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Most inherited retinal dystrophies display progressive photore-
ceptor cell degeneration leading to severe visual impairment.
Optogenetic reactivation of inner retinal neurons is a promising
avenue to restore vision in retinas having lost their photorecep-
tors. Expression of optogenetic proteins in surviving ganglion
cells, the retinal output, allows them to take on the lost photore-
ceptive function. Nonetheless, this creates an exclusively ON
retina by expression of depolarizing optogenetic proteins in all
classes of ganglion cells, whereas a normal retina extracts several
features from the visual scene, with different ganglion cells de-
tecting light increase (ON) and light decrease (OFF). Refinement
of this therapeutic strategy should thus aim at restoring these
computations.Here we used a vector that targets gene expression
to a specific interneuron of the retina called theAII amacrine cell.
AII amacrine cells simultaneously activate the ON pathway and
inhibit the OFF pathway.We show that the optogenetic stimula-
tion ofAII amacrine cells allows restoration of bothONandOFF
responses in the retina, but also mediates other types of retinal
processing such as sustained and transient responses. Targeting
amacrine cells with optogenetics is thus a promising avenue to
restore better retinal function and visual perception in patients
suffering from retinal degeneration.

INTRODUCTION
Blindness affects 45 million people worldwide. In many cases of retinal
degeneration photoreceptors are lost, while retinal ganglion cells
(RGCs) (that provide visual signals to the brain) as well as many inter-
neurons (e.g., amacrine cells) are maintained. This opens the possibility
to stimulate the remaining RGCs or amacrine cells directly to restore
visual function. Retinal prostheses are a promising solution and have
been found to restore some useful perception in blind patients. How-
ever, the acuity of the existing devices remains very low, below the level
of legal blindness.1,2 Patients also report that percepts evoked by elec-
trical stimulation of retinal neurons are not easily interpretable as visual
stimuli3 and therefore are often not sufficient to identify objects or to
navigate in complex environments. Optogenetic therapies provide a
promising alternative to restore vision with a higher resolution and
specificity that can better mimic the natural output of the retina.4 In
this strategy, a light-sensitive protein is expressed in specific neural
populations in a blind retina.
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Expressing light-sensitive proteins in RGCs can be an efficient way to
restore vision through the stimulation of these newly light-sensitive
cells with patterned light to evoke visual perception,5–9 although
the first results show that the acuity is still low with this strategy.10

How to optimize visual acuity and perceptual performance when
restoring vision using optogenetics is an active area of investigation.

In a healthy retina, the ganglion cell population can be divided into
about 20–40 cell types that each perform a different computation
on the visual scene.11,12 Each cell type is classically assumed to be se-
lective of a specific feature of the visual scene and therefore conveys a
corresponding feature map to the brain.13 Altering specifically one of
these cell type populations can lead to specific impairments in visual
perception and motor output, including specific defects in perceiving
moving objects and eye movement control.14–16 In particular, gan-
glion cells usually respond either to light increase (ON ganglion cells)
or light decrease (OFF ganglion cells). Inactivating ON ganglion cells
leads to a reduced ability to detect increase of luminance at the
perceptual level while ability to detect decrease of luminance is not
affected.17 Optogenetic strategies targeting ganglion cells will not
restore the computations performed in the normal retina. In partic-
ular, making ganglion cells light-sensitive will result in a retina where
all ganglion cells become de facto ON cells (only responding to light
increase). It is unclear how this synthetic visual signal will affect the
physiological processing performed by downstream areas in the brain
and what will be the resulting restored perception, but this loss of
retinal computations could severely impair perceptual performance.

To restore some of the response diversity found in normal retinas
with optogenetic therapy, other cells such as “dormant” photorecep-
tors have been targeted specifically.18 However, in many patients
these cells have already been lost due to retinal degeneration. An
linical Development Vol. 31 December 2023 ª 2023 The Authors. 1
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Figure 1. AAV-mediated gene delivery to AII

amacrine cells from the vitreous

(A) Whole-mount view showing eGFP expression (green)

in the plane of AII somas (INL). (B) Retinal cryosections

showing eGFP expression (green) and labeling of star-

burst amacrine cells with a ChAT antibody (red). (C, C0, C00)
Retinal cryosections showing eGFP expression under the

control of our HKamac sequence (in green) and Prox1

immunostaining (in red) (and DAPI in blue). (D, D0, D00)
Retinal cryosections showing ReaChR-eYFP expression

under the control of our HKamac sequence (in green),

Prox1 immunostaining (in red) and DAPI in blue). For all

panels, retinal layers are shown on the left: inner nuclear

layer (INL), ganglion cell layer (GCL). DAPI labels all

nuclei, while Prox1 labels bipolar and AII amacrine cells.

