded larvae
covered a total distance 16 times longer (during pre-illumination periods) and 6 times longer
(during post-illumination periods) than the one swum by control animals (Figure 3g).

The fact that azodopa can elicit behavioral photoresponses in blinded zebrafish and
that they have similar magnitude to those in normal fish show that retinal photoreceptors
are not directly involved in the observed change in locomotion upon illumination. Instead,
photoresponses must be attributed to other dopaminergic circuits in the CNS (present both
in blinded and normal larvae) that are effectively placed under the control of light with
azodopa. Interestingly, the time course of photoresponses does display differences between
blinded and normal larvae, and these must be ascribed to the presence of visual inputs in
normal animals. The most outstanding one is the recovery of locomotion after turning off
UV light in the presence of azodopa, which is significantly faster in normal zebrafish larvae
than in blinded ones (see four cycles in Figure 3a,f, and quantification in supplementary
Figure S16). Thus, azodopa enables time-resolved behavioral experiments that contain
unique information about the dopaminergic modulation of retinal function [3], and that
will be further investigated with spatially-resolved neuronal activity maps.

Overall, behavioral responses in zebrafish larvae agree with our previous findings
in vitro and confirm that azodopa is a reversible photoswitchable dopaminergic agonist
displaying dose-dependent locomotor effects. In addition, we demonstrated that zebrafish
larvae, previously exposed to azodopa and dark–light cycles, recovered normal swimming
behavior after washout (see supplementary Figure S22 and SM), and were still alive about
48 h after the experiment. The robust photocontrol of behavior and the apparent absence of
acute toxicity encouraged us to test the potential of azodopa in a mammalian model.

2.5. Electrophysiological Recordings in Anesthetized Mice

We studied whether azodopa modulates neural activity in the cortex of mice. For such
experiments, we developed a custom setup that combined in vivo electrophysiological
recordings and the possibility to illuminate with 365 nm LEDs. The Open Ephys data acqui-
sition system was used to record neural activity via an octrode (four two-wire stereotrode
array) inserted in the superficial layers of the secondary motor cortex (M2) with a large
craniotomy that allowed exposure of cortical tissue (Figure 4a).

We first investigated the effects of azodopa in the absence of light in two mice anes-
thetized with isoflurane (Mouse 1 and Mouse 2, Figure 4b–e). In each animal, we recorded
spiking activity of individual neurons (single unit activity, SUA) and local field potentials
(LFPs) in M2 before and after the administration of trans-azodopa. We quantified mean
firing rates (spikes per second) and LFP power from 1 to 10 Hz. Transient oscillatory signals
observed in LFPs reflect the summed synchronized activity of neural networks and are also
called neural oscillations. Neural oscillations between 1 and 10 Hz have been associated
with cognitive processing during alertness and slow waves during slow wave sleep and
anesthesia (i.e., UP and DOWN states). The experiments started after cortical activity
was stable for at least 10 min. Then, we recorded baseline neural activity for 10 more
minutes. During this period, slow fluctuations of neural activity were observed both at the
single-neuron and LFP levels that were associated with UP and DOWN states typically
observed during anesthesia (Figure 4b). Later, 10 µl of trans-azodopa at 3 µM concentration
were administered manually on the surface of the cortex with a standard pipette. Azodopa
increased neural activity few seconds after its administration. The effects were transient
in many neurons and the general activity remained elevated for at least 5 min (Figure 4c).
There was a boost in the firing rate of individual neurons that no longer followed the UP
and DOWN cycles. In addition, more neurons could be identified after trans-azodopa
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administration (21 neurons during baseline and 33 neurons after azodopa in mouse 1;
see also supplementary Figure S17). In fact, in mouse 2, we isolated 23 neurons during
baseline and only 10 neurons after trans-azodopa because spiking activity was so elevated
that spikes from different neurons co-occurred altering the shape of the waveforms and
thus prevented their classification. Corresponding with the increased spiking activity of
neurons, the power of oscillatory activities augmented, although moderately compared to
changes in firing rate (Figure 4c, bottom panel). Statistical analyses confirmed significant
increases of firing rate and 1–10 Hz power when combining the two animals (Figure 4d,e).
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Figure 4. Effect of cortical administration of trans-azodopa on electrophysiological recordings

in anesthetized mice. (a) Animals were anesthetized with isoflurane and placed in a stereotaxic
apparatus. A craniotomy was drilled above the secondary motor cortex (M2) and an octrode was
inserted in the superficial layers. Analogic signals were bandpass filtered and digitized by a pream-
plifier, amplified by an Open Ephys data acquisition system (green arrow), and finally visualized and
recorded in a PC (blue arrow). Neural activity was recorded during baseline conditions and after
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administration of trans-azodopa on the cortical surface (3 µM concentration in 10 µL volume). See
the Supplementary Materials for further details of the setup and supplementary Figures S17–S19
for the effect of illumination on azodopa. (b) Neural activity during baseline conditions in Mouse
1. Raster plot of spiking activity in the cortex of one mouse for 10 min. Each row depicts the
spiking activity of a single neuron (unit), each tick representing an action potential. We used arrays
of 8 electrodes (octrodes) in each animal, from which several units could be recorded. Neurons
are labeled by their electrode number (E1 to E8). Firing rates were stable and followed the UP
and DOWN slow fluctuations typical of anesthesia. The quantification of firing rates and average
time–frequency spectrogram of the power of neural oscillations (n = 8 electrodes) are shown below.
(c) Neural activity after the administration of 3 µM trans-azodopa in Mouse 1 (zero indicates the time
of administration). Azodopa boosted the firing rate of neurons and increased the power of neural
oscillations. (d) Azodopa increased spiking activity of cortical neurons. Mean firing rate of neurons
before and after the administration of trans-azodopa. Data are mean ± S.E.M. (n = 44 neurons during
baseline vs. 43 neurons after azodopa in two mice) and were analyzed with an unpaired T-test
(*** p = 0.0002). (e) Azodopa increased the power (1–10 Hz) of neural oscillations in the two animals.
Due to the large differences in the baseline power of the two mice, we normalized the power to its
baseline for visualization purposes only. Data are mean ± S.E.M. (n = 16 channels per condition from
two mice) and were analyzed with a paired T-test (** p = 0.0011).

We next investigated the effects of azodopa under 365 nm illumination in two more
mice anesthetized with isoflurane (Mouse 3 and Mouse 4, supplementary Figures S17–S19).
In each mouse, we first injected 0.5 mL of saline and later 0.5 mL 3 µM azodopa in
consecutive experiments. Solutions were administered with an infusion pump over the
course of one minute to avoid environmental noise and to allow electrophysiological
recordings during the administration. Moreover, drug administration was conducted
under illumination so that azodopa penetrated cortical tissue in an inactive form. Then, we
illuminated the motor cortex with five consecutive cycles of one minute of darkness (OFF)
and one minute of light (ON) (supplementary Figure S17). Here, we focused on differential
spiking activity during light and dark cycles because azodopa displayed a stronger effect
than on the power of neural oscillations in the previous experiments (Figure 4).

After the injection of saline, the mean firing rate of neurons remained similar to base-
line levels, and neural activity slightly increased during the light cycles compared to the
dark cycles (supplementary Figure S17). In the presence of azodopa, neural activity in-
creased as in direct application experiments (Figure 4) and some neurons showed rapid and
reversible changes in their firing patterns during the ON and OFF light cycles. Interestingly,
some of these neurons decreased their spiking activity during the light periods (DARK-ON)
and others increased it (LIGHT-ON; supplementary Figures S18 and S19). Although these
heterogeneous effects of light cancelled each other out in the global average (supplementary
Figure S17c), manual pooling of single unit recordings yielded significant differences in neu-
ral activity between dark and light conditions (supplementary Figure S19). Since dopamine
receptors are expressed both in excitatory and inhibitory neurons of the frontal cortex, we
hypothesize that DARK-ON neurons may correspond to those expressing D1-like receptors,
which decrease their firing rates when azodopa is deactivated by light, and LIGHT-ON
neurons may be cells affected indirectly by network effects driven by DARK-ON neurons.

Overall, our first in vivo studies in anesthetized mice indicate that trans-azodopa
exerts excitatory actions on brain cortical microcircuits, as reflected by the increased spiking
and oscillatory activities. The effects of azodopa were transient; the firing rate of many
neurons was increased for few minutes, while in others the elevated firing lasted more
than 10 min. This could be due to the diffusion (and therefore dilution) of azodopa within
cortical tissue over time, and possibly to its metabolic washout and reuptake by synaptic
terminals [58]. The increase of cortical activity by trans-azodopa is consistent with our
results from functional studies in cell cultures and suggests that trans-azodopa may also act
as a dopamine agonist in the mouse brain [59]. The general excitatory action of azodopa
was modulated by UV light in individual neurons, some of which revealed a decrease
in spiking activity while others increased it. These heterogeneous responses to D1-like
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receptor activation in wild-type animals bear physiological relevance and are currently
being studied.

