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Abstract—Although the experience of optogenetic retinal prosthetics in animal models dates back
to more than 16 years, the first results obtained on humans have only been reported in the last year.
Over this period, the main challenges of prosthetics became clear and the approaches to their
solution were proposed. In this review, we aim to present the achievements in the field of
optogenetic prosthetization of retinal bipolar cells with a focus mainly on relatively recent
publications. The review addresses the advantages and disadvantages of bipolar cell prosthetics as
compared to the alternative target, retinal ganglion cells, and provides a comparative analysis of the
effectiveness of ionotropic light-sensitive proteins (channelrhodopsins) or metabotropic receptors

(rhodopsins) as prosthetic tools.
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INTRODUCTION

In recent years, we have witnessed the acceler-
ated development of prosthetic technologies
aimed to replace, at least in part, one or another
sensory function, primarily vision and hearing,
that have been lost completely or to a large extent.
For the time being, the most elaborate and effec-
tive approach to vision prosthetics is the implan-
tation of an electronic chip that replaces dead
sensory cells and provides sensory input for retinal
neurons that have survived pathological pro-
cesses. More than 400 surgical implantations of
various prosthetic chips worldwide have been
largely successful, having provided a partial vision
restoration and allowing patients to distinguish
large objects, orient in space, and, in most suc-
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cessful cases, perform such complex actions as
archery and bicycling [1-3]. The technological
development of electronic chips has been success-
fully going on for more than 15 years, although it
is already clear that the main intractable chal-
lenges of this approach are a tendency of glial cells
to steadily overgrow the chip contact area, which
renders it impossible to use this approach for lon-
ger than several years, as well as a very high indi-
vidual cost of the prosthetic procedure [3].
Optogenetic retinal prosthetics is an alternative
to electronic implants. This novel approach
becomes possible due to the fact that neurodegen-
erative processes mainly and primarily affect the
photoreceptor cell layer, leaving bipolar and gan-
glion cells relatively undamaged. From this, it fol-
lows that the main idea of the optogenetic approach
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to retinal prosthetics consists in imparting a prop-
erty of light sensitivity to bipolar or ganglion cells
via genetic manipulations. By now, while the expe-
rience of optogenetic retinal prosthetics on animal
models dates back to more than 16 years, the first
results obtained on humans have only been
reported in the last year. During this period, the
main challenges of prosthetics have become clear
and the approaches to their solution have been pro-
posed (the data are summarized in [4—8]). In this
review, we aim to present the most recent achieve-
ments in the field of optogenetic bipolar cell pros-
thetics. We will focus on the advantages and
disadvantages of bipolar cell prosthetics as com-
pared to the alternative target, ganglion cells, as
well as provide a comparative analysis of the effec-
tiveness of using ionotropic light-sensitive proteins,
channelrodopsins, or metabotropic receptors, rho-
dopsins, as prosthetic tools.

ANIMAL MODELS AND RECORDING
TECHNIQUES

Over the past few years, there have been no
apparent changes in the repertoire of model ani-
mals used in experiments on designing optoge-
netic prosthetic technologies. The main animal
models are still the mice with an rd (retinal degen-
eration) phenotype against variable genetic back-
grounds, rd1—19 strains, having dysfunctional
genes that regulate phototransduction, visual
cycle, cellular metabolism, or protein biosynthesis
[9]. The most commonly used rdl strain has a
mutation in the Pde6B gene, which leads to dys-
function of phosphodiesterase 6, the key compo-
nent of the phototransduction cascade. This
mouse strain is also genetically heterogeneous,
and one of its commercial subpopulations carries
an additional mutation in the Gpr179gene, which
encodes a scaffold protein of the transduction cas-
cade signalosome in bipolar cells. This mutation
makes its carriers unsuitable for optogenetic bipo-
lar cell prosthetics, thus necessitating an addi-
tional genetic modification of animals of this
subpopulation in order to return the Gprl79 allele
to the wild type [10].

