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During inherited retinal degenerations (IRDs), vision is lost
due to photoreceptor cell death; however, a range of optoge-
netic tools have been shown to restore light responses in animal
models. Restored response characteristics vary between tools
and the neuronal cell population to which they are delivered:
the interplay between these is complex, but targeting upstream
neurons (such as retinal bipolar cells) may provide functional
benefit by retaining intraretinal signal processing. In this
study, our aim was to compare two optogenetic tools: mamma-
lian melanopsin (hOPN4) and microbial red-shifted channelr-
hodopsin (ReaChR) expressed within two subpopulations of
surviving cells in a degenerate retina. Intravitreal adeno-associ-
ated viral vectors and mouse models utilising the Cre/lox sys-
tem restricted expression to populations dominated by bipolar
cells or retinal ganglion cells and was compared with non-tar-
geted delivery using the chicken beta actin (CBA) promoter.
In summary, we found bipolar-targeted optogenetic tools pro-
duced faster kinetics and flatter intensity-response relation-
ships compared with non-targeted or retinal-ganglion-cell-tar-
geted hOPN4. Hence, optogenetic tools of both mammalian
and microbial origins show advantages when targeted to bipo-
lar cells. This demonstrates the advantage of bipolar-cell-tar-
geted optogenetics for vision restoration in IRDs. We therefore
developed a bipolar-cell-specific gene delivery system employ-
ing a compressed promoter with the potential for clinical trans-
lation.

INTRODUCTION
Inherited retinal degenerations (IRDs) represent one of the largest
causes of visual morbidity in the working age population, affecting
around in 1 in 4,000 people.1 Vision is ultimately lost in these condi-
tions through a final common pathway of photoreceptor loss, driven
by a mutation in one of hundreds of different genes known to cause
IRDs.1 The development of a clinical retinal gene replacement ther-
apy based on an adeno-associated viral (AAV) delivery system2 has
heightened the drive to develop mutation-independent approaches
to restoring vision, whichmay be applicable even after photoreceptors
are lost. Optogenetics, the introduction of transgenic protein tools
rendering targeted cells photosensitive, has been demonstrated in
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preclinical models to restore light responses using a variety of optoge-
netic tools3–15 and has entered early-phase clinical trials (Clinical-
Trials.gov: NCT02556736 and NCT03326336; clinicaltrials.gov).
Indeed, Sahel et al.16 recently provided the first description of human
visual responses being restored using an optogenetic approach with
the case report16 of a participant in the PIONEER study. In this phase
I/II study, an optogenetic tool (Chrimson R) is delivered using intra-
vitreal injection of AAV into patients with end-stage IRD. Following
treatment, the patient was able to perform visually guided tasks with
occipital electroencephalograms (EEGs) recorded in response to vi-
sual stimuli. The full results of this clinical trial are still to be published
at the time of writing.

This trial illustrates two important choices that must be made in
designing an optogenetic therapeutic: the first is what tool to use?
In PIONEER, Chrimson R was employed due to its advantageous
spectral sensitivity and the fact it is only active above ambient-light
intensities (a useful safety feature for early clinical trials as it is not
constitutively active). This, however, requires cumbersome ampli-
fying googles, so it may not be foremost for therapeutic translation
in the longer term.

The second choice is which cell types should the tool be targeted to? In
PIONEER, a high efficiency, non-specific (CAG) promoter is used
with the aim of expressing good quantities of optogenetic tool in as
many cell types as possible (ensuring as high a magnitude light
response as possible). However, reports in animal models have
emerged demonstrating that useful intraretinal signaling processing
can be retained when upstream retinal neurons are targeted specif-
ically: in particular, that ON- and OFF-type responses can be restored
by targeting populations including retinal bipolar cells.8,12,13,17–19

Beyond intraretinal signal processing, the cellular environment of
the transduced cell type will impact how a particular optogenetic
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tool will function, and it is this combination that will ultimately define
suitability for optogenetic therapy.

To date, only a very small number of studies have directly compared
candidate optogenetic tools, and none have systematically addressed
the role of the different classes of optogenetic tools and target cell
populations in the same model system.3,5–8,20–23 In addition, none
have compared responses in a degenerate model devoid of both
rod, cone, and melanopsin responses7,23,24 to remove the confounder
of residual native light responses.