3. Discussion

Understanding the dopaminergic system dynamics is a central question in neurobiol-
ogy and neuropharmacology. In fact, DARs are involved in the modulation of fundamental
physiological functions such as voluntary movement, motivation, cognition, emotion,
reward, and neuroendocrine secretion, among others, and a dysregulation of the dopamin-
ergic transmission is unavoidably associated with major psychiatric and neurological
disorders. However, the available techniques to dissect neuronal circuits and their role in
pathological conditions have several shortcomings. Electrical stimulation lacks cellular
specificity and conventional pharmacological manipulation lacks temporal and spatial
resolution [60]. Optogenetic tools allow the modulation of specific neural circuit elements
with millisecond precision, but are limited by non-uniform expression of the optogenetic
actuators and generation of non-physiological patterns of activity throughout the targeted
population of neurons. Here, we introduce a novel photopharmacological agonist that
enables reversible spatiotemporal control of intact dopaminergic pathways in vivo. We
show that azodopa triggers DAR-mediated cAMP accumulation and ERK1/2 phosphoryla-
tion as well as phospholipase C activation in its trans configuration, and its efficacy can be
reduced or switched off under illumination. Accordingly, azodopa allows the reversible
photocontrol of zebrafish motility on a timescale of seconds, increasing the swimming
activity exclusively in the trans active state. Azodopa can be bath-applied, does not require
microinjection or genetic manipulation, and is compatible with high-throughput behavioral
screening in wild-type or transgenic fish, and with other treatments including pharma-
cological ones. For example, the inactivity of blinded larvae under control conditions
can be risen to levels comparable to normal (untreated) animals by adding trans-azodopa
in the water without illumination. In addition, locomotion is reduced to control levels
upon photoisomerization to the cis form, which suggests that azodopa might be used to
interfere with extracellular dopamine/melatonin cycles in the retina involved in circadian
rhythms [3]. Furthermore, the intriguing observation that DAR activation by azodopa
cis-trans isomerization (dark relaxation) produces faster behavioral responses in normal fish
than in blinded ones offers new opportunities to interrogate the dopaminergic modulation
of retinal circuits with spatiotemporal, pharmacological, and cell-type specificity [61]. Our
results thus complement recently reported genetic–photopharmacological agonists [15]
and photopharmacological antagonists [25], and open the way to dissect dopaminergic
neurotransmission in intact animals. Characterizing in detail the pharmacological profile
and safety of azodopa was not the aim of this work, but experiments with zebrafish in the
presence of a selective antagonist suggested that D1-like receptors are the main mediators
of the photocontrolled behavior.

trans-Azodopa also exerts excitatory actions on brain cortical microcircuits at firing
rates and frequency bands relevant for behavior in mice [62]. In agreement with our in vitro
studies, azodopa induced a general increase in neural excitability, although the time course
and light dependence of the responses was heterogeneous in individual neurons. We
identified cortical neurons with light-ON and dark-ON patterns, which is expected when
administering in the intact brain an agonist of dopamine receptors that are expressed both
in excitatory and inhibitory neurons. These responses must be characterized further, but
it must be noted that isoflurane anesthesia produces profound inhibitory effects on brain
activity. The activity of neural networks may be more difficult to modulate under anesthesia
than during alertness, which prompts to evaluate the effects of azodopa under light/dark
regimes in awake mice.

From a photochromic point of view, azodopa displays a short half-life of thermal relax-
ation, which is useful in neurobiology since a single wavelength of light allows to rapidly
toggle the photoswitch between its two isomers. However, azodopa requires UV light for
deactivation, which is normally undesired in photopharmacology because of poor tissue
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penetration and potential phototoxicity. Moreover, azodopa is active in the most thermody-
namically stable configuration (trans). Although there are clinical conditions that might
take advantage of a dark-active drug that can be deactivated on demand (e.g., to reduce
levodopa-induced dyskinesia in Parkinson’s disease) [63], light-activatable compounds
are generally preferred for research and therapeutic purposes. Hence, new dopaminergic
photoswitches must be developed that are active in the less thermodynamically stable
configuration [64] and photoisomerize with visible [65] or infrared light [66,67] in order to
unleash their full potential as photopharmacological tools.

In summary, azodopa is a photochromic activator of endogenous dopamine receptors
that does not require genetic manipulation, and is the first photoswitchable dopaminergic
agonist with demonstrated efficacy in vivo in intact wild-type animals, including mammals.
This ligand allows analyzing the different components of the dopaminergic circuitry and is
a breakthrough in developing new photoswitchable drugs potentially useful to manage
neurological conditions, including movement disorders and addiction.
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Abstract: The optical control and investigation of neuronal activity can be achieved and carried
out with photoswitchable ligands. Such compounds are designed in a modular fashion, combining
a known ligand of the target protein and a photochromic group, as well as an additional electrophilic
group for tethered ligands. Such a design strategy can be optimized by including structural data.
In addition to experimental structures, computational methods (such as homology modeling, molecu-
lar docking, molecular dynamics and enhanced sampling techniques) can provide structural insights
to guide photoswitch design and to understand the observed light-regulated effects. This review
discusses the application of such structure-based computational methods to photoswitchable ligands
targeting voltage- and ligand-gated ion channels. Structural mapping may help identify residues near
the ligand binding pocket amenable for mutagenesis and covalent attachment. Modeling of the target
protein in a complex with the photoswitchable ligand can shed light on the different activities of
the two photoswitch isomers and the effect of site-directed mutations on photoswitch binding, as
well as ion channel subtype selectivity. The examples presented here show how the integration of
computational modeling with experimental data can greatly facilitate photoswitchable ligand design
and optimization. Recent advances in structural biology, both experimental and computational,
are expected to further strengthen this rational photopharmacology approach.

Keywords: photopharmacology; photoswitchable ligands; ion channels; voltage-gated ion chan-
nels; ligand-gated ion channels; homology modeling; molecular docking; molecular dynamics;
enhanced sampling

1. Introduction

Photopharmacology (also known as optopharmacology) is a discipline that aims at
regulating the activities of biological systems with light. Light-controlled modulation
can be accomplished with photoswitchable compounds [1–4]. Such molecules contain
a bioactive ligand coupled to a photochromic group that, upon irradiation, causes bond
isomerization or formation. For instance, the most commonly used photochromic group,
azobenzene [5], isomerizes between trans and cis configurations (Figure 1a). This results
in changes in both length and dipole moment that can affect the shape and chemical
complementarity of the photoswitchable ligand with the protein binding pocket. When
the two forms of the photoswitchable ligand have different binding preferences and/or
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differentially regulate protein function, optical control is achieved. Thereby, irradiation
with light of the appropriate wavelength can turn protein activity on or off with high
temporal and spatial resolutions.

Figure 1. Chemical toolbox for the design of photoswitchable ligands. (a) Chemical structure of
azobenzene, the most commonly used photochromic group, showing its trans-cis photoisomerization.
(b) Modular design of photoswitchable ligands, either soluble photochromic ligands (PCLs) or
photochromic tethered ligands (PTLs). (c) Covalent bond formation between the typical tethering
protein residue, cysteine (shown here by its sidechain thiol group) and a common electrophile group
included in PTLs, maleimide (colored in green); the rest of the PTLs are represented as a substituent R.

Photoswitchable ligands have been widely applied to the field of ion channels, be-
cause the picosecond timescale of the photochromic group transition upon irradiation is
faster than the timescale of ion flow across the neuronal membrane. Among other applica-
tions, photopharmacology has been used to study ion channel properties and kinetics, the
regulation of neuronal circuits and the control of animal responses, such as heartbeat, pain,
vision and behavior [4]. Two main types of photoswitches have been used: freely diffusible
photochromic ligands (PCLs) and photoswitchable tethered ligands (PTLs). Their design
is modular (Figure 1b), containing a ligand known to regulate protein function (bioactive
group) connected to a photochromic group (e.g., azobenzene). In the case of PTLs, they
additionally contain an electrophilic group that binds covalently to an amino acid with nu-
cleophilic properties near the binding site (typically cysteine; see Figure 1c). Although this
nucleophilic residue can be naturally present in the target protein, in most cases the reac-
tive cysteine is introduced by site-directed mutagenesis (i.e., optochemical genetics [6]).
In addition to PCLs and PTLs, photopharmacological applications to ion channels can also
employ photocaged ligands, which contain a protecting group (i.e., the cage) that is cleaved
upon light irradiation, resulting in a rapid release of the bioactive molecule (e.g., the neuro-
transmitter). However, their design has been extensively reviewed in references [4,7–10]
and thus will not be considered here.

The first ion channel to be photomodulated was the nicotinic acetylcholine receptor
(nAchR). Both PCLs and PTLs were developed [11,12], consisting of a known nAchR ligand
linked to a photoswitchable azobenzene group and, for PTLs, also coupled to a benzylic
bromide (i.e., the electrophile for Cys tethering). In the trans form, the photoswitchable
ligand was able to modify the receptor activity, whereas isomerization to cis upon UV light
irradiation turned off the modulatory effect of the photoswitch. Although at the time molec-
ular biology techniques were still in their infancy, two fortunate coincidences contributed
to this first success story. On the one hand, nAChR is highly expressed in the electroplaques
of electric eels. On the other, even without sequence knowledge, it was known that treat-
ment with a disulfide reducing agent generated a free cysteine residue that allowed the
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covalent conjugation of tethered ligands [13]. Despite this remarkable achievement, it was
still unexplained why some of the PTLs, designed based on nAChR agonists, acted instead
as light-modulated antagonists [11], i.e., why the addition of the azobenzene group was
changing the ligand pharmacological properties. More than thirty years later, experimen-
tal determination of the first crystal structures of the snail acetylcholine binding protein
(AchBP, the soluble counterpart of the ligand binding extracellular domain of nAChR) gave
a hint of the molecular basis of this change in activity (Figure 2a). The degree of closure
of the so-called loop C over the binding site is correlated with the agonist (closed loop)
or antagonist (open loop) activity of the cholinergic ligands [14–17]. This demonstrates
that, although a photoswitchable ligand design can be successfully achieved with only
ligand structure–activity relationship data, structural knowledge of the target receptor or
ion channel can greatly facilitate such a task [2].

Figure 2. Crystallographic structures used for rational structure-based design of photoswitchable
ligands (a,b) or its validation (c). (a) Structure of the acetylcholine binding protein (AchBP) bound to
carbamylcholine (CarCh), PDB code 1UV6 [15]. (b) Structure of the KcsA potassium channel with
the pore blocker tetrabutylammonium (TBA) bound in the intracellular site below the selectivity
filter, PDB code 2BOB [18]. (c) Structure of the ligand binding domain (LBD) of the kainate receptor
GluK2 in complex with 4-glutamyl-azobenzene (4-GluAzo), PDB code 4H8I [19]. For the sake of
clarity, only one or two subunits of the oligomeric proteins are shown in cartoon representation and
colored either in gray or apricot. Ligands are displayed in space-filling representation, with C, O and
N atoms colored in green, red and blue, respectively. The position of the cysteine residue serving as
covalent attachment point for the PTL is highlighted with a yellow circle.