The procedures intended to verify the degree of
genetic manipulation success are an important
aspect of designing the retinal prosthetic technol-
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ogy. In vivo electroretinogram (ERG) recording
from an intact anesthetized animal [11, 12] is still
exploited as a method to verify post-prosthetic
retinal light sensitivity restoration, which allows
functional changes in visual function of a single
animal to be tracked over a long period of time. As
an ex vivo approach to evaluating retinal light sen-
sitivity, the multichannel recording of ganglion
cell activity using a multielectrode array (MEA)
takes a dominant position in recent years [13—13].
In this approach, the isolated retina is layered by
its ganglion cells over a MEA containing up to
100 electrodes, each of which is able to record the
activity of a single or several ganglion cells. In
contrast to photoreceptors and bipolar cells, gan-
glion cells are real neurons that encode a signal
entering the brain through optic nerve fibers by
changing a spike (action potential) generation fre-
quency. In a healthy retina, a signal is transmitted
and processed in the direction from photorecep-
tors to bipolar and from bipolar to ganglion cells,
while the recording of ganglion cell responses
allows signals to be analyzed immediately before
they enter the brain [16]. Therefore, the applica-
tion of a MEA is one of the most informative and
adequate methods to assess the functional state of
the retina and the information the latter is able to
communicate to the central nervous system. In
this review, when describing the functional conse-
quences of using different prosthetic technolo-
gies, we will be referring to the results of MEA-
analysis, unless otherwise specified.

VIRUSES OR NANOPARTICLES?

Adeno-associated viruses (AAVs) (see review
[17]) are traditional vectors for the effective and
safe delivery of a prosthetic genetic material into
retinal neurons. This type of carriers has long been
widely used for gene therapy of various diseases as
a component of antiviral vaccines. The main
challenge in using AAVs for retinal optogenetic
prosthetics is a small capacity of the viral capsid
(up to 4.7 thousand bp) and its low tropism to ret-
inal neurons. Insufficient capsid capacity does not
allow its loading with a minimally required set of
genetic elements, including a strong promoter of
the gene specifically expressed in target retinal cells
and the sequence encoding a prosthetic light-sen-
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sitive protein. As this drawback is intractable, vari-
ous compact derivatives of the initial promoter
sequence that include a limited number of regula-
tory sites are usually employed when using AAVs as
carriers (for examples, see [18—20]).

The tropism of AAV serotypes (1 to 9) to retinal
cells, as well as their ability to traverse the inner
limiting (basement) membrane located on the side
of ganglion and photoreceptor cells, differ signifi-
cantly [17]. When injected subretinally (into the
space between the retina and the pigment epithe-
lium), AAVI and 4 serotypes transduce primarily
epithelial cells and have a low affinity for retinal
neurons [21, 22]. AAV2, 5 and 7 transduce epithe-
lial and photoreceptor cells, while AAV8 and 9
infect the Miiller glia as well [21, 22]. However,
after intravitreal injection (into the vitreous body),
only the AAV2 serotype is able to effectively cross
the basement membrane and transduce the inner
retinal layers (mainly ganglion cells) [21, 22]. In
vitro directed AAV evolution allowed obtaining
modified AAV2 serotypes having an increased
affinity for retinal neurons and the ability to trans-
duce the cells of intermediate layers, including
bipolar cells, more efficiently [23]. For example,
multiple substitutions of tyrosine for phenylalanine
in AAV2 capsid proteins have been shown to
increase transduction efficiency, presumably due
to decreasing the proteasomal degradation of
viruses by cells [24].

An alternative to viral delivery of a prosthetic
material into retinal cells is the use of synthetic
nanoparticles of different nature that bind to
DNA molecules (for an overview, see [25, 26]).
Synthetic vectors have an advantage over their
viral counterparts as they have a significantly
higher capacity and the ability to transfer plasmids
either containing several genes of interest or
enriched with regulatory sequences. Although
nanoparticles, in contrast to viruses, are unable to
implement specific mechanisms of cell penetra-
tion and genetic material delivery to the nucleus,
researchers have recently learned to modify the
particle structure to optimize the mechanisms of
their interaction with cells [27—29].

BIPOLAR OR GANGLION CELLS?