Co-labeled AII amacrine cells are indicated with white

arrows. Co-labeled RGCs are indicated by white

arrowheads. Scale bars, 50 mm.
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alternative strategy to restore richer functional selectivity is to target
other cell types in the intermediate layers of the retina that are not
damaged. Here, we express an optogenetic protein in AII amacrine
cells of blind mice to restore vision. AII amacrine cells are an ideal
target because they connect with both ON and OFF bipolar cells
with different types of synapses.19–23 They form gap junctions with
most ON bipolar cell types,24 and can therefore excite them when
they are activated. At the same time, they form glycinergic inhibitory
synapses with most OFF bipolar cell types.24–26

We first introduce a vector allowing to target specifically AII amacrine
cells, enabling expression of an optogenetic protein following an AAV
injection. We then show that this strategy allows reactivating retinal
computations, and in particular ON-OFF selectivity, in a way similar
to the normal retina. We demonstrate this both in normal retinas
where photoreceptor transmission is blocked and in amodel of retinal
degeneration where photoreceptors have been lost. Our data show
that targeting AII amacrine cells is a promising strategy for vision
restoration with optogenetics.

RESULTS
Targeting of AII amacrine cells

To identify a sequence driving expression in AII amacrine cells, we
generated plasmid constructs with several known retinal-specific pro-
moters, encoding eGFP expression. Then, we produced AAV vectors
2 Molecular Therapy: Methods & Clinical Development Vol. 31 December 2023
with the corresponding expression cassettes and
tested the resulting expression pattern, via intra-
vitreal injection route with AAV2-7m8, a ge-
netic variant of AAV227,28 specifically selected
for enhanced retinal transduction properties
when delivered intravitreally. We incidentally
found a sequence driving specific expression in
AII amacrine cells. The regulatory cassette,
that we refer to as HKamac in the following
(see Tables S1–S4), has been derived from the
IRBP enhancer and the human GNAT2 promoter, previously
described for weak targeting of photoreceptors,29–33 and included
an additional sequence at its 30 end immediately after GNAT2 pro-
moter into which an SV40 intron was inserted. C57BL/6J wild-type
mice were injected at 4 weeks of age using AAV2-7m8-HKamac-
eGFP. Six weeks after injection, eye fundus showed high expression
levels (Figure S1). Retinas were then harvested, fixed, and embedded
in tissue freezing medium for histology and immunohistochemistry
analysis 120–140 days postinjection.

Wild-type retinal flat mounts showed that a homogeneous population
of cells with large somas expressed GFP in the inner nuclear layer
(INL) (Figures 1A and S1; Video S1). In cross-sections, the labeled
cells showed dendritic stratification in both ON and OFF layers, a
pattern reminiscent of AII morphology.34 To determine precisely
the subtype of amacrine cell, we first showed that GFP did not coloc-
alize with GABAergic (GAD staining, see Figure S1B, S1B0) or with
Starburst amacrine cell marker (ChAT staining) (Figure 1B). To
determine whether they were glycinergic AII amacrine cells, we per-
formed cryosections labeling with a Prox1 antibody, labeling both
glycinergic bipolar cells and AII amacrine cells,35 and found clear
co-localization of GFP with Prox1, thereby confirming GFP-positive
cells are glycinergic AII amacrine cells (Figures 1C, 1C0, and 1C00). We
then replaced GFP by ReaChR-eYFP in the plasmid construct while
keeping the same regulatory sequence. ReachR-eYFP was then
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delivered in wild-type mice using the same AAV2-7m8 capsid
variant. ReaChR-eYFP was successfully expressed in AII amacrine
cells’ membranes, although eYFP was detected in some RGCs as
well (Figure 1D, 1D0, and 1D00). The off-target expression pattern
can depend on the viral dose and the injection route.28 ReaChR is
also very efficiently expressed which skews expression toward a
broader range of cell types.

Optogenetic stimulation of AIIs produces ON and OFF

responses

AII amacrine cells excite ON bipolar cells through gap junctions, and
inhibit OFF bipolar cells through glycinergic, inhibitory synapses. We
tested if stimulation of AII amacrine cells with optogenetics could
evoke ON and OFF responses in RGCs. For this we recorded RGC
spiking activity from wild-type retinas expressing ReaChR under
the HKamac sequence on a multielectrode array (see Tables S1–S4
for sequence, Figure 2A). To test if AII stimulation could activate
similar circuits to photoreceptor stimulation, we first measured the
responses of ganglion cells to stimuli at low light intensity, which
only activated photoreceptors, and were not sufficiently strong to
activate ReaChR (termed photoreceptor stimulation in the following).
We observed both ON and OFF responses (Figure 2B).