The next generation of photoswitchable ligands was developed in the early 2000s
thanks to the resolution of the crystal structures of a voltage-gated potassium channel and
an ionotropic glutamate receptor. Based on the KcsA crystal structure solved in the pres-
ence of tetraethylammonium (TEA)-like pore blockers (Figure 2b) [18,20], light-control
blockage of the homologous Shaker potassium channel [21,22] was achieved. A Cys mu-
tation was introduced near the extracellular TEA binding site (E422C mutant) and a PTL
was synthetized consisting of a Cys-reactive maleimide group, an azobenzene photoswitch
and quaternary ammonium (MAQ). Trans-MAQ extends from the tethering site to reach
the ammonium binding site in the pore, whereas cis-MAQ is too short to do so. Similarly,
the X-ray structure of the soluble ligand binding domain (LBD) of the kainate receptor [23]
was used to design photoswitchable ligands targeting this receptor. Namely, a PCL (con-
sisting of the glutamate agonist and an azobenzene photoswitch, 4-GluAzo) [24] and a PTL
(composed of a Cys-reactive maleimide, an azobenzene photoswitch and the glutamate
ligand, MAG) [25] were developed. The latter covalently attaches to a light-modulated
glutamate receptor (LiGluR) containing an L439C mutation. Moreover, the structure-based
PCL design was later validated by solving the crystal structure of 4-GluAzo bound to
the GluK2 LBD [19] (Figure 2c). The clamshell-like structure of the LBD showed a closed
state, similar to other agonist-bound LBD structures and in contrast with the open state
observed in the antagonist-bound structures [23]. Therefore, the design of photoswitchable
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ligands with the desired activity requires not only information about the protein structure,
but also about the dynamical rearrangements occurring after ligand binding [2].

Unfortunately, experimental structures for the (voltage-gated and ligand-gated) ion
channels involved in neurotransmission are still scarce, despite recent advances in struc-
tural biology tools, in particular cryo-electron microscopy (cryo-EM). To fill this gap,
computational modeling can be used to generate structural models for these channels.
Moreover, computer-aided drug design techniques (either ligand- or structure-based) can
be applied to the design of photoswitchable ligands. Indeed, a recent computational study
showed that a large number of bioactive molecules can be susceptible of azologization
(i.e., fragment replacement by an isosteric azobenzene group to make the drug photoswitch-
able) [26]. In other words, a computational microscope, a term coined by the late Klaus
Schulten to describe the use of modeling and simulations to study protein function and
dynamics [27], can also shed light on the photopharmacology field.

For a systematic review of all the PCLs and PTLs available to date, we refer
the reader to several excellent published reviews on photopharmacology or optochemical
genetics [1–4,6,10,28–34]. Here we focus on photopharmacological applications targeting
ion channels in which structure-based computational methods were applied, in combi-
nation with experimental approaches. We start with a short theoretical description of
the computational methods used for photopharmacology so far. Then, we present some of
the applications published in the literature (Tables S1–S4), where computational methods
have been used to rationally design and optimize photoswitchable ligands, explain their
observed effect on ion channel activity and/or identify possible tethering positions for
Cys mutation. We have classified such studies depending on whether the photoswitchable
ligand targets voltage- or ligand-gated ion channels (VGICs and LGICs, respectively).
The chemical structures of all the PCLs and PTLs discussed in the text are shown in
Figures S1–S4. To the best of our knowledge, most ion channel photopharmacology studies
integrating computational methods have been carried out on azobenzene-based photo-
switchable ligands.

2. Computational Modeling

Ion channels are oligomeric proteins, in which several subunits assemble to form
the functional channel (see Sections 3 and 4 below). The large number of VGIC families,
as well as receptor (sub)types for LGICs, gives rise to a large number of possible combi-
nations. Moreover, each of these ion channels can adopt different functional states (open,
closed, desensitized or inactivated) and their activities can be regulated by a myriad of
ligands (agonists and antagonists, as well as pore blockers and allosteric modulators).
Unlike the examples mentioned in the Introduction [21,22,25], an experimental structure of
the ion channel of interest (in the relevant functional state and in complex with the ligand
used as a bioactive group of the PCL or PTL) may not be available. This structural gap can
be filled by structure-based computational approaches, such as those included in Figure 3.
In the following, we mention some basic ideas underlying these methodologies; a full
description of these computational methods is beyond the scope of this review, and thus
we refer the reader to the excellent advanced reviews cited below.

Homology modeling generates structural models of the target protein based on its
sequence and the experimental structure of a homologous protein (the so-called template).
The quality of the homology model depends on the sequence identity between the target
and template proteins, with 35% sequence identity being considered the minimum thresh-
old for homologous membrane proteins to have similar 3D structures [35,36]. Moreover,
structural rearrangements occur upon ligand binding and opening/closing of the ion chan-
nel pore; thus, it is recommended to choose a template structure not only with the highest
sequence identity, but also captured in the appropriate functional state.

Molecular docking aims at predicting protein–ligand interactions (in the case at hand,
between the ion channel of interest and the photoswitchable ligand) [37]. Docking can be
performed using either an experimental structure or a homology model of the ion channel of
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interest. If information about the putative ligand binding site is already available, it can be
incorporated into the computation protocol to guide the docking (i.e., information-driven
docking). This includes the structural information of the bioactive part of the photoswitch
bound to the ion channel, as well as mutagenesis data, indicating which residues are likely
to be interacting with the bioactive molecule and/or the photoswitch. Otherwise, a blind
docking approach, in which all possible binding pockets on the protein surface are explored,
can be the method of choice. In most docking protocols, the ligand is considered flexible,
whereas the receptor structure can be treated as rigid or flexible. In the latter case, only
amino acids surrounding the binding site are usually allowed to move in order to model the
induced fit effects. In the case of PTLs, the covalent bond between the tether and the reactive
Cys can be modeled by using either a positional constraint (limiting the movement of
the electrophile group within a certain sphere from the reactive Cys) or a distance restraint
between the two groups. Interestingly, molecular docking (and in general computational
modeling) allows one not only to model the photoswitch isomer that preferentially binds
to the target protein, but also the other isomer, providing molecular insights into the light-
modulated changes in ion channel activity. Moreover, virtual mutations can be introduced
in the target protein structure to model the changes in photoswitch binding upon site-
directed mutagenesis or when using different ion channel subtypes.

Homology modeling and molecular docking can provide static structures of the target
protein in complex with the photoswitch. Additionally, Monte Carlo (MC) or molecular dy-
namics (MD) simulations can be performed. Therewith, the target protein–photoswitchable
ligand complex is embedded in a lipid bilayer mimicking the physiological membrane
environment and, upon equilibration/minimization, several configurations of the system
are sampled, thus providing a dynamical picture. MD models the physical movements of
the system as a function of time by solving Newton’s equations of motion, whereas MC
generates an ensemble of configurations according to the corresponding Boltzmann distri-
bution. Such simulations allow one to further characterize the conformational rearrange-
ments occurring upon ligand binding and their connection with ion conduction [38–44].
In combination with enhanced sampling methods and/or free energy calculations, MD can
also provide an estimate of the ligand affinity (e.g., binding energy differences between
the two forms of the photoswitch or between two photoswitchable ligands), as well as
molecular insights into the energetic determinants of binding (e.g., to identify the most
suitable position for introducing a reactive Cys for PTL covalent attachment).

Nonetheless, such computational methodologies also have limitations. The quality
of the homology models may not be sufficient for an accurate prediction of PCL or PTL
binding, especially if the sequence identity of the target protein with the template is low
(i.e., below 35%) and/or the structural changes occurring upon ligand binding are not
similar to those captured in the available experimental structures. Whereas molecular
docking can only model small rearrangements in the protein side chains to accommodate
the ligand, molecular dynamics combined with enhanced sampling techniques can be
attempted to simulate further protein conformational rearrangements. However, it is still
challenging to simulate large structural changes in proteins due to the long time scales of
these processes and the limited quality of the (protein and ligand) force fields. Therefore,
a close interplay of these in silico studies with in vitro and in vivo assays is key for success-
ful photoswitchable ligand design. On the one hand, the experimental data are used to
guide the calculations and to validate the computational models. On the other, the compu-
tational data provide a molecular explanation of the photoswitch-mediated modulation
and help design modifications of the photoswitchable ligand and/or mutations of the ion
channel (including Cys mutants for tethering) that can be tested experimentally. In other
words, structure-based computational methods provide insights complementary to experi-
ments that link the molecular details of the photoswitchable ligands to the experimentally
measured macroscopic effects.

Figure 3 shows a possible workflow for the rational, structure-based designing of
photoswitchable ligands, based on the following steps:
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(1) In the most straightforward case, a search in the Protein Data Bank (PDB) yields an
experimental structure of the target protein in complex with the bioactive molecule to
be used as a basic module of the photoswitchable ligand. A structure of the target
protein bound to a similar molecule (in terms of chemical structure and activity) or
a structure of a homologous protein–ligand complex can also be used as a surrogate,
as demonstrated by the examples mentioned in the Introduction.

(2) In the absence of an experimental structure of the target protein–bioactive molecule
complex, an experimental structure of the apo protein can alternatively be used;
ideally, this structure contains the appropriate subunit composition and was captured
in the relevant functional state.

(3) When no experimental structure is available, homology modeling can generate a struc-
tural model of the target protein based on the experimental structure of a homologous
template protein. When selecting the template structure, one should consider the se-
quence identity between the target and template and, additionally, other features of
the template structure, such as the functional state and the bound ligand(s) .