With this small number of directly comparative studies, many of the
relative advantages and disadvantages of particular optogenetic tools
remain somewhat theoretical in relation to IRDs. The aim of this
study is to directly compare the sensitivity and kinetics of two leading
tools, namely human melanopsin (hOPN4)6,25,26 and the red-shifted
channelrhodopsin ReaChR,10 when expressed either non-specifically
or within relatively defined subpopulations of surviving cells in the
degenerate retina. These two tools were chosen as reasonably well-
characterized examples (at both the physiological and behavioral
levels) of the two main classes of optogenetic tools: mammalian op-
sins (hOPN4) and microbial ion channels (ReaChR). The promoter
constructs (chicken beta actin [CBA; non-specific], L7 [ON bipolar
cell dominant], Grik4 [retinal ganglion cell dominant]) were chosen
as examples where the cell populations they target are well described
in various contexts. As both comparisons indicated a functional
advantage to targeting populations rich in upstream neurons, we pro-
ceeded to develop a clinically translatable promoter targeted gene de-
livery strategy enabling optogenetic tool expression in the ON bipolar
cell population.

RESULTS
Comparing sensitivity and kinetics of hOPN4 when targeted

non-specifically and to L7 and Grik4 subpopulations of retinal

cells as an optogenetic tool

Restricting expression to defined subpopulations using the

Cre/lox system

Ongoing clinical trials employ a transduction strategy to broadly ex-
press optogenetic tools in multiple surviving neuronal cell types
(ClinicalTrials.gov: NCT04945772, NCT02556736 NCT04919473,
and NCT03326336; clinicaltrials.gov). To replicate this, we employed
AAV (AAV2/2 quad mutant Y272,444,500,730F) to deliver hOPN4
driven by a high efficiency, non-specific promoter (CBA) via intravi-
treal injection (Figure 1A). Consistent with previous reports,6 this
Figure 1. Intravitreal delivery of hOPN4 using adeno-associated viral vectors

(A) Linearized representation of insert plasmids used to make non-targeted (CBA.hOPN

(B) IHC of retinas 4 weeks post intravitreal injection with the indicated AAV/mouse line.

nuclear layer (C) or the ganglion cell layer (D). Scale bar, 20 mm. (E) Retinal cross-section

for hOPN4 in the INL. Each point is the mean value taken over four 40� fields of view (n =

hoc test: no significant difference between CBA.hOPN4 and L7.hOPN4, p = 0.1977. (G)

ANOVA F(2,9) = 2.243, p = 0.1620. Unless otherwise indicated, data is presented as m

hepatitis virus post transcriptional regulatory element; PolyA, Poly(A) tail; EF1⍺, elongat

nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer; IHC, immunohistoche
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achieved expression of hOPN4 protein throughout the mouse retina,
with preferential expression in horizontal cells and retinal ganglion
cells (Figures 1B–1G), hereafter referred to as CBA.hOPN4. In order
to directly compare this non-specific delivery, a modified AAV
construct incorporating a floxed hOPN4 gene (flox.hOPN4) (Fig-
ure 1A) was used to restrict expression only to cells expressing the
Cre recombinase enzyme in our transgenic mouse models.

When flox.hOPN4 was administered to the Grik4.Cre mouse (Gri-
k4.hOPN4), protein staining was seen in a subset of retinal ganglion
cells (RGCs) as previously described.27 When the flox.hOPN4 virus
was administered to the L7.cre mice (L7.hOPN4), staining was seen
within a proportion of L7-expressing bipolar cells28 of the inner nu-
clear layer (Figures 1C and 1F) together with a small subpopulation of
RGCs, as previously described27 (Figures 1D and 1G).

Targeting hOPN4 to defined subpopulations of cells evokes

distinct response characteristics

Eight weeks after intravitreal injection, CBA.hOPN4, L7.hOPN4, and
Grik4.hOPN4 mice were culled for ex vivo multiple-electrode array
(MEA) electrophysiological recordings. In all three treatment groups,
exogenously expressed hOPN4 protein was able to drive changes in
spike firing of RGCs in response to light; there were no such changes
in saline control groups, confirming the absence of native melanopsin
responses (Figures 2A and 2B). While hOPN4-treated groups had
significantly more light-responsive electrodes than saline groups
(one way ANOVA, F(3,21) = 4.136; p < 0.0188 with Tukey’s post
hoc test), there were no significant differences in the proportion of
light-responsive electrodes between treatment groups (Figure 2C).