We then blocked the synaptic transmission from photoreceptors to
the ON and OFF bipolar cells using pharmacology (L-AP4 to block
the transmission from photoreceptors to ON bipolar cells, and
ACET to block transmission from photoreceptors to OFF bipolar
cells, see materials and methods). At the same light intensity, re-
sponses disappeared. This is expected since the impact of photore-
ceptor activation on the rest of the retinal circuit has been blocked,
and the light intensity is too low to activate ReaChR. We then
increased light intensity to reach the activation of ReaChR (see mate-
rials and methods) and observed both ON and OFF responses to light
stimulation (Figures 2C and 2D) for a large portion of ganglion cells.
This activation (termed optogenetic stimulation in the following) is
due to the stimulation of AII since stimulation in untreated retinas
at similar intensity with the same concentration of blockers did not
show any response (Figure 2E). Activation of AII with optogenetic
stimulation is thus able to evoke both ON and OFF responses in
the retina, while previous studies showed that targeting ganglion cells
only gave ON responses.5–9,36

To understand if our strategy allows reactivation of the same com-
putations performed in the normal retina, we categorized the cells as
ON, OFF, or ON-OFF depending on their responses to photore-
ceptor stimulation. ON ganglion cells were defined as responding
to the onset of the photoreceptor stimulation, OFF cells as respond-
ing to the offset, and ON-OFF as responding to both (see materials
and methods). We then asked if ON cells and OFF cells responded
to both the onset and offset of the optogenetic stimulation. If the
responses were consistent for photoreceptor and optogenetic stimu-
lation, this would suggest that AII stimulation is able to reactivate
some of the circuits that are active during photoreceptor stimula-
tion. For example, ON ganglion cells receive their inputs from
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ON bipolar cells. At the onset of AII stimulation, ON bipolar cells
should be activated, and should therefore stimulate ON ganglion
cells. Conversely, OFF bipolar cells, which provide the main excit-
atory input to OFF ganglion cells, should be inhibited during AII
stimulation, and uninhibited at the offset of AII stimulation. As a
result, they should be able to excite OFF ganglion cells at the offset
of the AII stimulation. If this hypothesis were correct, ON ganglion
cells should be activated at the onset of AII stimulation, and OFF
ganglion cells at the offset.

We identified a total population of 173 ON and 65 OFF (and 44 ON-
OFF) ganglion cells across three different experiments. The large
majority of ON cells responded to the onset of the optogenetic stim-
ulation (74%) while their responses to the offset were almost not
present (only 0.5%), which is consistent with our hypothesis. A signif-
icant portion of OFF cells showed OFF responses to the optogenetic
stimulation (25%). However, we also observed that a fraction of cells
classified as OFF based on response to photoreceptor stimulation,
turned ON during optogenetic stimulation (36%). We hypothesized
that this could be due to off-target expression of the ReachR protein
in ganglion cells, observed in our histology experiments.

Off-target expression explains changes in ON-OFF selectivity

If the observed responses at the onset for OFF cells were due to direct
expression of ReaChR in ganglion cells, these responses would still be
present when fully blocking glutamatergic synaptic transmission. To
test this, we performed additional experiments on the same cell
populations where we fully blocked this transmission using a pharma-
cological cocktail composed of L-AP4, ACET, CNQX, and CPP (Fig-
ure 3A, see materials and methods). The responses at the stimulation
onset in OFF ganglion cells were still present after the application of
this cocktail (Figures 3B, 3C, and 3D): 41% of the OFF cell population
responded to the stimulus onset at bright luminance, while responses
to the stimulus offset completely disappeared (Figure 3E). In control
retinas where no optogenetic protein is expressed, light responses
were almost completely abolished (99% or the OFF population did
not respond to the stimulus, Figure 3F). This confirms that these onset
responses inOFF cells are due to off-target expression in ganglion cells.

This off-target expression had two consequences. First, when varying
the stimulation light intensity, there were more and more ganglion
cells responding to light onset when increasing light intensity (Fig-
ure S2). Our results suggest that this is due to a weaker off-target
expression in ganglion cells, which require a higher intensity to reach
the spike threshold. When increasing light intensity, more ganglion
cells have a light response due to off-target expression. Second,
ON-OFF cells, characterized with photoreceptor stimulation, usually
respond to light onset for optogenetic stimulation. This might be due
to off-target expression in ganglion cells: to respond to light onset, a
ganglion cell can either receive ON bipolar cell output, or express
ReaChR due to off-target expression. To respond to light offset, a
cell has to receive OFF bipolar cell output. This asymmetry might
explain why we observed fewer responses to light offset than to light
onset in ON-OFF ganglion cells.
herapy: Methods & Clinical Development Vol. 31 December 2023 3
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Figure 2. ON and OFF RGC responses elicited upon light stimulation of ReaChR-expressing AII amacrine cells

(A)AII amacrinecells connect to theONpathway (in red) throughgap junctions,and to theOFFpathway (in blue) throughglycinergic inhibitoryconnections.StimulationofAIIshence

produces responsesofoppositepolarityonONandOFFRGCs.We targetAIIs throughoptogenetic stimulationconsistingofa seriesof full-fieldflashes, and record the responsesof

the RGCswith amultielectrode array. Pharmacology (ACET and L-AP4) blocks synaptic transmission from photoreceptors. (B) Responses of representative ON (left column, red)

andOFF (right column,blue)RGCs tophotoreceptor stimulationwithwhite full-field flashes. Top: spikingactivity acrossdifferent trials.Bottom:mean response. The time intervalsof

the flashes are shown in gray. (C) Responses of the same ON (left column, red) and OFF (right column, blue) RGCs shown in (B) to optogenetic stimulation, after blocking

photoreceptor synaptic transmission. Top: spiking activity across different trials. Bottom: mean response. (D) Percentage of RGCs responding to optogenetic stimulation. Left:

percentage ofONRGCs responding to the flash respectively at onset (red), offset (blue), or never (black), for both low andhigh luminance.Center andRight: sameplot for OFF and