(4) Although the (experimental or computational) structure of the protein alone is al-
ready informative, carrying out a computational molecular docking of the bioactive
molecule can help to further optimize the photoswitchable ligand design. In par-
ticular, the predicted binding mode can be used to identify the optimal position to
introduce the photochromic group and/or estimate the length of the linker between
the different modules of the PCL or PTL, as well as pinpoint potential residues for
Cys screening.

(5) The photoswitchable ligand (PCL or PTL) design follows the modular approach
depicted in Figure 1b. As mentioned in steps (1)–(4), structural information on
the binding mode of the bioactive module to the target protein can be used to guide
such a design.

(6) In the case of PTLs, their design additionally includes an inspection of the structure of
the target protein, either experimental or computational, in order to identify putative
tethering positions, i.e., residues near the ligand binding site amenable for cysteine
mutagenesis screening.

(7) Upon design of the photoswitchable ligand, synthesis and experimental testing can
already be performed; the latter includes measuring the modulatory effect of the lig-
and under different light conditions, as well as site-directed mutagenesis (either Cys
mutations for PTL covalent attachment or other mutations to confirm the binding site
location and PCL/PTL ligand binding mode).

(8) The observed light-dependent activity (or lack thereof), as well as the effect of muta-
tions, can be rationalized a posteriori by performing a molecular docking of the PCL
or virtual Cys mutation combined with covalent docking for the PTL. The resulting
model of the target protein–photoswitch complex can be inspected to design addi-
tional site-directed mutations to validate the predicted PCL/PTL predicted binding
mode. Alternatively, molecular docking can be used a priori (i.e., before experimental
testing) to select the best candidate among several possible photoswitchable ligand
designs (for subsequent experimental testing), as well as to explore alternative Cys
tethering sites.

(9) Though the (static) computational models described so far are already useful to
understand the molecular basis of light-controlled ion channel modulation, they
can additionally be refined by molecular dynamics. Such simulations, alone or in
combination with enhanced sampling and free energy techniques, can provide further
dynamical and energetic insights into the photoswitch effect, as explained earlier in
this section.

(10) This integrative computational-experimental approach offers a comprehensive under-
standing of the PCL/PTL effect on ion channel function, including but not limited
to the information listed in the last step of the proposed workflow (see Figure 3).
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Figure 3. Proposed workflow for rational, structure-based design of photoswitchable ligands. The de-
sign step is indicated in orange, the experimental steps in green and the computational steps in
blue. Ligand-based data (such as structure–activity relationship data or information about tethered,
non-photoswitchable ligands), though not shown here, can also be integrated in the design step.
Some of the possible information outcomes of this integrative computational-experimental workflow
are listed in the yellow box.

In the following sections, we exemplify the steps of the proposed computational
workflow (Figure 3) by discussing published computational modeling and simulation
studies of photoswitchable ligands targeting VGICs and LGICs (see also Tables S1–S4).

3. Computational Modeling of Photoswitchable Ligands Targeting Voltage-Gated
Ion Channels

VGICs are membrane proteins whose ion conduction pores open and close in response
to changes in membrane voltage, intracellular signaling molecules or both [45–47]. This
superfamily contains voltage-gated potassium, sodium and calcium channels (Kv, Nav
and Cav, respectively), and other members, such as the transient receptor potential (TRP)
channels. Two functional domains can be present in this superfamily (Figure 4): the voltage
sensing domain (VSD), constituted by four transmembrane helices (S1–S4), and the ion
pore domain (PD), formed by two transmembrane helices S5–S6 connected by the pore
(P-)loop, which contains the ion selectivity filter. Kv and TRP channels are tetrameric
proteins in which each subunit contains a VSD and a PD, whereas in the Nav and Cav
channels this tetrameric assembly is encoded in a single gene. Nonetheless, other members
of the VGIC superfamily lack a PD (e.g., Kir, HV1 and TPTE channels) or are not tetrameric
(such as K2P channels).
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Figure 4. Representative structure of a tetrameric voltage-gated ion channel (VGIC). (a) Structure of
the voltage-gated sodium channel Nav1.7, PDB code 6J8J [48], with protein subunits colored in green,
yellow, pink and cyan, respectively. Only the pore-forming subunits are shown. The binding site
of (photoswitchable) pore blockers is indicated with a gray box. (b) Alternative view of the same
structure from the intracellular side. The helices displayed in solid colors correspond to the pore
domain (S5 and S6 helices and the pore loop); the ion-conducting pore is indicated with a dashed
red circle. (c) Detailed view of one Nav1.7 subunit indicating the two functional domains present
in VGICs. The voltage sensor domain (VSD) has four transmembrane helices (S1–S4, colored in
green) and the pore domain (PD) is constituted by two transmembrane helices (S5 and S6, in blue),
connected by the pore (P-)loop, which contains the ion selectivity filter (in orange).

3.1. Photoswitchable Pore Blockers

A structural inspection of the first crystal structures of the KcsA potassium channel
with TEA-like pore blockers [18,20] allowed the design of PTLs that target the homologous
Shaker channel [21,22]. The ammonium binding site located in the extracellular vestibule
of the pore (Figure 2b) appeared to be at the right distance from residue 422 (15–18 Å)
to design a PTL (MAQ, 1 in Figure S1) whose quaternary ammonium group could reach
this binding site when the azobenzene is in the trans configuration (approx. 17 Å long),
but not in cis (~10 Å). The introduction of an E422C mutation for tethering and subsequent
electrophysiological testing indeed revealed the photomodulation of the PTL-modified
Shaker channel. Nonetheless, further structural information of the channel in complex with
the photoswitchable ligand could help improve this initial design as well as characterize
the molecular determinants of the differential effects of the trans and cis azobenzene forms.

In this regard, Mourot and coworkers [49] used a crystal structure of the Kv1.2–2.1
chimera in the open state and molecular docking to generate structural models of the Shaker
K+ channel bound to a PCL composed of two quaternary ammonium moieties connected by
an azobenzene group (QAQ, 2). The extended shape of trans-QAQ places the two positively
charged groups at the right distance to interact with the two quaternary ammonium binding
sites inside the pore, one in the extracellular vestibule and the other below the selectivity
filter. The latter cannot be occupied by cis-QAQ due to its bent shape, explaining why the cis
form is a less potent pore blocker than the trans one. A similar computational approach was
used to rationalize the functional effects of FHU-779 (3), a PCL composed of an azobenzene-
based long tail and the Cav pore blocker diltiazem [50]. In this case, homology modeling
was first used to generate a structural model of the Cav1.2 ion pore, based on an open-state
structure of the bacterial NavAb sodium channel. Afterwards, molecular docking was
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performed by Monte Carlo-based minimizations. The computational models again showed
that both isomers can be accommodated inside the pore. However, the elongated trans-
FHU-779 extends along the pore, with the positively charged nitrogen near the selectivity
filter, the adjacent benzothiazepine moiety bound to a lateral fenestration and the long
photoswitchable tail interacting with the C-terminal region of helix S6. In contrast, the tail
of the “folded” cis form cannot reach the latter region, explaining the reversible light-
dependent block of Cav1.2 by FHU-779.

In order to get further molecular and energetic insights into the binding of pore blocker
PCLs, a recent study [51] used MD simulations, together with an enhanced sampling tech-
nique (Gaussian accelerated MD) and free energy calculations (based on a molecular
mechanics generalized Born surface area or MMGBSA approach). The VGIC studied was
the Nav1.4 channel, for which a recent cryo-EM structure in the inactivated state is available,
and p-diaminoazobenzene (4) was used as a simplified model of the aforementioned pho-
toswitchable pore blockers. Interestingly, the simulations revealed that there is more than
one binding site for p-diaminoazobenzene in the trans configuration. p-diaminoazobenzene
binds to two binding sites compatible with its expected pore blocking activity, one in
the central cavity near the selectivity filter and the other near the intracellular gate. In addi-
tion, the trans form of the PCL appears to bind in a lateral cavity close to the membrane,
which includes some residues previously identified as important for the binding of local
anesthetics. The occupancy of this third binding site suggests that p-diaminoazobenzene
could act not only as pore blocker but also have similar effects to local anesthetics.

3.2. Photoswitchable Modulators

Photoswitchable ligands for VGICs are not limited to pore blockers and pore open-
ers [52]. For instance, several PCLs have been reported for TRP channels that act as
activators or inhibitors [53–56]. The structural information (either experimental structures
or homology models) of TRP channels can then be used to understand the mechanism of
ligand-mediated activation or inhibition. In this regard, Lichtenegger and coworkers [57]
designed a photoswitchable analog of the endogenous activator diarachidonlyglycerol
(OptoDArG, 5) of the TRPC3 channel. A homology model of the TRPC3 channel was
built (based on the cryo-EM structure of the closely related TRPV1) in order to design
a mutagenesis screening of the lipid binding cavity. This screening revealed a single
glycine residue that connects the binding pocket and the selectivity filter through a lat-
eral fenestration, thus providing clues on how lipid sensing controls ion channel gating.
To the best of our knowledge, molecular docking and MD simulations have not been
applied yet to study the binding of photoswitchable lipids to TRP channels. However,
these two computational techniques have been extensively used to investigate channel
modulation by other TRP ligands [58–62] and thus their use could be easily extended to
photopharmacological applications.