The half-life (t1/2) of light responses provides an overarching index of
decay kinetics in each group. This value lengthened with stimulus in-
tensity (F(6,2116) = 137.2; p < 0.0001) and varied between treatment
groups (F(2,2116) = 29.68; p < 0.0001). This suggests that while brighter
stimuli led to generally longer t1/2, decay kinetics were significantly
shortened when hOPN4 was targeted to L7-positive ON bipolar cells
compared with RGCs or non-specific delivery (see Figure 2D for post
hoc test).

Irradiance response curves (IRCs; Figure 2E) revealed that there was no
significant difference in the half maximal effective concentration (EC50)
between CBA.hOPN4 (13.74 ± 0.11 log10 photons cm-2 s-1) and
L7.hOPN4 (13.64 ± 0.21 log10 photons cm

-2 s-1) (one-way ANOVA
F(2,109) = 18.31; p < 0.0001; Tukey’s post hoc test; p = 0.8053), while
4) and targeted (flox.hOPN4) vectors. Inverted sequences are shown upside down.

Scale bar, 500 mm. (C and D) From retinas in (B), focused on the layer of the inner

IHC counterstained for L7 or Brn3a. Scale bar, 20 mm. (F) Proportion of cells staining

4) from one animal (N = 4). One-way ANOVA F(2,9) = 31.37, p < 0.0001; Tukey’s post

As in (F), but for GCL. No significant difference between treatment groups. One-way

ean±standard error of the mean. ITR, inverted terminal repeat; WPRE, woodchuck

ion factor 1 alpha; CBA, chicken beta actin; hOPN4, human melanopsin; INL, inner

mistry.
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Figure 2. Multiple-electrode array (MEA) electrophysiology – hOPN4

(A) Example raw recording traces from a single electrode in each treatment group stimulated with a 10 s pulse of 480 nm, 1014 photons cm-2 s-1 light (blue bar). (B) Mean

change in spike firing rate from all responsive electrodes in each group in response to a 10 s pulse of 480 nm, 1014 photons cm-2 s-1 light (yellow shading). (C) The proportion

of electrodes in each group scored as responsive. No significant difference between treatment groups (see text, Supplemental material, and Table S5. (D) Response decay

kinetics: the time taken frommaximum response to half maximum response (t1/2). Stars refer to post hoc test (Tukey’s) following two-way ANOVA (see text). Black stars refer

to CBA.hOPN4 versus L7.hOPN4; blue stars to L7.hOPN4 versus Grik4.hOPN4; red stars to Grik4.hOPN4 versus CBA.hOPN4. *p < 0.05, **p < 0.01, ***p < 0.001, ****p <

0.0001. (E) Irradiance responses curves (IRCs) were plotted using the mean EC50, and Hill slope values were derived from averaging those of individual electrode fits.

Electrodes with fits r2 < 0.8 were excluded from analysis. See text and Figures 3G and 3K for details of statistical comparisons. CBA.hOPN4: EC50 = 13.74 ± 0.11 photons

cm-2 s-1; Hill slope = 0.8831 ± 0.06, r2 = 0.9348 ± 0.0096, n = 35 electrodes; L7.hOPN4: r2 = 0.9061 ± 0.0106, n = 20; Grik4.hOPN4: r2 = 0.9426 ± 0.0061, n = 57. Unless

otherwise indicated, data is presented as mean±standard error of the mean.
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Grik4.hOPN4 (13.03 ± 0.06 log10 photons cm
-2 s-1) was significantly

more sensitive than hOPN4 delivered either non-specifically or to L7
ON bipolar cells (Tukey’s post hoc test; p < 0.0005 for both compari-
sons). TheHill slope of a sigmoidal IRC provides ameasure of the range
of light intensities the modeled opsin is able to encode (i.e., its dynamic
range). With L7.hOPN4, the Hill slope was significantly lower than for
hOPN4 delivered non-specifically or targeted to RGCs (one-way
ANOVA F(2,109) = 6.853; p < 0.0001; Tukey’s post hoc test; p < 0.01
for both comparisons). The dynamic range of hOPN4 is approximately
two orders of magnitude when expressed in RGCs or non-specifically
but extends overfive orders ofmagnitudewhen expressed in L7-positive
ON bipolar cells, a very significant difference when considering clinical
translation. Both this advantage in dynamic range with L7-positive bi-
114 Molecular Therapy: Methods & Clinical Development Vol. 25 June 2
polar cell targeting and in absolute sensitivity with Grik4-positive RGC
targeting could be explained by differences either in the signaling
cascade dynamics within the transduced cells or their connections to
other cells (e.g., the retention of an additional synaptic layer with L7-
positive bipolar targeting allowing integration of overlapping individual
bipolar cell ranges).