As confirmed experimentally, both bipolar and
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ganglion cells in model animals with photorecep-
tor degeneration can be successfully used as a tar-
get for optogenetic prosthetics (see reviews [6,
30]). In addition, clinical trials have shown that
ganglion cells can be employed for prosthetic pur-
poses in humans [31]. The choice of target cells to
be artificially imparted with light sensitivity is a
paramount step in the overall prosthetics strategy.
The main parameters that determine this choice
are the availability of a particular cell type for viral
transfection, its preservation as degenerative pro-
cesses in the retina unfold, and the degree of dis-
tortion of the mnatural pathway of visual
information dissemination. In a healthy retina,
photoreceptors generate in response to light acti-
vation a tonic response that hyperpolarizes the
cell. This signal, via a glutamate synapse, is
summed up with the responses of other photore-
ceptors and transmitted to an ON- or OFF-bipo-
lar cell, eliciting its tonic depolarization or
hyperpolarization, respectively. Eventually, the
responses of several bipolar cells are added
together and transmitted, both directly and via
amacrine cells, to a ganglion cell that responds to
the input signal by increasing its spike generation
frequency. In the degenerative retina, photore-
ceptors fall out of the three-link chain of light
response generation and signal transmission (pho-
toreceptors — bipolar cells — ganglion cells), thus
leaving the possibility of creating both a two-link
chain with light-sensitive bipolar cells and a sin-
gle-link chain with light-sensitive ganglion cells.
Pathological degenerative processes in the ret-
ina unfold in several stages (see reviews [32, 33]).
At early stages, genetically determined malfunc-
tions in intracellular mechanisms of photorecep-
tors trigger a cascade of events leading to their
death. At this stage, there is also an OFF shift in
functional characteristics of bipolar cells that
occurs due to changes in the expression profile of
glutamate receptors in their dendritic endings
[34]. Further pathological processes include the
phagocytosis of photoreceptor residues and deaf-
ferentation of bipolar cells because of the discon-
tinuation of glutamatergic transmission from
photoreceptors and subsequent retraction of their
dendrites. Due to these events, functional aberra-
tion of bipolar cells progresses, as manifested in
an increased expression of ionotropic glutamate
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receptors in the dendrites of ON-cone bipolar
cells, as well as malfunctions in metabotropic
receptors [35].

In the transition period, when the rods have
already completely degenerated while cones are
yet preserved, the dendrites of bipolar cells can
proliferate in search of survived photoreceptors to
connect to their synaptic terminals. At the last
stage, topological remodeling of the retina inten-
sifies, survived cells actively migrate to the loca-
tions normally atypical of them, and the basement
membrane, largely formed by Miiller cells,
becomes thicker, thus creating a serious barrier to
possible entry of therapeutic or prosthetic agents.
Individual bipolar and amacrine cells can migrate
into the ganglion cell layer and vice versa, gan-
glion cells can penetrate into the inner nuclear
layer [32]. The observed structural shifts are also
accompanied by changes in the transcriptome
repertoire of proteins related to cell—cell commu-
nication, such as annexin A7 and contactin 1. It
has been shown that transcription levels of both
proteins in rd1 mice significantly decrease on day
90 of postnatal development [36]. Meanwhile, the
transcriptomic profiles, referring to intracellular
signaling and basal metabolic processes in bipolar
cells, change insignificantly, which allows them to
retain the status of promising prosthetic targets.

Another important and negative consequence
of retinal functional and topological rearrange-
ment is the emergence of a spontaneous rhythmic
activity in most of the survived neurons [37, 38].
This activity creates a noise background and ham-
pers useful signal discrimination, reducing
thereby the visual system’s sensitivity. It is com-
monly believed that the primary cause of this
activity is neuronal deafferentation of the inner
nuclear layer, while the direct mechanism lies in
abnormal membrane potential fluctuations in AIl
amacrine cells [39, 40]. The latter, cophasally via
ON-bipolar cells and antiphasally via the sign-
inverting synapse with OFF-bipolar cells, excite
periodic activity, respectively, in ON- and OFF-
ganglion cells, leading to the emergence of spon-
taneous electrical activity waves that relatively
slowly propagate across the ganglion cell network.
This activity manifests itself in the generation of
spike bursts with a frequency of about 10 Hz [41].
Pharmacological uncoupling of communication
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between AIl amacrine and ON-bipolar cells
through gap junctions leads to a considerable
decrease in the spontaneous activity of ganglion
cells and an improvement of signal-to-noise ratio
[42].