4. Computational Modeling of Photoswitchable Ligands Targeting Ligand-Gated
Ion Channels

LGICs are both ion channels that conduct ions across the neuronal membrane and
receptors binding neurotransmitters. There are three main families [47,63,64]: pentameric
LGICs (pLGICs), ionotropic glutamate receptors (iGluRs) and ATP-gated purinergic recep-
tor (P2X) ion channels (Figure 5).

pLGICs [65] are composed of five identical or different subunits (homo- and hetero-
pentamers, respectively). They encompass excitatory, cation-selective nicotinic acetylcholine
receptors (nAchRs), serotonin or 5-hydroxytryptamine type 3 (5-HT3) receptors and zinc-
activated channels (ZAC), as well as inhibitory, anion-selective γ-aminobutyric acid receptors
(GABARs) and glycine receptors (GlyRs). In addition, prokaryotic members of the pLGIC
family include the Gloeobacter ligand-gated ion channel (GLIC), a proton-gated cation-selective
channel; the Erwinia chrysanthemi ligand-gated ion channel (ELIC), a cation-selective channel
activated by small amines, such as GABA; and the C. elegans glutamate-gated chloride channel
(GluCl). Each subunit of these pentameric receptors (Figure 5a) can be divided into an extra-

175



Int. J. Mol. Sci. 2021, 22, 12072

cellular domain (ECD, contributing to the neurotransmitter binding site), a transmembrane
domain (TMD, formed by four helices, M1-M4, of which M2 lines the ion conduction pore)
and, in some cases, an intracellular domain (ICD).

Figure 5. Representative structures of the three ligand-gated ion channel (LGIC) classes. (a) Shown
from left to right, structures of a pentameric ligand-gated ion channel (pLGIC) based on the nicotinic
acetylcholine receptor (nAchR), PDB code 7EKI [66]; an ionotropic glutamate receptor (iGluR),
based on the AMPA receptor, PDB code 3KG2 [67]; and an ATP-gated purinergic (P2X) receptor,
PDB code 5SVL [68]. Each protein subunit is shown in a different color (yellow, pink, green, cyan
and/or magenta). A gray circle indicates the orthosteric binding site of LGICs, where the agonists or
antagonists used to design most of the PCLs and PTLs mentioned in the text bind. For the sake of
clarity, only one of the symmetric sites of the homomeric receptor is shown (out of the five present in
nAchR, four in AMPAR and three in the P2X3 receptor). (b) Transmembrane domain (TMD) viewed
from the extracellular side. The pore-lining structural elements are displayed in solid colors (i.e.,
the M2 helix for the nAchR and P2X3 receptors or the M2 helix and the re-entrant pore-loop for
AMPAR) and the ion-conducting pore is indicated with a red dashed circle. (c) Detailed view of one
subunit. The extracellular domains (ECD) of both the nAChR and P2X3 receptors are colored in gray,
whereas the transmembrane domain (TMD) is colored in apricot. The AMPAR is displayed with
the same color scheme, but the extracellular part of the receptor is divided into an amino terminal
domain (ATD) and a ligand binding domain (LBD). Transmembrane helices are labeled from M1 to
M4 or from M1 to M2, respectively. The intracellular domain is not shown for the sake of clarity.
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iGluRs are LGICs essential for excitatory neurotransmission and can be classified in
NMDA, AMPA and kainate receptors. They are tetrameric receptors (Figure 5b), with each
subunit containing an extracellular amino terminal domain (ATD), an extracellular ligand
binding domain (LBD, containing the glutamate binding site), a TMD (composed by three
helices, M1, M3 and M4, as well as a re-entrant pore-loop, M2) and an intracellular carboxy-
terminal domain (CTD).

Lastly, P2X receptors conduct mostly cations and are homo- or hetero-trimers (Figure 5c)
composed of an ECD, a TMD (with two transmembrane helices, M1–M2, per subunit) and
a C-terminal cytosolic tail.

4.1. Nicotinic Acetylcholine Receptors

nAchRs are the first ion channels for which light-modulated ligands were reported [11,12].
Based on a nAchR agonist, two photoswitchable ligands were designed [12]: bis-Q (6 in Figure S2),
a PCL with two quaternary ammonium moieties linked by an azobenzene group, and QBr
(7), a PTL composed of a quaternary ammonium, azobenzene and benzylic bromide for Cys
tethering. Both bis-Q and QBr acted as agonists in the trans form, whereas the cis form was almost
inactive. In contrast, azo-CarCh (8) and azo-PTA (9) were found to act instead as light-reversible
antagonists [11], despite the fact that these two PCLs were also designed based on two known
nAChR agonists (carbamylcholine and phenyltrimetylammonium, respectively). This strongly
indicates that small changes in the photoswitchable ligand structure can dramatically affect its
light-modulated activity and thus structural knowledge of the receptor is needed to improve the
ligand design.

Structural information was used by Tochitsky and coworkers [69] to devise light-
modulated nAchRs (LinAchRs) that can be activated or inhibited with light, while re-
sponding normally to acetylcholine. They used PTLs (MAAch and MAHoCh, 10 and 11

in Figure S2, respectively) consisting of a Cys reactive maleimide group, an azobenzene
photoswitch and a ligand head group mimicking known nAChR agonists (acetylcholine
and homocholine, respectively). Potential positions to introduce Cys mutations for PTL
covalent attachment were identified by inspecting the experimental structure of the soluble
AChBP (as a surrogate of the nAChR ECD) in complex with carbamylcholine (a known
nAchR agonist) (Figure 2a), as well as a computational model of α4β2 nAchR in com-
plex with MAAch (generated by combining homology modeling and molecular docking).
The subsequent Cys screening showed that the E61C mutant was photomodulated by both
PTLs, but with the opposite effects. Even though the design of both PTLs was based on
nAChR agonists, E61C nAchR was photoactivated by cis-MAAch, but photoinhibited by
cis-MAHoCh. The agonist activity of MAAch was further studied by repeating the afore-
mentioned docking calculation with the homology model of α4β2 nAchR, but adding
a positional constraint that restricted the maleimide group to be within a certain radius of
the C61 sulfur atom. The obtained docking poses showed that only cis-MAAch, but not its
trans form, can position the bioactive ligand headgroup in the right place. Although a sim-
ilar calculation was not performed for MAHoCh, the unexpected antagonist activity of
this PTL was rationalized based on structural information for other nAChR antagonists.
A ‘foot-in-the-door’ mechanism was proposed [70], by which antagonist binding prevents
the complete closure of the ligand binding site (in particular loop C), as required for
receptor activation.

Molecular docking was also used to rationalize the differential effect of the trans and
cis forms of a PCL targeting an insect nAchR [71]. AMI-10 (12) contains two molecules of
imidacloprid, an AchR agonist normally used as an insecticide, linked by an azobenzene
group. The PCL turned out to be more effective upon irradiation, with the cis form showing
a median lethal dose fivefold lower than the trans. Using a structure of the sea slug
AchBP as a surrogate of the insect nAchR, Xu and coworkers showed that cis-AMI-10 can
place the two imidacloprid moieties inside the binding pocket, whereas for the trans form
the second moiety extends outwards, without forming any interaction with the protein.
The larger number of protein–ligand interactions for the cis isomer thus correlates with its
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higher insecticide activity. A recent study [72] has reported an alternative design, in which
the two imidacloprid moieties are linked by a photoswitchable dithienylethene group
(DitIMI) in order to improve solubility compared to azobenzene.

4.2. 5-HT3 Receptors

The 5-HT3 receptor is another important cationic pLGIC, activated by serotonin, which
is involved in a series of neurological disorders, from schizophrenia to drug abuse. Pharma-
cologically, it is the target of several drugs, including antiemetics, which act as antagonists,
to alleviate the effects of cancer therapies [73]. To the best of our knowledge, only one
study has explored and experimentally characterized azologs of reported antagonists of
the 5-HT3A receptor [74], with only one of the investigated compounds retaining antag-
onist activity with no isomer specificity. Complementarily trans-cis switches based on
Pro analogs have been used to study the gating mechanism of the 5-HT3R. Although still
a controversial mechanism, it has been proposed that the trans-to-cis isomerization of a Pro
residue located in the loop connecting the M2 and M3 helices at the ECD–TMD interface
(Pro8* or Pro281 in the X-ray structure of the mouse 5-HT3R [75]) mediates channel gating.
Mutations of this Pro into unnatural amino acid analogs strongly favoring the trans isomer
resulted in non-functional channels [76], suggesting that, if trans-cis isomerization of Pro8*
cannot occur, the channel would not open. A follow-up computational study [77] used MD
simulations combined with enhanced sampling (metadynamics) to investigate the isomer-
ization of a series of proline analogs (i.e., the ones tested in the aforementioned mutagenesis
experiments) using dipeptide model systems in aqueous solution. A comparison of these
simulations with the electrophysiology data showed an excellent correlation between
the calculated free energy differences between the cis and trans isomers and the effect of
the unnatural mutations on the receptor functional response. However, these simulations
were performed on simplified models and thus did not take into account the effects of
the receptor environment. These were addressed in subsequent molecular dynamics and
metadynamics simulations of a model of the 5-HT3R, built based on an X-ray structure [75]
including the extracellular and transmembrane domains, embedded in a 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine (POPC) lipid bilayer (Figure 6a). These simulations
showed how the protein environment affects the proline isomerization free energy land-
scape, which loses symmetry with respect to the case in water [78]. In addition, they
provided the molecular details of the network of interactions of the proline potential switch
with other residues at the ECD–TMD interface. On the one hand, such interactions select
a preferential isomerization path. On the other, Pro isomerization causes the constriction of
a ring of negatively charged Asp residues at the top of the pore-lining helix, which might
enhance cation attraction and conduction. Altogether, the Pro molecular switch (Figure 6b)
appears to behave as the endogenous counterpart of photoswitchable ligands (e.g., Glyght;
see Section 4.4). In addition to 5-HT3R, other ion channels [79] seem to control activation
by using prolyl isomerization, which is additionally involved in many other biological
processes [80,81]. Complementarily, the recent development of light-sensitive unnatural
amino acids (UAAs) [82] has opened the way to endow light sensitivity to ion channels
directly using these UAA probes.
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Figure 6. Prolyl isomerization in the serotonin or 5-hydroxytryptamine type 3 (5-HT3) receptor.
(a) Receptor model embedded in a 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) lipid
bilayer. The five protein subunits are displayed in red, yellow, green, light blue, and blue, respectively,
and the lipid molecules as van der Waals spheres. The inset shows the extracellular domain (ECD)–
transmembrane domain (TMD) interface region where the isomerizable Pro281 (in van der Waals
spheres) is located, surrounded by the Cys loop (in yellow), the β1–β2 loop (green), the β8–β9 loop
(blue), and the M2–M3 loop (red). Adapted with permission from Crnjar, A.; Comitani, F.; Hester,
W.; Molteni, C. Trans–cis proline switches in a pentameric ligand-gated ion channel: how they are
affected by and how they affect the biomolecular environment. J. Phys. Chem. Lett. 2019, 10(3),
694–700. Copyright 2019 American Chemical Society. (b) Schematic representation of the trans-cis

isomerization of proline.