Comparing targeted delivery of receptor- and channel-based

optogenetic tools

Wenext sought to investigate if these differences in kinetics and sensi-
tivity of response were dependant on the tool used or if they were
attributable to features intrinsic to the targeted cell population (and
therefore expandable to distinct classes of optogenetic tools). We
022



Figure 3. Targeted hOPN4 and ReaChR delivery

(A) Insert plasmid used to make flox.ReaChR vector. Inverted sequences are shown upside down. (B) IHC showing expression of ReaChR.mCitrine. Please note that GFP

antibody cross-reacts with mCitrine in flox.ReaChR construct, hence its use here. An additional saline control (not shown) was stained for GFP with appearances similar to

that stained for hOPN4 in Figure 1. Scale bars: whole retina, 500 mm; otherwise, 20 mm. (C) Proportion of all cells staining for GFP in the INL and GCL. Each point is the mean

value taken over four 40� fields of view (n = 4) from one animal (N = 4). GCL: one-way ANOVA F(1.297,3.890) = 19.24, p < 0.0113; Tukey’s post hoc test: L7.ReaChR versus

(legend continued on next page)
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addressed this question by repeating the same set of experiments us-
ing a structurally and functionally unrelated optogenetic tool as a con-
trol. ReaChR10 is a photoactivated ion channel and so, unlike hOPN4
(a G-protein coupled receptor), does not couple to an amplifying sec-
ond-messenger cascade and thus is expected to produce less sensitive
responses but with faster kinetics.

Delivery of a floxed ReaChR construct (Figure 3A) resulted in cell-
specific expression of ReaChR protein in both L7.Cre and Grik4.Cre
mice (Figures 3B and 3C). As with hOPN4, expression of ReaChR was
able to drive light responses (Figures 3D and 3E). However, the mean
baseline (10 s pre-stimulus) firing rates varied significantly between
groups (one-way ANOVA F(3,334) = 13.23; p < 0.0001), with signifi-
cantly higher rates in both ReaChR-transfected groups compared
with hOPN4 (Figure 3F). Treated groups had significantly more
light-responsive electrodes than saline controls (one-way ANOVA,
F(3,28) = 11.61; p < 0.0001), but there was no difference in the propor-
tion of light-responsive electrodes between the two ReaChR groups
(Tukey’s post hoc test; p = 0.0943).

Total response t1/2 in ReaChR groups increased with increasing inten-
sity (two-way ANOVA F(63,407) = 14.81; p < 0.0001) and varied with
treatment group (F(33,407) = 107.1; p < 0.0001). Again, as ex-
pected,6,10,20 brighter stimuli led to longer t1/2, but decay kinetics
were faster in ReaChR compared with hOPN4-treated groups, espe-
cially in the Grik4.ReaChR group at higher intensities (Figure 3I).
Spike adaptation (measured as the t1/2 of responses from the point
of maximum spike firing to that of stimulus offset) was not signifi-
cantly different between groups (Kruskal-Wallis [KW] test, KW sta-
tistic = 3.181, p = 0.3646). Full offset kinetics (the t1/2 of responses
from the point of response offset) varied between groups (KW test,
KW statistic = 38.07, p < 0.0001); however, Dunn’s post hoc test
was only significant for comparisons between tools, not target cell
populations (L7.hOPN4: 11.82 ± 1.84 s; L7.ReaChR: 3.143 ± 0.50 s;
Grik4.hOPN4: 10.43 ± 0.99 s; Grik4.ReaChR: 3.86 ± 0.83 s).