ON-OFF RGCs, respectively. Error bars represent the standard error of the sample mean. (E) Percentage of RGCs responding to optogenetic stimulation for a control population

with no opsin expressed. Same plots as in (D). Error bars represent the standard error of the sample mean.
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Ganglion cell ON and OFF responses can be evoked by AII

stimulation

To further demonstrate that the observed responses were mostly due
to AII activation and not off-target expression in ganglion cells, nor to
a failure of the pharmacological blocking of photoreceptor transmis-
sion, we performed additional experiments. We reasoned that if we
use an inhibitory opsin, which will hyperpolarize the cells upon light
stimulation, it will inactivate ganglion cells. As a consequence, off-
target expression will not allow any spiking response. On the con-
trary, if AII are hyperpolarized upon light stimulation, they should
still evoke responses, except that they should be inverted: ON gan-
glion cells should respond at light offset, and OFF ganglion cells at
light onset. If the responses are due to a failure of the pharmacological
blocking, we should not see this inversion.

We injected the same construct but replaced ReaChR with gtACR1
(see materials and methods).37,38 We performed the same protocols
(two retinas, 36 ON, 125 OFF, and nine ON-OFF RGCs) and found
4 Molecular Therapy: Methods & Clinical Development Vol. 31 Decemb
that most ganglion cells for which a response was detected showed the
predicted inversion of polarity (Figures 4A, 4B, and 4C). Observed re-
sponses are thus due to AII modulation, and not to off-target expres-
sion, nor to a failure of the pharmacological block. These results
confirm that our approach allows stimulation of AII to modulate
differentially ON and OFF ganglion cells.
Diversity of ganglion cell responses to AII stimulation

AII stimulation can restore ON and OFF responses, but can it restore
more features of the normal retinal responses? In particular, beyond
the ON and OFF classification, previous works on normal retinas
have shown that retinal responses to more complex stimuli like
“chirp” stimuli uncover a large diversity of responses, corresponding
to the different types of ganglion cells. Is this diversity still present in
retinas reactivated by our AII stimulation strategy? To test this, we
displayed the chirp stimulus, previously used to classify different
types of ganglion cells,12 at high light intensity so that it activates
er 2023
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Figure 3. Off RGC responses of inverted polarity are due to off-target opsin expression

(A) Control protocol showing direct ganglion cell activation due to off-target expression of ReaChr: the application of CNQX and CPP disrupts all the excitatory synaptic

connections. Responses induced by visual stimulations under this condition are only due to direct activation of the RGCs expressing the opsin. (B) Mean responses of three

representative RGCs (one ON and twoOFF) to simple photoreceptor stimulation. The stimulation time interval is depicted in gray. (C) Mean responses of the same three RGCs

to optogenetic stimulation, after blocking the photoreceptor transmission. (D) Mean responses of the same RGCs after blocking all the excitatory synaptic connections.

Responses of RGC 3 can only be explained by off-target expression of the opsin in ganglion cells. (E) Percentage of ganglion cells responding to direct optogenetic

stimulation, due to off-target expression. Left: percentage of ON RGCs responding respectively to the stimulus onset or offset (or not responding), at both low and
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ganglion cells responding to direct optogenetic stimulation for a control population with no opsin expressed. Same plots as in (E). Error bars represent the standard error of the
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the ReaChR protein expressed in AII amacrine cells. We found a large
diversity of responses to this stimulus (Figure 5A). Beyond responses
to onset and offset, some cells responded to different parts of this
stimulus, showing different tunings to temporal frequencies.

A few cells responded transiently while most of them had more sus-
tained responses. To quantify this, we first measured an index of
how transient or sustained ganglion cell responses were (see mate-
rials and methods). We computed this index both on the responses
Molecular T
to optogenetic stimulation and to normal photoreceptor responses:
we found that a large majority of cells lost their transient compo-
nent when reactivated through the AII pathway (Figure 5B). We
also defined a comparative sustained-transient index that measures
how transient is the response of a ganglion cell when activated op-
togenetically, with respect to its normal photoreceptor response
(Figure 5C). An analysis of the distribution of these indices showed
that ON ganglion cells are consistently more sustained in their
optogenetic responses (tested with the Wilcoxon rank-sum test,
herapy: Methods & Clinical Development Vol. 31 December 2023 5
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Figure 4. The diversity of RGC responses is really due to AII activation, and not to photoreceptor transmission or off-target expression

(A) Examples of responses to photoreceptor stimulation for representative ON (left column, red) and OFF (right column, blue) RGCs. Top: Raster plot of RGC responses
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p value below 1e-5; see materials and methods), while the result is
less clear for OFF cells.