It should be noted that optogenetic prosthetics
of bipolar, but not ganglion, cells leaves the signal
processing system, which involves amacrine cells,
partially operational. Although ganglion cells
themselves divide into more than 40 dissimilar
functional types that differentially interact and
process the incoming information [43, 44], their
prosthetics transforms all these functional types
into uniform light detectors, thereby significantly
disrupting the natural framework of visual infor-
mation processing before it enters the brain. All
the aforesaid indicates that bipolar cell prosthetics
recreates the natural framework of visual informa-
tion processing more adequately compared to
ganglion cells prosthetics.

The efficacy of prosthetic transgene delivery to
cells of a certain type is largely determined by the
choice of the method, intravitreal or subretinal, of
how to deliver viral constructs to the retina. It is
intravitreal injection that is preferable for trans-
gene delivery to inner retinal neurons, i.e. gan-
glion and bipolar cells, while subretinal injections
are used for the transduction of photoreceptors
and pigment epithelium cells (for example, as part
of gene therapy, see review [45]). The task of mass
ganglion cell transduction is relatively simple
because of the maximal proximity of these cells to
the vitreous body and, accordingly, the point of
vector injection. Bipolar cells occupy the most
hard-to-reach position in the retina, which makes
them a less attractive target for transgene delivery.
However, the advent of modified AAV serotypes
with an increased tropism to retinal neurons and,
therefore, more efficient penetration into the
deep cell layers has allowed this problem to be
solved successfully [23, 46].

Attempts to generate selective compact promot-
ers for targeted transgene expression in ON-bipolar
cells have been undertaken since 2008 [47] and
are usually based on full-length promoters of
genes encoding the proteins specific to a certain
cell type. Despite the fact that the first develop-
ments in this field were unable to provide a suffi-
cient level of selectivity, often admitting the
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expression of photosensitive proteins in amacrine
or ganglion cells [48], at least three constructs
providing a highly selective optoprosthetics of
ON-bipolar cells on the basis of the Grm6[49—51]
and Pcp2 [49—51] genes can be distinguished to
date. A combination of optimized AAV serotypes
and selective, powerful and compact promoters
allows successful expression to be obtained in 70%
of all the retinal bipolar cells [13, 14], with the
proportion of transduced cells being significantly
higher in rod than in cone bipolar cells. The pro-
portion of non-targeted transgene expression is
about 16% and falls on OFF-bipolar cells [14].

Ample data on the safety of the bipolar cell
prosthetic technology provide additional evidence
for the prospectivity of this approach. It was
shown that in rd1 mice, AAV-mediated expres-
sion of channelrhodopsin [52, 53] and rhodopsin
[53] entailed no apoptosis and inflammation,
both local and systemic. On the other hand, no
damage or inflammation has also been detected in
the macaque retina 3 months after a selective
expression of modified channelrhodopsin in gan-
glion cells [54].

VISUAL OPSINS OR
CHANNELRHODOPSINS?

More than ten types of bipolar cells have been
identified by now in the mammalian retina, which
are subdivided by the type of innervated cells into
rod and cone bipolar cells, and by the type of
incoming signal processing, into OFF- (sign-pre-
serving) and ON- (sign-inverting) bipolar cells
(for review see [55]). A successful prosthetic tech-
nology must include an exogenous light-sensitive
protein, which allows reproducing the sign of a
light-induced change in the bipolar cell mem-
brane potential, as well as the feasibility of selec-
tive and efficient expression of this protein in the
correct cell type. The technologies developed to
date enable ON-bipolar cell prosthetics to be
implemented by transfecting these cells with ion-
otropic or metabotropic light-sensitive proteins.
These proteins elicit a light-induced change in the
cell membrane potential, reproducing thereby the
logic of the normal signaling pathway operation in
the retina, as evidenced by the successful experience
of visual function prosthetics in model animals [14,
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56, 57]. Until now, there have been no attempts of
directional OFF-bipolar cell prosthetics, either sep-
arately or simultaneously with ON-bipolar cells,
although optogenetic tools that make it possible to
hyperpolarize cells in response to light stimulation
(anion channels) do exist and are successfully
used for solving other optogenetic challenges [58].
As for the attempts to use channelrhodopsins and
visual opsins for ON-bipolar retinal cell prosthet-
ics in model animals with photoreceptor degener-
ation, they have long and successfully been made,
leading to the emergence of light sensitivity, as
supported by the results of various functional tests
(for review, see [59]).