Again, a sigmoidal irradiance response relationship could be observed
for both conditions (Figure 3J). There was no significant difference in
EC50 between ReaChR groups, regardless of where the tool was tar-
geted; ReaChR groups were less sensitive to light than hOPN4
when targeted to the same populations (KW test with Dunn’s post
hoc test; KW statistic = 93.46, p < 0.0001; see Figure 3G for post
Grik4.ReaChR, p = 0.6469; ICL: one-way ANOVA: F(1,3) = 20.49, p = 0.0202; Tukey

recording traces from a single electrode in each treatment group stimulated with a 10 s pu

rate from all responsive electrodes in each group in response to a 10 s pulse of 510 nm

10 s preceding the 1015 photons cm-2 s-1 in each group. (L7.hOPN4 and Grik4.hOPN

Dunn’s multiple comparison test was used to compare the mean EC50 (G) and Hill slope

significant difference between treatment groups (see text). (I) Response decay kinetics:

between ReaChR groups (Tukey’s post hoc test), black to comparisons between L7.

Grik4.hOPN4 data redrawn from Figure 2D for context). (J) Irradiance responses curves (

those of individual electrode fits. Electrodes with fits r2 < 0.8 were excluded from analysis.

(L7.hOPN4 and Grik4.hOPN4 data redrawn from Figure 2E for context). ITR, inverted

element; PolyA, Poly(A) tail; EF1⍺, elongation factor 1⍺; CBA, chicken beta actin; hOP

****p < 0.0001. Unless otherwise indicated, data is presented as mean±standard error
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hoc test values). Similarly, there were significant differences in the
Hill slope between groups with a lower value when treatment was tar-
geted to L7-positive ON bipolar cells as opposed to Grik4-positive
RGCs, similar to that seen for hOPN4 (KW test with Dunn’s post
hoc test; KW statistic = 61.93, p < 0.0001; see Figure 3K for post
hoc values).

A compressed L7 promoter construct can be used to selectively

express functional hOPN4 in ON bipolar cells, without the need

for the Cre/lox system

There is an increasing body of evidence to suggest that intraretinal
signal processing can be maintained by targeting surviving upstream
retinal neurons, especially bipolar cells.13,17–19,29 The flatter stimulus
intensity-response relationship and shorter decay time further sup-
port ON bipolar cells as favorable targets for optogenetic vision
restoration. Despite recent advances,30 obtaining such targeted
expression within bipolar cells remains challenging. The large size
of the L7 promoter (2.9 kbp) precludes its integration with an opto-
genetic tool within the c.5 kbp packaging capacity of an AAV.31

Recently, a compressed L7 promoter (L7-6) has been developed
and has proven efficient in both mice and primates.32 We
hypothesized that such a promoter could be a valuable and clinically
translatable tool to obtain specific expression of hOPN4 within
L7-positive ON bipolar cells.

In a series of pilot experiments, we therefore constructed AAV car-
rying hOPN4 under the control of the L7-6 construct (L7-
6.hOPN4; Figure 4A). Using immunocytochemistry, we confirmed
that this vector was able to drive the production of human hOPN4
protein in L7-expressing bipolar cells in primary murine retinal cell
culture. Based on these in vitro culture findings, we proceeded to in-
travitreally inject L7-6.hOPN4 into the eyes of 4-week-old retinal
degenerate, melanopsin-deficient (Pde6brd/rd1 Opn4tm1yau/tm1yau)
mice. Four weeks later, retinal tissue was collected for immunohisto-
chemistry (IHC) showing staining for hOPN4 in cells located in the
inner nuclear layer (INL) that also co-stained for L7 protein. A small
number of cells in the ganglion cell layer (GCL) were stained, consis-
tent with findings in the L7 Cre.lox model.27 Additionally, we
confirmed that this approach results in the expression of functional
hOPN4 and is able to drive changes in the spike firing rate of RGCs
in responses to light (Figures 4B–4I). This light responsiveness was
seen in a similar proportion of electrodes (Figure 4G) to that seen
’s post hoc test: L7.ReaChR versus Grik4.ReaChR, p = 0.0406. (D) Example raw

lse of 510 nm, 1014 photons cm-2 s-1 light (green bar). (E) Mean change in spike firing

, 1014 photons cm-2 s-1 light (yellow shading). (F) The mean baseline firing rate in the

4 data redrawn from Figure 2C for context). (G) A Kruskal-Wallis test (see text) with

(K) values. (H) The proportion of electrodes in each group scored as responsive. No

the time taken from maximum response to t1/2. Red asterisks refer to comparisons

Cre groups, and blue to comparisons between Grik4.Cre groups. (L7.hOPN4 and

IRCs) were plotted using the mean EC50 and Hill slope values derived from averaging