We then checked if the optogenetic stimulation ofAIIs preserved or dis-
rupted the functional organization of RGCs. RGCs can be classified into
several types: cells belonging to the same type are spatially arranged to
cover uniformly the visual field, and produce similar responses to the
same stimuli. To check if this organization was still present, we looked
at correlations of the responses of pairs of RGCs for both photoreceptor
andoptogenetic stimulations (Figure 5D). If the functional arrangement
is preserved in optogenetically reactivated retinas, these correlations
should not vary significantly across these two conditions. We used the
Pearson correlation coefficient to estimate the correlation of two cells
responses. We looked at the correlations of all cell pairs with the same
polarity, for both photoreceptor and optogenetics responses. We
6 Molecular Therapy: Methods & Clinical Development Vol. 31 Decemb
observed that for most of the ganglion cell pairs considered, these cor-
relations were still present during optogenetic stimulation (Figure 5D).

As a further estimation of the diversity of the responses, we calculated
the dimensionality of the space of possible responses. For this we per-
formed a principal-component analysis (PCA) on the ensemble of all
the ganglion cell average responses to the chirp stimulus. If all the cells
responded the same way to the stimulus, the first principal compo-
nent would explain all the variance in these responses. On the con-
trary, if all the responses were very different, it would take a lot of
components to explain most of the variance. We found that, for
both normal and reactivated retinas, we needed more than six com-
ponents to explain more than 95% of the total variance in the
response (Figure 5E). This shows that our strategy is able to restore
a large part of the diversity in the visual responses.
er 2023
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the curves for both photoreceptor responses (orange) and optogenetic responses (green). Light dashed curves represent analysis conducted on the individual experiments.

Dark, continuous lines represent the average across all experiments.
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AII stimulation in degenerated retinas restores ON and OFF

responses

So far we worked with wild-type retinas where we could compare the
same ganglion cells responding to photoreceptor stimulation and
optogenetic stimulation of AII amacrine cells. However, in retinal dys-
trophies, the retinal network is rewired following the degeneration.39,40

Is AII stimulation still able to evoke responses after the rewiring
imposed by degeneration? To test this, we performed the same exper-
iments on rd1 mice. We obtained a similar expression pattern in rd1
mice as in wild-type mice (Figures 6A, 6B, and 6C). We recorded the
retinas at the age of 3 months when there are nomeasurable responses
to light due to photoreceptor degeneration.We collected data account-
Molecular T
ing for a total population of 160 RGCs, measured their responses to
light flashes, and consistently found both ON and OFF responses
(Figures 6D and 6E). This demonstrates that the rewiring of the
network following degeneration does not affect the ability of our strat-
egy to restore diverse responses in ganglion cells.
DISCUSSION
Here, we report a broadly applicable strategy that can be used to
restore visual function in patients suffering from photoreceptor
degeneration. We targeted, for the first time, AII amacrine cells
thanks to a vector allowing high levels of microbial opsin expression
herapy: Methods & Clinical Development Vol. 31 December 2023 7
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Figure 6. Optogenetic activation of AIIs produces ON and OFF RGC responses also in dystrophic retinas

(A, B, and C) Cross section of a dystrophic mouse retina (rd1) showing ReaChR-eYFP expression (green, panels A and C) under HKamac sequence; co-localization with

Prox1 antibody (red, panels B andC) indicates ReaChR expression in AII amacrine cells. Expression under control of DAPI is shown in blue (C). AII amacrine cells are indicated

with white arrows. Retinal layers are shown on the left: outer plexiform layer (OPL), inner nuclear layer (INL), inner plexiform layer (IPL), ganglion cell layer (GCL).

(D) Optogenetic responses of 10 representative RGCs from dystrophic retinas to a series of flashes. Left: raster plots of the responses; each row (and color) represents a

different cell; the stimulation period is highlighted in gray. Right: mean responses over trials. (E) Activation of RGCs in dystrophic retina due to optogenetic stimulation. For

each of five luminance levels, we plot the percentage of RGCs that responded to the optogenetic stimulation with pure ON (red), pure OFF (blue), ON-OFF (magenta), or no

responses (black). Error bars represent the standard error of the sample mean.
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in this cell type rendering them light sensitive. Our strategy has the
advantage of being mutation-independent, and can potentially be
used for different genotypes of retinal dystrophies. Compared with
ganglion cell targeting, which is currently in clinical trials, our
approach has the advantage of restoring a significant part of the
retinal computations performed by a normal retina. In particular,
we have shown that this strategy allows restoration of both ON and
OFF ganglion cell responses. We also observed diverse responses, pre-
sumably corresponding to the activation of several different cell types
and pathways in the retinal circuit, similar to what happens in the
normal retina.