4.3. GABAA Receptors

GABAA receptors are highly pharmacologically relevant pLGICs [83–85], being the tar-
gets of benzodiazepines for the treatment of anxiety, insomnia and depression, as well as
of clinically used anesthetics (such as etomidate and propofol). The rich pharmacology
of GABAA receptors offers a wide variety of starting options for the design of photo-
switchable ligands. Nonetheless, until recently, such efforts were hampered by the lack
of experimental structural information on the ligand binding sites [86–88]. The design of
photoswitchable ligands would then rely on ligand structure–activity relationship data,
as well as mutagenesis and Cys scanning data for the receptor binding sites. PCLs and PTLs
were thus generated, targeting the orthosteric (GABA) binding site [89–91] or allosteric
binding sites [92–94].

Homology modeling and molecular docking have been used to further characterize
the experimentally observed photomodulation at the molecular level. For instance, Lin and
coworkers [89] used a homology model of the receptor to map the potential tethering sites
for Cys mutation in the orthosteric site and thereby design a light-modulated GABAAR
(LiGABAAR), formed by α1(T125C), β2 and γ2S subunits. This model was built based on
the experimental structures of AchBP (as a surrogate for the ECD of pLGICs) and the re-
lated Torpedo nAChR (for the TMD) [95]. Furthermore, molecular docking was performed
to rationalize the antagonist effect of one of the proposed PTLs, MAB-0 (13 in Figure S3),
composed of maleimide, azobenzene and 4-hydroxybenzylamine. Although the latter
group is not a typical gabaergic agonist/antagonist, in the trans form it appears to interact
with several aromatic residues in the orthosteric site, thus enabling competitive inhibition
against GABA. Instead, the cis isomer is not able to place the 4-hydroxybenzylamine near
the putative interacting residues, consistent with its lack of effect on channel function. Ho-
mology modeling and molecular docking were also used in a recent study [96] to rationalize
the different binding preferences of azogabazine (14). This PCL is composed of azobenzene

179



Int. J. Mol. Sci. 2021, 22, 12072

and gabazine, a known GABAAR competitive antagonist binding to the orthosteric site.
In this case, the homology modeling approach benefited from the resolution of the first cryo-
EM structures of heteropentameric GABAARs. The model for the murine α1β2γ2L receptor
was built using the cryo-EM structure of human α1β3γ2L GABAAR as a template [97].
The trans-azogabazine docking poses revealed protein–ligand interactions similar to those
observed in cryo-EM structures of other GABAAR–antagonist complexes, explaining its
antagonist activity. In addition, the trans-azogabazine docking poses were used to design
site-directed mutagenesis experiments, which further confirmed the predicted binding
mode [96].

The computational methods described above have also been used to investigate
the binding of photoswitchable ligands to allosteric sites. Borghese and coworkers [98]
used docking to identify possible tethering points in a α1β3γ2 GABAAR for MAP20
(15), a PTL composed of methanethiosulfonate, azobenzene and the anesthetic propofol.
Capitalizing on a previously published model [99,100] of the parent compound propofol
bound to the TMD binding site at the β+α- interface [101], they manually superimposed
the anesthetic part of the PTL and then sampled the rotations of the bond connecting
propofol to azobenzene to identify nearby receptor residues amenable for Cys mutation.
Experimental testing of the proposed Cys mutants showed that β3(M283C) and α1(V227C)
are the two Cys mutants displaying the largest photomodulation of GABA-induced currents
upon treatment with MAP20. Subsequent structural modeling of MAP20 conjugated at
these positions showed that the PTL can reach one or two propofol β+α- binding sites
depending on the tethering subunit (α1(V227C) or β3(M283C), respectively). The predicted
number of occupied binding sites is in line with the photomodulation of α1β3(M283C)γ2
GABAAR being larger than for α1(V227C)β3γ2. Moreover, the computational models were
validated retrospectively by comparison with a cryo-EM structure of GABAAR bound to
propofol [102].

Homology modeling and molecular docking have been used to rationalize the un-
foreseen photomodulatory effects of azo-NZ1 (16) [103]. This PCL was based on the ben-
zodiazepine nitrazepam, which was conjugated with the azobenzene photoswitch and
additionally a sulfonate group to improve solubility. Thus, the PCL design aimed at creat-
ing a photoswitchable positive allosteric modulator binding at the benzodiazepine binding
site of GABAAR, located at the α+γ- interface in the ECD. Instead, electrophysiological
data showed that trans-azo-NZ1 acts as a GABAAR blocker, i.e., binds inside the TMD
pore. Moreover, trans-azo-NZ1 inhibited GABA-mediated currents for some GABAAR-ρ
(or GABACR [104]) subtypes, as well as Gly-mediated currents for some GlyRs. This
was completely unexpected, since GABA ρ subunits and GlyRs are insensitive to benzo-
diazepines. In order to understand the complete change of pharmacological activity of
azo-NZ1 compared to the parent benzodiazepine, electrophysiological and mutagenesis ex-
periments were combined with computational modeling. The homology model of α1β2γ2
GABAAR was taken from reference [105] (Figure 7a), whereas the homology models of
GABAAR-ρ were built following reference [106]. The main templates for these models are
crystal structures of the homologous glutamate-gated chloride channel GluCl in the open
state [107] and thus the resulting models are in the right functional state to study pore
blockade upon GABA-triggered opening. Molecular docking (with flexible side chains for
the pore-lining residues) showed that trans-azo-NZ1 has the right length to extend along
the TMD ion pore (Figure 7b). The benzodiazepine core is positioned in the upper part
of the TMD pore, forming hydrogen bonds with the 13’ residues (following the general-
ized numbering of the M2 helix residues for pLGICs) and hydrophobic interactions with
the 6’ and 9’ residues, whereas the sulfonate group binds at the lower part (near the 2’
position). Interestingly, the negatively charged sulfonate overlaps with one of the chloride
ion binding sites detected in cryo-EM structures [108]. Therefore, trans-azo-NZ1 hampers
chloride conduction both sterically and electrostatically, consistent with the experimentally
observed inhibitory effect. In contrast, the cis isomer binds in the middle region of the pore,
which is wider, and thus blockade is less likely, in line with the inhibition relief upon UV
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irradiation. The docking calculations also provided molecular insights into the subtype
selectivity of azo-NZ1 [103]. Electrophysiological experiments showed that both the het-
eropentameric α1β2γ2 GABAAR and the homopentameric GABAAR-ρ2 were inhibited by
trans-azo-NZ1, whereas GABAAR-ρ1 was not. Moreover, sensitivity to azo-NZ1 depended
on the residue at position 2’: the S2’G GABAAR-ρ2 mutation abolishes inhibition, whereas
the P2’S GABAAR-ρ1 mutation endows sensitivity to azo-NZ1. Based on the docking
results on the three GABAARs [103], it was proposed that trans-azo-NZ1-mediated inhibi-
tion requires either a hydrogen-bonding Ser or a residue of similar volume (Ala or Val) at
position 2’.

Figure 7. Computational models of the pore blocker trans-azo-NZ1 bound to γ-aminobutyric acid
type A (GABAA) and Gly receptors. (a) Computational model of α1β2γ2 GABAAR in complex with
GABA [105]. The orthosteric GABA binding sites and the allosteric benzodiazepine binding site in
the ECD are indicated with green and blue circles, respectively. For the sake of clarity, the front subunit
of the heteropentamer is not shown. (b) Docking pose of trans-azo-NZ1 in the GABAAR-ρ2 pore.
Pore-lining residues are labeled according to the generalized numbering of the M2 helix residues for
pLGICs. Hydrophobic interactions between azo-NZ1 and the receptor residues are marked as yellow
transparent surfaces, hydrogen bond interactions and steric repulsion are represented with black and
red dashed lines, respectively. Adapted from reference [103] with permission (CC-BY NC license)
from the British Journal of Pharmacology, published by John Wiley and Sons (2019). (c) Cryo-EM
structure of GlyR in complex with strychnine [109], a competitive antagonist that binds to the glycine
neurotransmitter site, whose location is indicated with a green circle. For the sake of clarity, the front
subunit is not shown. (d) Docking pose of trans-azo-NZ1 in the G2’A α1 GlyR pore. Interactions
are displayed following the same representation as in panel (b). Adapted from reference [110] with
permission (CC-BY license) from eNeuro, published by the Society for Neuroscience (2020).
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4.4. Glycine Receptors

Compared to GABAARs, the number of (photo)pharmacological agents for GlyRs is
more limited [111,112]. Nonetheless, GlyRs are attracting growing attention as possible
targets for painkillers [112,113]. Two PCLs based on azobenzene and a benzodiazepine
core have been developed so far [110,114]. The aforementioned azo-NZ1 (16 in Figure S3),
as well as Glyght (17), exhibited light-modulated responses in an in vivo behavioral
zebrafish assay. In vitro receptor screening using an heterologous expression system
revealed that trans-azo-NZ1 acts as pore blocker for both GABAARs and GlyRs, whereas
cis-Glyght is a GlyR-selective negative allosteric modulator.