L7.ReaChR: r2 = 0.9443 ± 0.001, n = 71; Grik4.ReaChR: r2 = 0.9342 ± 0.007, n = 36

terminal repeat; WPRE, Woodchuck hepatitis virus post transcriptional regulatory

N4, human melanopsin. Promoters are in blue. *p < 0.05; **p < 0.01, ***p < 0.001,

of the mean.
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Figure 4. hOPN4 delivered using the L7-6 promoter

(A) Insert plasmid used to make L7-6 hOPN4 vector. (B) IHC showing expression of L7-6 hOPN4. Scale bars: whole retina 250 mm; otherwise, 25 mm. (C) Example raw

recording traces from a single electrode in each treatment group stimulated with a 10 s pulse of 480 nm, 1014 photons cm-2 s-1 light (blue bar). (D) Mean change in spike firing

rate from all responsive electrodes in each group in response to a 10 s pulse of 480 nm, 1014 photons cm-2 s-1 light (yellow shading). (E) Proportion of L7-expressing cultured

primary dissociatedmouse retina cells incubated with L7-6 hOPN4 AAV that also express Opn4. Treatment groups, n = 197 total L7 cells; saline, n = 213 cells (unpaired t test

p < 0.0010). (F) Whole retina IHC: cells staining for hOPN4 in the GCL and INL (as a proportion of all cells) compared with the proportion of cells staining for hOPN4 as well as

L7 in the INL. N = 4 retinas each. (G) The proportion of electrodes scored as responsive. N = 4 retinas, n = 32 electrodes. (unpaired t test p < 0.0010). (H) Response decay

kinetics: the time taken from maximum response to t1/2. (I) IRCs were plotted using the mean EC50, and Hill slope values were derived from averaging those of individual

electrode fits. L7-6 hOPN4: EC50 13.27 ± 0.09 photons cm-2 s-1; Hill slope 1.21 ± 0.11, r2 = 0.9380 ± 0.009, n = 31. GCL, ganglion cell layer; INL, inner nuclear layer; ITR,

inverted terminal repeat; L7-6, L7-6 promoter; hOPN4, human melanopsin gene; WPRE, Woodchuck hepatitis virus post transcriptional regulatory element; PolyA, Poly(A)

tail. Unless otherwise indicated, data is presented as mean±standard error of the mean.
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with Cre.lox-mediated delivery, with a peak t1/2 around 1014 photons
cm-2 s-1 (Figure 4H), and fitted a sigmoidal irradiance response rela-
tionship with an EC50 of 13.27 ± 0.09 photons cm-2 s-1 (Figure 4I).
DISCUSSION
In this study, we describe a direct comparison of the optogenetic tool
hOPN4 expressed non-specifically and within defined subpopula-
tions of the degenerate retina. We show that targeting different cell
groups markedly alters the reconstituted light responses. Further-
more, we demonstrate the use of the compressed L7-6 promoter
construct to deliver a gene (hOPN4) specifically to a population
rich in retinal ON bipolar cells, a technique that could potentially
allow direct clinical translation of this work.
Subpopulation targeting of hOPN4 produces differing response

characteristics

While the wider dynamic range seen when either tool was targeted to
L7-positive ON bipolar cells is potentially useful for clinical transla-
tion of the technique, it may have been expected given the additional
synaptic layer retained allowing the integration of overlapping ranges
of upstream bipolar cells. However, the markedly increased absolute
sensitivity seen when RGCs were targeted with melanopsin could also
have utility in providing perception in lower-light conditions. Several
factors could contribute to these differences in sensitivity and dy-
namic range including the network interactions and intrinsic neuro-
physiological properties of this cell population, e.g., lower membrane
resting potential, and these may change depending on the exact
capsid, promoter construct, and tool employed.