The expression of channelrhodopsin2-GFP usingAAV2under a ubiq-
uitous promoter was shown both in short-term and long-term studies
for up to 18months.5,41 In these studies, expression of channelrhodop-
8 Molecular Therapy: Methods & Clinical Development Vol. 31 Decemb
sin2-GFP was observed predominantly in retinal ganglion as well as in
displaced amacrine cells of the ganglion cell layer. At the highest virus
concentrations used in these studies (6� 10e12 GC/mL), up to 20% of
the cells in the ganglion cell layer were found to express the transgene.
Interestingly, at the lowest virus concentration (1 � 10e10 GC/mL),
the expression was targeted to AII amacrine cells.41 A promoter was
also found to target AII in another study but it is unclear how specific
the targeting was.42 Although these studies showed that it is possible to
obtainweak expression inAII amacrine cells, the expression being also
present in other cell types, finding a promoter to allow higher level
expression in this target cell population was still needed to test a reac-
tivation strategy based on AII amacrine cells.

Restoring the diversity of responses is important for restoring high-
quality visual perception. Previous studies on the primate retina14,17
er 2023
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have shown that a selective impairment of retinal computations leads
to specific deficits in visual perception. Inactivating ON cells in the
macaque retina in vivo using pharmacology17 affected the ability of
the macaque to detect light increase but did not affect its ability to
detect light decrease. Recent work looking at responses of mouse
RGCs and behavior at scotopic light levels suggests that the mouse re-
lies on the responses of ON RGCs to detect light increase, and on OFF
RGCs to detect light decrease.43 A striking finding was that mice
engaged in a task where they had to detect light increase in darkness
would not use the information available from OFF RGCs, even when
they are more sensitive than ON RGCs.43 This strongly suggests that
ON RGCs are used to detect light increase and OFF RGCs to detect
light decrease, at least in scotopic conditions. These studies suggest
that targeting AII amacrine cells with optogenetics should allow blind
mice to perform visual tasks that could not be achieved by mice where
RGCs have been targeted. However, this is a hypothesis that remains
to be tested.

These previous results suggest that restoring retinal computations
might be necessary for a blind patient to perform complex visual tasks.
Previous studies have proposed alternative strategies targeting either
“dormant” cones18 or bipolar cells.44–49 In many retinal dystrophy pa-
tients, photoreceptors arenot present in late stages, and bipolar cells can
be partially degenerate.50 Indeed, RGCs and AII amacrine cells have
been shown to be the most robust neuronal cell types during retinal
degeneration. AII amacrine cells that are stable over a longer time51

can therefore be used at the most advanced stages of degeneration.

However, ultimately, these advantages will have to be evaluated in
primate models to attest translational feasibility. It remains to be
seen if the same level of expression and specificity found here
can be achieved in primate models. Nevertheless, our results
show that targeting AII for optogenetic stimulation is a promising
new avenue for vision restoration. Other amacrine cell types that
would also be able to evoke ON and OFF responses could also
be promising targets that might be amenable to optogenetic ther-
apy if adequate vector promoter combinations become available
over time.

MATERIALS AND METHODS
AAV productions

Recombinant AAVs were produced by the plasmid cotransfection
method, and the resulting lysates were purified via iodixanol gradient
ultracentrifugation, as previously described.27 Briefly, 40% iodixanol
fraction was concentrated and buffer exchanged using Amicon Cen-
trifugal Filter Units (Millipore, Molsheim, France). Vector stocks
were then titrated for DNase-resistant vector genomes with ITR
primers by real-time qPCR with SybrGreen (ThermoFischer Scienti-
fic) relative to a standard. Subcloning of plasmid constructs was
performed by either Genscript (Rijswik, Netherlands) or Genecust
(Boynes, France). Initially, while testing different opsins, eNphR3.0-
TS-eYFP-ER-WPRE (a gift from Karl Deisseroth, Addgene plasmid
#26966) replaced GFP in the plasmid construct. Later, the excitatory
opsin ReaChR and inhibitory opsin GtACR1 (a gift from Peter He-
Molecular T
gemann, Addgene plasmid #85464) replaced eNphR3.0 to create
HKamac-ReachR-TS-eYFP- ER-WPRE and HKamac-GtACR1-TS-
eYFP-ER-WPRE, respectively. These constructs, therefore, retain
the trafficking and ER signals that were used to help membrane
expression of eNphr3.0.52

Animals and intravitreal injections

All experiments were done in accordance with Directive 2010/63/EU
of the European Parliament. The protocol was approved by the Local
Animal Ethics Committee of Paris 5 (CEEA 34). All mice used in this
study were C3H/FeJ (rd1 mice) or C57Bl6J mice (wild type) from
Janvier Laboratories (Le Genest Saint Isle, France). For injections,
mice were anesthetized with isoflurane (5% induction, 2% during
the procedure). Pupils were dilated, and an ultrafine 30-gauge dispos-
able needle was passed through the sclera, at the equator and next to
the limbus, into the vitreous cavity. Injection of 1.5 mL stock contain-
ing 3e9 vg/eye of AAV-GFP or ReaChR-eYFP was made with direct
observation of the needle in the center of the vitreous cavity.