The trans-azo-NZ1-mediated pore blockade across several pLGICs resembles the inhibition
mechanism of other pore blockers, such as picrotoxin [115,116]. Similar to GABAARs [103],
homology modeling and molecular docking were used to provide molecular insights into
the binding of azo-NZ1 inside the GlyR ion pore, as well as to explain the GlyR subtype selec-
tivity [110]. Capitalizing on the availability of cryo-EM structures of homomeric α1 GlyR [109]
(Figure 7c), models of the homopentameric G2’A α1 GlyR mutant (as surrogate of α2 GlyR) and
the heteropentameric α2/β GlyR were built. The subsequent docking calculations showed that
the binding mode of azo-NZ1 inside the GlyR ion pore is very similar to the one of GABAARs,
with the elongated trans isomer extending from the 13’ to the 2’ position (Figure 7d). The sul-
fonate group is still accommodated at the 2’ position, despite the lack of a hydrogen-bonding
residue, because the volume of the Ala 2’ residue (present in GlyRs containing wild-type α2
and G2’A α1 mutant subunits) is similar to that of the Ser residue at the same position in
ρ2 and γ2 GABAAR subunits. Instead, the Gly 2’ residue in GlyRs containing wild-type α1
subunits is smaller; as a result, trans-azo-NZ1 is not able to completely block the pore, in line
with the reduced inhibitory effect of the PCL for this GlyR subtype.

As mentioned above, the selective inhibitory effect of Glyght (17) on GlyRs when
in cis form [114] was completely unexpected. The PCL was designed based on a ni-
trazepam/diazepam core and GlyRs do not contain a benzodiazepine binding site. Hence,
a multilevel screening approach (Figure 8) was used to uncover the possible binding site
of Glyght. A blind docking calculation was first run to identify putative binding pockets
on the surface of the complete receptor. The results indicated that Glyght might poten-
tially bind at the interface between ECD and TMD (Figure 8a,b). Therefore, an additional
docking calculation was run, focused on this region. Cis-Glyght was found to bind in five
symmetric sites located between two adjacent subunits in the homopentameric structure
(Figure 8b,c). This region has been shown to participate in the allosteric coupling between
neurotransmitter binding in the ECD and opening of the TMD ion pore [64]. Thus, it
is likely that ligand binding at the ECD–TMD interface can thereby interfere in receptor
activation. Lastly, the Glyght docking poses were further refined by using flexible dock-
ing centered on one out of the identified five symmetric intersubunit sites (Figure 8b,c).
Cis-Glyght strengthens the interaction between M2–M3 and β8–β9 loops, which stabilizes
the closed state. Such a “stapling” mechanism is in agreement with the stronger GlyR
inhibition by cis-Glyght observed experimentally. Interestingly, the Glyght binding site
in GlyR overlaps with the ECD/TMD interface region where the Pro molecular switch
in 5-HT3 receptors is located [76–78]. Thus, the light-modulated effect of Glyght on GlyR
resembles the mechanism by which trans-cis Pro isomerization may mediate channel gating
in the 5-HT3 receptor [76–78]. This further supports the idea of the Pro molecular switch
behaving as the endogenous counterpart of photoswitchable ligands.

182



Int. J. Mol. Sci. 2021, 22, 12072

Figure 8. Multilevel docking screening to identify and characterize the binding site of Glyght in GlyR.
(a) Blind docking of Glyght to the cryo-EM structure of α1 GlyR [109]. For the sake of clarity, the front
subunit is not shown. The box size used for the blind docking calculation, encompassing the whole
receptor, is shown as a green box. (b) Density map of the ligand poses of cis-Glyght obtained
in the blind docking. Each contour line corresponds to a number density of 0.0006 particles/Å3.
Among the several high-density regions, the interface between ECD and TMD appears to be the most
likely binding region for cis-Glyght [114], as it shows the largest differences compared to the trans-
Glyght blind docking (data not shown). The box size for the subsequent targeted rigid docking is
indicated as a blue box. (c) Docking poses obtained by rigid docking focused on the ECD–TMD
interface. The five α1 GlyR subunits are represented in ribbons and colored in white, whereas
the most populated ligand poses of cis- (violet) and trans-Glyght (blue) are shown as ball and sticks.
The box size for the subsequent flexible docking is indicated as an orange box. (d) Detailed view
of the cis-Glyght binding pose obtained by flexible docking centered at the ECD–TMD interface
site. Hydrophobic contacts between cis-Glyght and the receptor residues are represented as a yellow
surface, while the atoms involved in receptor–ligand hydrogen bonds are represented with larger
spheres and a dashed line between them. Adapted from reference [114] with permission from Cell
Chemical Biology, published by Elsevier (2020).

4.5. Ionotropic Glutamate Receptors

The design of the first photoswitchable ligands targeting ionotropic glutamate recep-
tors [24,25,28] was based on inspection of X-ray structures of the LBD of the kainate receptor
(GluK2, formerly known as GluR6) in complex with different ligands [23]. The LBD has
a clamshell-like structure and the degree of closure upon ligand binding correlates with
the degree of receptor activation. Moreover, these structures revealed an “exit tunnel”
between the lips of the clamshell that could potentially accommodate the elongated trans
form of the azobenzene photochrome. Based on these structural data, a PCL was designed
consisting of the glutamate agonist and an azobenzene photoswitch (4-GluAzo, 18 in
Figure S4), which acted as an agonist in the trans form but was inactive in the cis form [24],
as intended with the original structure-guided design. In 2013, the crystal structure of
GluK2 in complex with 4-GluAzo was solved [19] and confirmed the predicted binding
mode of the trans isomer (Figure 2c). The glutamate group of 4-GluAzo interacts similarly
to the endogenous glutamate agonist, while the trans-azobenzene is positioned between
the lips of the clamshell. Complementarily, a manual docking calculation of the cis isomer
on the same X-ray structure indicated that the distal phenyl ring in the cis configuration
would clash with the lips of the clamshell and thus cause the opening of the LBD, explaining
why 4-GluAzo is inactive upon irradiation. A follow-up computational study [117] used
MD simulations together with umbrella sampling-based free energy calculations to further
characterize the structural rearrangements occurring in the LBD upon PCL isomerization,
as well as to estimate the change in binding affinity between trans- and cis-4-GluAzo.

An analysis of the available GluK2 X-ray structures [23] also allowed the design of
a Cys mutagenesis screening to identify possible tethering sites of PTLs. Thereby, a light-
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modulated ionotropic glutamate receptor (LiGluR) was developed, containing a L439C
mutation [25], whose activity was modulated by MAG compounds. Such PTLs consisted
of maleimide, azobenzene and the agonist glutamate; the different modules were linked
by one or more glycine units in order to vary the tether length. The first MAG com-
pounds reported acted as photoswitchable LiGluR agonists when in the cis form [24,25,28].
Nonetheless, a subsequent study [118] reported other MAG compounds that were active in
either the cis or trans forms, depending on the PTL tether length and the position where
the tethering Cys was introduced (L439C or G486C). A model of the GluK2 LBD bound
to the PTL MAG0 (19) was built based on the X-ray structure of the protein in complex
with the parent compound glutamate [23]. Subsequent MD simulations and umbrella
sampling-based free energy calculations [118] revealed that two factors contribute to de-
termine which photoisomer is active: (i) the probability to properly orient the glutamate
moiety inside the binding site of the open LBD and (ii) the degree of clamshell closure
upon ligand binding.

A similar structure-based strategy was used to design photoswitchable ligands for
other ionotropic glutamate receptors. In the case of NMDARs, light-modulated recep-
tors (LiGluNs) were designed based on a structure-guided Cys mutagenesis screening to
identify possible tethering sites for PTLs of the MAG series [119]. As described above
for MAG compounds and LiGluRs, the attachment point and the length of the linker can
yield either LiGluNs that are photoactivated (LiGluN2A-V173C or LiGluN2B-V714C) or
photoinhibited (LiGluN1A-G172C and LiGluN1a-E406C) by MAGs. In the case of AMPAR,
the crystal structure of the GluA2 LBD in complex with a benzyltetrazolyl-substituted
AMPA (BnTetAMPA) [67] showed that the clamshell topology of the LBD is conserved
among iGluRs. However, the degree of closure upon ligand binding is tighter for AMPARs
compared to kainate receptors. As a result, the benzyl substituent of the AMPA analog
is located in a cleft that opens into the solvent, suggesting that, upon replacement with
azobenzene, the photochrome could still be accommodated in this cleft, but only if the azo
group is added in the meta (or 3) position with respect to TetAMPA [120]. Hence, a new
series of PCL compounds targeting AMPAR was designed called ATA; said compounds are
composed of the azobenzene photoswitch, a tetrazolyl linker and the AMPA agonist [120].
The ATA PTLs were active in the trans form, as intended, and were selective for AMPARs
over kainate receptors. A follow-up study [121] combined flexible docking, MD simulations
and umbrella sampling-based free energy calculations to rationalize the differential effect
of the two isomers of one of such ATA compounds, ATA-3 (20). Two ligand binding modes
were found. One is similar to the crystallographic poses of other AMPAR agonists and
corresponds to the most stable pose for the active trans isomer. The other could represent
the position of the ligand immediately upon photoisomerization, in which a hydrogen
bond is lost. From this second binding mode, the cis isomer could easily dissociate, unless it
switches back to trans.