When choosing a prosthetic strategy, one of the
determinative factors of efficacy is the choice of
the type of a prosthetic exogenous light-sensitive
protein. Historically, the first successful experi-
ments on optogenetic retinal prosthetics in model
animals were implemented using channelrhodop-
sin [60], and subsequently this protein, along with
its modifications, was repeatedly and successfully
applied for these purposes [13, 14, 54, 61]. Modi-
fied ChrimsonR channelrhodopsin with its red-
shifted absorption maximum was successfully
used for retinal ganglion cells prosthetics [31].
The great advantage of using channelrhodopsin is
a relative autonomy of this approach, as the pros-
thetic effect only relies on the expression of a sin-
gle exogenous protein. An alternative to
channelrhodopsin as a retinal prosthetic tool is
light-sensitive metabotropic receptors, such as
optic opsins or melanopsin. In this case, it is
assumed that the exogenous receptor is incorpo-
rated into the prosthetized cell’s own signaling
system. The postsynaptic ON-bipolar cell signal-
ing cascade, triggered by the mGIluR6 metabo-
tropic glutamatergic receptor and regulating the
conductance of TRPM1 channels, is most com-
monly considered as a suitable system for receptor
incorporation (see review [62]). The metabo-
tropic light-sensitive receptor can be used in an
unmodified form (rod rhodopsin [63, 64]; human
cone opsin [46]; melanopsin [65, 66]), or its mol-
ecule can be modified to better adapt to the
endogenous signaling cascade. In the latter case, a
chimeric receptor protein can be used, in which
the native intracellular domain, responsible for
the interaction with signaling G proteins, is sub-
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Fig. 1. A summary diagram of threshold sensitivity values in an optogenetically prosthetized degenerative retina after optoge-
netic prosthetization according to data from various sources. The data (minimum light stimulus intensity that elicits a retinal
response) are clustered depending on which type of cells underwent prosthetics (bipolar or ganglionic) and which type of a
prosthetic light-sensitive protein (channelrhodopsin or visual opsin) were used. References: retinal ganglion cells, channel-
rhodopsins (RGC, ChR) [14, 54, 68—70]; ganglion cells, visual opsins (RGC, Vis.Ops) [66, 71]; bipolar cells, channelrho-
dopsins (BC, ChR) [13, 14, 52, 63, 72, 73]; bipolar cells, visual opsins (BC, Vis.Ops) [51, 56, 63, 64]. Abbreviations: ChR2—
channelrhodopsin-2; CatCh/CoChR/ReaCHR—modified channelrhodopsins; Rho—rod rhodopsin; RGC—retinal ganglion

cells; MW-Opn—green-sensitive cone opsin; MIn—melanopsin.

stituted for the mGIluR6 receptor domain [56,
67].

When prosthetizing bipolar cells with one or
another type of proteins, the outcome may differ
significantly by the final light sensitivity of the ret-
ina. When the viral vector carrying similar genetic
constructs is injected at equal concentrations, the
sensitivity of ON-bipolar cells prosthetized with
channelrhodopsin was 2.5 orders of magnitude
lower than in prosthetizing with the metabotropic
receptor (rat rhodopsin) [63]. A similar ratio of
sensitivities also follows from other works, in
which bipolar cells were prosthetized with chan-
nelrhodopsins [13, 61] and demonstrated thresh-
old sensitivities in the range of 1013~
1012 photons/cm?/s, or with metabotropic opsins

[42, 51, 64] and showed threshold sensitivities of
1011-10'2 photons/cm?/s (see the summary dia-
gram in Fig. 1). The explanation of such a differ-
ence lies most likely in the level of bipolar cell
depolarization in terms of a single light quantum
absorbed. Absorption of a single quantum by the
channelrhodopsin molecule leads to the opening
of a single channel, channelrhodopsin itself,
whereas single-quantum activation of the
metabotropic receptor molecule triggers an intra-
cellular transduction cascade, leading to the
opening of numerous membrane cation channels.
Accordingly, in the second case, there is a greater
shift in the membrane potential, which means a
greater light sensitivity of a prosthetized cell.
Bipolar cell prosthetics with metabotropic
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opsins leads to the emergence of light sensitivity
which covers up to 5 orders of intensity, whereas
the use of channelrhodopsins allows creating a
dynamic range of only 2 orders of intensity [42,
63]. It occurs, specifically, due to a higher slope of
the stimulus intensity—light response curve in the
case of channelrhodopsin prosthetics than with
the use of the metabotropic receptor [51]. At the
same time, bipolar cell prosthetics with metabo-
tropic opsins creates at the level of individual gan-
glion cells a dynamic range of sensitivity of no
more than 4 orders of light stimulation intensity.
The additional order of light sensitivity adjust-
ment is achieved due to superimposition and
incomplete overlap of sensitivities of many differ-
ent ganglion cells [42].