Immunohistochemistry

Mice were euthanized in accordance with all animal facility protocols
at the Institut de la Vision by CO2 inhalation and cervical dislocation.
Eyes were removed and fixed 2 h in 4% paraformaldehyde solution at
room temperature. Eyes for flatmounts were dissected and retinal
whole mounts were prepared for imaging. Eyes for sectioning were
cryopreserved in 30% sucrose prior to embedding in OCT (Thermo-
fisher, Waltham MA) and cut into 12-mm sections using a cryostat.
Slides were washed for 10 min, blocked for 1 h in 6% NDS/1%
BSA/0.5% Triton in PBS 1X, and incubated overnight in 50% block
solution diluted in PBS with anti-Prox1 1:500 (Biolegend, San Diego,
CA; Rb), anti-ChAT 1:1,000 (Chemicon, Gt), washed 3 � 5 min in
PBS 1X, incubated with Alexa Fluor conjugated secondary antibody
1:1,000 and DAPI 1:2,000 for 1–2 h at room temperature, washed
3� 5 min, and coverslipped in mounting medium (Vectashield). Im-
ages were then acquired using a confocal microscope and analyzed us-
ing Fiji by Z-stacking.

Multielectrode array

Multielectrode array (MEA) recordings were obtained from ex vivo
isolated flat-mounted retinas of wild-type mice and rd1 mice aged
from 132 to 324 days. Mice were euthanized by quick cervical dislo-
cation, and eyeballs were removed and placed in Ames medium
(Sigma-Aldrich, St Louis, MO; A1420) bubbled with 95% O2 and
5% CO2 at room temperature. Isolated retinas were placed on a cellu-
lose membrane and gently pressed against anMEA (MEA256 iR-ITO;
Multi-Channel Systems, Reutlingen, Germany), with the RGCs facing
the electrodes. For wild-type and rd1 recordings, MEAs with respec-
tively 3-mm and 60-mm electrode spacing were used. Pharmacology
was used to block photoreceptor to bipolar cell transmission with
5 mm L-AP4 and 1 mm ACET, followed by 200 mm CNQX and
10 mm CPP in some experiments to block all transmission to RGCs
(Tocris, Bristol UK). All of the multielectrode array recordings were
processed with the software spyking-circus53 to sort the recorded
spikes and obtain templates of individual RGC responses.
herapy: Methods & Clinical Development Vol. 31 December 2023 9
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Light stimulation

To study the responses of RGCs to optogenetic stimulation, we used a
flickering stimulus (referred to as flicker in the following) consisting
of a series of full-field flashes of 1-s duration, interleaved with 1-s in-
tervals of darkness. Flashes were played both at low (41.6 mW cm�2)
and high (833 mW cm�2) light intensities (see Sengupta et al.7 for a
similar intensity tuning for ReachR expressed in ganglion cells). To
study the diversity of the cell responses, we used a chirp stimulus.
This is a full-field stimulus, lasting 25 s, designed to test the reaction
of ganglion cells to changes in light intensity at different regimes of
contrast and frequency. After a 1-s flash, the light intensity varies at
constant speed and increasing contrast for 10 s, and with constant
contrast and increasing frequency for other 10 s. We used white light
for all the wild-type experiments, and green light (550 nm) for the rd1
experiments, with a similar intensity. Output light intensities were
calibrated by using a power meter (Thorlabs).

Detection of ganglion cell responses

To check if a stimulus s evoked a response in a given ganglion cell, we
did the following test. First, we considered a control window of
300 ms right before the stimulus onset. For a given cell c, we calcu-
lated the average spontaneous firing rate rctrl

c,s and its standard devi-
ation sctrlc,s across repetitions in this time interval. We defined an
activation threshold Tc,s as follows:

rc;sctrl +max
h
5sc;s

ctrl;h
i

With h equal to 10 Hz. Then, we looked at a response window of
300 ms after the presentation of the stimulus (specifically, right after
the stimulus onset for ON responses, and after the stimulus offset for
OFF responses), and computed the peri-stimulus time histogram
psthc,s of these responses (time bin equal to 50 ms). We considered
that there was a response if the mean response psthc,s exceeded the
activation threshold Tc,s.

Classification of ON and OFF ganglion cells

We used the criterion above to classify ON and OFF RGCs. We
labeled as ON or OFF all the cells that responded respectively to
the onset or to the offset of the flicker. Cells responding at both onset
and offset were labeled as ON-OFF. Cells that were not responding at
all were not labeled, and have not been considered in further analyses.
For the excitatory opsin protocol (ReaChR), we pooled data from
three different experiments, obtaining a total population of 173
ON, 65 OFF, and 44 ON-OFF ganglion cells. For the control protocol,
we recorded from two different retinas, and identified a total of 113
ON, 94 OFF, and 51 ON-OFF ganglion cells. For the inhibitory opsin
protocol (gtACR1), we collected data from a single experiment, and
found 36 ON, 125 OFF, and 9 ON-OFF ganglion cells.