Photoswitchable ligands targeting ionotropic glutamate receptors are not limited to
PCLs and PTLs binding to the LBD. A recent study [122] reported a photoswitchable pore
blocker for the glutamate delta2 (GluD2) receptor. Glutamate delta receptors belong to
the iGluR family due to their sequence and structure similarity to AMPA, NMDA and
kainate receptors. However, they are considered to be orphan receptors because their LBD
does not bind glutamate; instead, pore opening is regulated indirectly by metabotropic
G protein-coupled glutamate receptors. Hence, Lemoine and coworkers [122] devised
a PTL based on a known pore blocker (pentamidine), instead of an agonist binding to
the LBD. MAGu (21) is composed of maleimide, azobenzene and a guanidinium head
group that mimics the positively charged groups of pentamidine. The trans isomer is
expected to reach the inside of the pore due to its elongated shape, whereas the shorter
cis isomer will not. In order to identify possible positions to covalently attach MAGu
on the pore-lining M3 helix, a homology model of GluD2 was built based on a crystal
structure of the GluA2 receptor in the activated state. The thus-designed I677C mutant is
blocked by trans-MAGu, but not by the cis form, and is denoted as the light-controllable
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GluD2 (LiGluD2) channel. However, differently to pentamidine, the blockade by MAGu
was not dependent on membrane voltage, suggesting that the two molecules may have
different binding sites. This prediction was tested by performing covalent docking and
ion pore calculations [122]. The positively charged group of MAGu does not seem to
reach the inside of the pore, in line with the different blocking properties of MAGu and
pentamidine observed experimentally. Instead, MAGu appears to alter the geometry and
electrostatics of the pore, thus affecting ion conduction.

4.6. P2X Receptors

A recent review has compiled the photopharmacology applications for purinergic
receptors reported until June 2021 [123]. Here, we showcase a study combining the use of
a photoswitchable ligand and molecular dynamics simulations [124]. The used PTL (MAM,
22) contains two maleimide groups separated by an azobenzene photoswitch, so that end-
to-end distance of this Cys-Cys crosslinker changes with light. As previously carried out for
other PTLs [125], the Cys screening of the transmembrane helices was designed using two
homology models of the P2X2 receptor, based on experimental structures of the homologous
P2X4 receptor in either closed (apo) or open (ATP-bound) states [126,127]. According to
the experimental data for the P2X2 receptor, the two most promising Cys mutations were
introduced into the equivalent positions (I336C and N353C) of the two aforementioned
structures of the P2X4 receptor. Then, the MAM molecule was attached to these Cys
mutants in either a “horizontal” (I336C/I336C mutant) or a “vertical” (I336C/N353C
mutant) configuration and MD simulations were run for both P2X2 states. The simulations
provided structural insights supporting the ideas that the P2X pore fluctuates among
different open conformations and that receptor activation involves bending of the M2
helices at a conserved glycine residue that acts as a hinge for gating.

5. Conclusions and Perspectives

Light-controlled modulation of ion channels can be achieved by using photoswitchable
ligands whose two isomers display different binding properties. Unraveling the molecu-
lar details of the complex between the target protein and the photoswitchable ligand in
each of its two forms can help optimize this differential effect. Moreover, the addition of
the photochromic group can modify the pharmacological properties of the parent bioactive
molecule. Furthermore, the covalent attachment position and the length of the linker of pho-
toswitchable tethered ligands can also result in different light-modulated effects. Given this
complexity, a rational structure-based design approach is strongly recommended [2,6,28].

Indeed, the increasing availability of X-ray and cryo-EM structures has accelerated
the development of both PCLs and PTLs for both VGICs [21,22] and LGICs [24,25]. Such
experimental structural information has been complemented by computational modeling,
in particular, homology modeling, molecular docking and molecular dynamics (Figure 3).
In addition to providing structural models for ion channels without available experimental
structures, these computational methods allow the modeling of the target protein bound to
the photoswitchable ligand in either of its two forms. A comparison of the two counterpart
models can be carried out either a posteriori (to explain the molecular basis of the observed
light-modulation) or a priori (to predict whether the two photoswitch isomers will bind
differently, as intended during the design). In the case of PTLs, covalent attachment can also
be included in the model and thereby the fitness of the Cys mutant and the linker length
can be explored for positioning the bioactive group in the correct binding pocket. Hence,
nowadays, many photopharmacology studies integrate computational structural modeling
together with the experimental data (Tables S1–S4). Based on the successful results obtained
so far, we expect that computational methods will become instrumental in the field of ion
channel photopharmacology in the coming years, especially when considering the ongoing
methodological developments in the field.

Recent advancements in membrane protein structural biology, in particular cryo-EM,
have substantially increased the number of available ion channel and receptor struc-
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tures [128,129] that can be used as input to design photoswitchable ligands. In this regard,
a recent study has reported crystal structures of the glutamate transporter homologue GltTk
in complex with a photoswitchable inhibitor in either cis or trans form [129]. In addition,
these new experimental structures have broadened the range of templates available to
build homology models for other ion channels without experimental structures. Further-
more, computational structural models can now be generated not only through homology
modeling, but also using recently developed machine learning-based methods, such as
AlphaFold [130] and RoseTTaFold [131].

Together with these computational protein structures, the accuracy of the predicted
photoswitchable ligand binding modes is expected to improve thanks to the continuous
development of molecular docking techniques and scoring functions [132]. Covalent dock-
ing methods [133,134] will be particularly useful for PTLs, whereas quantum mechanics
(QM)-based docking approaches [135,136] may be applied to both PCLs and PTLs.

Complementarily, it is expected that the steady increase in computational resources,
as well as the development of more efficient MD algorithms and enhanced sampling/free
energy techniques [137–140], will also pave the way for further studies using classical
simulations of photoswitchable ligands in complex with their target proteins. However,
special care will be needed to develop accurate and transferable force field parameters for
the two photoswitch forms [141]. Quantum mechanics/molecular mechanics (QM/MM)
MD [142], in combination with excited state methods, will also allow us to study the pho-
toisomerization of the azobenzene group within the PCL or PTL, either in solution or
bound to the target protein. Nonetheless, going from the previous studies of azobenzene
in solution [143,144] to photoswitchable ligands in complex with their target protein is
likely to require adjustments in the theoretical treatment of the photochromic group excited
states, as well as to address possible super-heating effects due to photoexcitation.

Hand in hand with these computational advancements, the toolkit of available photo-
switchable ligands is rapidly expanding. The development of photoswitchable amino
acids [82] and lipids [145] opens new avenues to investigate ion channel regulatory
mechanisms. MD simulations are expected to be particularly useful to characterize at
the molecular level the effect of these novel photoswitchable molecules [42,78,146,147].
Although the PCLs and PTLs mentioned in this review are based on azobenzene and its
trans-cis isomerization upon light irradiation, other photochromic groups are increasingly
being used, such as fulgimides [148], diarylethenes [149] and stilbenes [150], for which
photoswitching involves bond formation. In these cases, the aforementioned QM- and
QM/MM-based approaches could be combined with docking, MD and/or excited state
calculations, to model the light-induced bond formation, providing an unprecedented
atomistic picture of these exciting photoswitching processes.
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7/22/21/12072/s1.

Funding: CR and ANH are grateful for the financial support of the ERA SynBIO grant MODU-
LIGHTOR (PCIN-2015-163-C02-01). MAP is funded by the Deutsche Forschungsgemeinschaft via the
Research Unit FOR2518 "Functional Dynamics of Ion Channels and Transporters-DynIon", project P6.
MAP also thankfully acknowledges the computer resources at MareNostrum III and IV and Mino-
Tauro and the technical support provided by the Barcelona Supercomputing Center (RES activities
BCV-2016-2-0002, BCV-2016-3-0005 and BCV-2017-2-0004). CM thanks the Engineering and Physical
Sciences Research Council for computational support through the UKCP consortium (EPSRC grant
P022472/1).

Acknowledgments: CR, ANH and MAP are greatly indebted to the MODULIGHTOR team (Pau
Gorostiza, Piotr Begrestovski, Burkhard König and their lab members) for the collaborative projects
and useful discussions regarding photopharmacology.

Conflicts of Interest: The authors declare no conflict of interest.

186



Int. J. Mol. Sci. 2021, 22, 12072

References and Notes

1. Velema, W.A.; Szymanski, W.; Feringa, B.L. Photopharmacology: Beyond Proof of Principle. J. Am. Chem. Soc. 2014, 136,
2178–2191. [CrossRef]

2. Broichhagen, J.; Frank, J.A.; Trauner, D. A Roadmap to Success in Photopharmacology. Acc. Chem. Res. 2015, 48, 1947–1960.
[CrossRef] [PubMed]

3. Hüll, K.; Morstein, J.; Trauner, D. In Vivo Photopharmacology. Chem. Rev. 2018, 118, 10710–10747. [CrossRef] [PubMed]
4. Paoletti, P.; Ellis-Davies, G.C.R.; Mourot, A. Optical control of neuronal ion channels and receptors. Nat. Rev. Neurosci. 2019,

20, 514–532. [CrossRef]
5. Beharry, A.A.; Woolley, G.A. Azobenzene photoswitches for biomolecules. Chem. Soc. Rev. 2011, 40, 4422. [CrossRef]
6. Fehrentz, T.; Schönberger, M.; Trauner, D. Optochemical Genetics. Angew. Chem. Int. Ed. 2011, 50, 12156–12182. [CrossRef]

[PubMed]
7. Ellis-Davies, G.C. Caged compounds: Photorelease technology for control of cellular chemistry and physiology. Nat. Methods

2007, 4, 619–628. [CrossRef]
8. Young, D.D.; Deiters, A. Photochemical control of biological processes. Org. Biomol. Chem. 2007, 5, 999–1005. [CrossRef] [PubMed]
9. Klán, P.; Solomek, T.; Bochet, C.G.; Blanc, A.; Givens, R.; Rubina, M.; Popik, V.; Kostikov, A.; Wirz, J. Photoremovable protecting

groups in chemistry and biology: Reaction mechanisms and efficacy. Chem. Rev. 2013, 113, 119–191. [CrossRef]
10. Welleman, I.M.; Hoorens, M.W.H.; Feringa, B.L.; Boersma, H.H.; Szymański, W. Photoresponsive molecular tools for emerging
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