The shape of the prosthetized retina’s response
to a stimulation by a prolonged step of light is
expectedly different from that of the healthy ret-
ina. When prosthetizing ON-bipolar cells with
rhodopsin, the response at the level of ganglion
cells shows a slower response kinetics compared
to the healthy retina (longer time to peak and
slower off response). At the same time, the
response demonstrates the signs of light adapta-
tion in the artificial phototransduction cascade,
manifested in response acceleration as the stimu-
lus intensity increases, which is also characteristic
of a healthy retina [63]. It should also be noted
that some ganglion cells (about 7% of their total
number) responded to stimulation by not an
increase but a decrease in spike activity, which
indicates a partial restoration of OFF-pathways in
visual signal processing.

CONCLUSIONS

In this review, we have attempted to describe
relatively recent achievements in developing
optogenetic technologies to prosthetize the retina
that has undergone neurodegeneration. New evi-
dence has been obtained that the use of adeno-
associated viruses as transduction vectors, as well
as the induction of rhodopsin or channelrhodop-
sin expression in retinal cells, is safe both for the
retina [52, 53, 74] and for the organism as a whole
[52]. Moreover, in animal models, the induction
of rhodopsin and channelrhodopsin expression is
stable over many months [13, 52, 74], which
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allows us to hope for a stable effect of prosthetic
protein expression in humans in case this method
is introduced into clinical practice.

To date, an effective toolkit for the delivery of
genetic material to survived retinal cells has been
created and tested in animals with photoreceptor
degeneration. A combination of certain AAV
serotypes with the latest compact promoters
makes it possible to achieve high selectivity and
efficiency of transduction of the retinal cell type
chosen for prosthetics in model animals (rodents
[50, 51], dogs [74, 75], primates [54, 76],
reviewed in [77]). A direct transfer of such an
AAV serotype—promoter combination to human
retinal prosthetic technology seems to be impossi-
ble, and, therefore, a highly specific and efficient
delivery of genetic material into human cells will
require the development and subsequent valida-
tion of appropriate species-specific promoters
(see [18]).

Currently, an unambiguous choice in favor of
bipolar or ganglion cell prosthetics, as well as the
choice of channelrhodopsins or rhodopsins as a
prosthetic material, does not seem obvious. Bipo-
lar cell prosthetics recreates a more natural signal-
ing pathway in the retina, and it seems likely that
the visual system will adapt more easily to this
prosthetic option. On the other hand, the proxi-
mal location of ganglion cells makes them more
accessible to viral vectors, despite all the recent
achievements in creating serotypes that penetrate
deep into the retina. Direct measurements con-
firm that channelrhodopsin prosthetization of
ganglion cells allows obtaining a significantly
higher sensitivity than with channelrhodopsin
prosthetization of bipolar cells [14].

In all works on bipolar cell prosthetics with
channelrhodopsin, the threshold of retinal light
sensitivity is no less than 1013 photons/cm?/s,
including using modern modified forms of this
protein having an increased conductance and
delayed channel shutdown [14, 78]. A low sensi-
tivity necessitates the constant use of high light-
ing levels, which can lead to light-induced
retinal damage. The use of metabotropic opsins
in all cases allows creating light sensitivity
approximately two orders of magnitude higher
than with the use of channelrhodopsins and thus
reducing the light load on the retina [51, 63]. In
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addition, it has been shown that in ON-bipolar
cells, the rhodopsin-based artificial transduc-
tion cascade is able to adapt to lighting levels.
Both of these circumstances suggest that future
promising prosthetic tools must be developed
on the basis of metabotropic light-sensitive
receptors.
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