Analysis of RGC responses to optogenetic stimulation

To study the responses of RGCs to the optogenetic stimulation, we
displayed the flicker at the same low and high light intensities as
above. Then, for each luminance level, we calculated the percentage
10 Molecular Therapy: Methods & Clinical Development Vol. 31 Decem
of ON and OFF cells with detectable responses at both stimulus onset
and offset. We did the same analysis to test the impact of both the
excitatory and inhibitory opsins (respectively ReaChR and gtACR1,
Figures 2D, 3E, and 4C), and for all the control protocols with
L-AP4, ACET, and CNQX and CPP (Figures 2E and 3F). For the con-
trol experiments on rd1 mice, since the photoreceptor responses were
not available, we could not preliminarily classify the ganglion cells as
ON or OFF. As a consequence, we computed the percentages of RGCs
activated on the entire population of cells, without any subdivision
based on polarity (Figure 6E).
Off-target expression of RGCs

To identify the RGCs directly expressing ReaChR due to the expres-
sion leakage, we looked at the optogenetic responses to the flicker af-
ter application of CNQX and CPP. We labeled as affected by the
leakage all those cells for which a detectable response (either at stim-
ulus onset and/or offset) was detectable. We did not consider these
RGCs for the sustained-transient analysis nor for the complexity
analysis described below.
Sustained-transient index

We defined a sustained-transient index STc,sto assess which compo-
nent is prevailing (transient or sustained) in the responses of a given
ganglion cell c to a certain stimulus s. We considered two response
windows subsequent to the presentation of the stimulus: a first one
capturing transient responses (from 0 ms to 300 ms after stimulus
onset for ON cells, and after stimulus offset for OFF cells) and a sec-
ond one for sustained responses (from 300 ms to 600 ms after onset
for ON cells and after offset for OFF cells). We computed the peri-
stimulus time histogram of the responses (time bin equal to 50 ms)
on both windows: psthtrans

c,s representing the transient component,
and psthsust

c,s representing the sustained component. We then
computed the sustained-transient index STc,s as the following ratio:

STc;s =
max

�
psthc;ssust

�

max
�
psthc;ssust

�
+max

�
psthc;strans

�

An index STc,s close to 1 entails that the cell c produces a sustained
response to the stimulus s. Conversely, an index close to 0 means
the response is predominantly transient.
Sustained-transient analysis

We used the ST index defined above to compare the transience of
RGC responses to photoreceptors and optogenetic stimulations
respectively. For this analysis, we only considered cells with detectable
responses to both the photoreceptor and optogenetic responses. We
also excluded all the cells for which optogenetic responses showed a
different polarity with respect to the photoreceptor responses, and
all those cells affected by the expression leakage, leaving us with a total
of 48 good cells. We then calculated the sustained-transient index
described above for all cells in both optogenetic and photoreceptor re-
sponses, and compared the distribution of the index under the two
conditions using the Wilcoxon rank-sum test. We found that, for
ber 2023
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the population of ON ganglion cells, these two distributions are
significantly different, with the responses to optogenetic stimulation
being more sustained (the test rejects the null hypothesis that the
two distributions have equal medians with p-val < 1e-5). For the pop-
ulation of OFF cells, we did not observe a significant difference among
the two distributions (Figure 5B).

To consolidate this result at single cell level, we computed for each cell
a comparative index DST, defined as the difference of the ST indices
computed respectively on the photoreceptor and optogenetic
responses.

DSTc = STc;photo � STc;opto

This index has value close to 0 if the photoreceptor and optogenetic
responses are similar in transience, value close to 1 if the cell has an
optogenetic response more transient with respect to its normal photo-
receptor responses, and value close to �1 if its optogenetic responses
are more sustained. We looked at the distribution of this index for
both ON and OFF ganglion cells (Figure 5C), and observed that the
vast majority of ON RGCs (31 cells out of 34) has a negative relative
index, indicating that ON ganglion cells tend to lose their transient
component when activated optogenetically through the AII pathway.
Analysis of complexity of the responses

To assess the complexity of RGC responses, we relied on PCA. We
computed the principal components of the ganglion cell responses
to the chirp stimulus for both photoreceptor and optogenetic stimu-
lation, and compared the number of components needed to explain
different percentages of variance. We applied the selection criteria
used for the sustained-transient analysis described above: we only
kept cells consistently responding to both photoreceptor and optoge-
netic stimulation, and excluded all the cells featuring off-target
expression, for a total of 40 good cells. As we did not want to account
for inter-experimental variability, we ran the analysis independently
for each of the three experiments. To make the results comparable,
we needed to keep the population size constant across the different
experiments. As a consequence, we ran the PCA on each experiment
on a sampled subpopulation of fixed size (30 cells). We repeated this
procedure 100 times, and for each experiment we computed the
average curve showing the variance explained by each number of
principal components under both normal and optogenetic conditions
(Figure 5E).We then obtained the final results by averaging the curves
across all three experiments (opaque lines in Figure 5E).
DATA AND CODE AVAILABILITY
The code used in all our analysis is available online (www.github.com/
jagorn/MEA-Analysis). The dataset used to generate the figures will
be made available upon request.
SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.
1016/j.omtm.2023.09.003.
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