However, in our comparison, the observation that increased sensi-
tivity of hOPN4 was not replicated when ReaChR was similarly tar-
geted may also be explained by melanopsin coupling to an alternative
second-messenger system in RGCs compared with ON bipolar cells.
Melanopsin is reported to couple to different G protein systems
in vitro33,34 and in vivo35–37 depending on the cellular environment
in which it is expressed. As a Gq/11-coupled G protein, natively ex-
pressed in a subtype of RGC, melanopsin may indeed find a preferred
cascade to couple to when expressed in RGCs, increasing sensitivity
when compared with bipolar cells where Gq/11 signaling is less prom-
inent. Differential coupling may also be important in explaining the
expediated decay kinetics seen when melanopsin is expressed in the
L7-positive ON bipolar cell population. In its native cell (the intrinsi-
cally photosensitive RGC), hOPN4 has been proposed to have its
response terminated by activity-dependent phosphorylation of a re-
gion of its C terminus,38–42 which allows arrestin-b243–45 to bind.
The presence of cell-specific kinases in L7-positive bipolar cells,
e.g., protein kinase C alpha (PKCa),46 central to the termination
the ON bipolar native light response,47–51 may represent a potential
mechanism if PKCa were able to facilitate this phosphorylation of
melanopsin. Indeed, further investigation of hOPN4 coupling and
response termination in ON bipolar cells could provide a fruitful
avenue of investigation to further optimize its sensitivity and kinetics
for therapeutic use.
118 Molecular Therapy: Methods & Clinical Development Vol. 25 June 2
Comparing targeted delivery of two candidate optogenetic tools

Baseline firing

Key differences between mammalian and microbial opsins, in
particular sensitivity and kinetic behaviors, have been extensively
discussed.14,29 Yet, the functional differences we observed
comparing these tools in the context of our comparison extended
beyond this: in particular, the higher baseline firing rates seen in
all ReaChR groups compared with hOPN4. Changes in baseline
firing have been noted in optogenetically treated rd1 retina previ-
ously.52 Indeed, in vitro studies have suggested a small amount of
leak current is present with exogenously expressed channelrhodop-
sins, allowing ingress of cations (notably Ca2+) with repeated activa-
tion.53,54 This could presumably lead to a slight, relative depolariza-
tion of the membrane potential, so accounting for both an increased
spontaneous baseline and higher post stimulus spike firing rate in
these groups. The potential long-term toxicity of a leak current to
retinal neurons specifically has not been investigated, but there
are suggestions of channelrhodopsins causing toxicity in other tis-
sues.55,56 While more detailed characterization of increased baseline
firing is indicated as these tools move toward the clinic, in this
study, it does not appear to impair cells’ ability to respond to light
stimuli with spike trains or, indeed, significantly alter the proportion
of responsive electrodes.

Sensitivity and kinetics

Indeed, in the move toward translation, the lower sensitivity of micro-
bial tools (such as ChannelRhodopsin2 [ChR2]57) has been cited as a
disadvantage, with extraocular amplification equipment often
required.58 While the absolute levels of sensitivity with ReaChR seen
here are higher with targeted delivery, in this study, they are not yet
comparable to hOPN4 deployed to the same cell population. Addition-
ally, ReaChR groups demonstrated narrower dynamic ranges than
hOPN4 ones, likely a combination of both high open probabilities of
individual channels58 and the lack of second-messenger coupling.
Indeed, in terms of sensitivity and dynamic range, hOPN4 would
appear to be the more attractive tool in both populations investigated
here and compares favorably with other opsin tools on these metrics
(when used for visual restoration, cone or rhodopsin required similar
or even higher stimulus intensities).3,5,59

However, the lower sensitivity of ReaChR is countered by the mark-
edly expediated decay kinetics when it was targeted to either cell pop-
ulation in this study. This is additionally interesting in the context of
previous observations that ReaChR is better able to track sinusoidal
stimuli when targeted to an L7-positive bipolar population, compared
with non-specific delivery.13 These findings would imply a better tem-
poral resolution and would warrant further development, given the
need for such resolution for the restoration of naturalistic vision.

Limitations

In developing potential cell-population-specific optogenetic vision-
restoration therapies, however, care must be taken when extrapo-
lating findings as levels of protein expression in individual cells can
vary depending on not only the capsid and promoter used but also
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the species and specific state of the retina,60,61 as well as the route of
delivery and concentration of vector. Additionally, few promoter con-
structs are completely specific for a sole type of retinal cell.

Considering these limitations, we selected two Cre promoter con-
structs with relatively well-described off-target expression, integrated
high-efficiency promoters (E1a and hSyn) into the AAVs, and in-
jected “neat” (undiluted) vectors intravitreally to maximize expres-
sion. While this approach was chosen to maximize expression, we
cannot exclude that our observations in this study may be partially
biased by different transduction efficiencies caused by using different
viral titers and promoters between targeted groups.

The Grik4 construct is known to restrict expression to a well-defined
population of direction-sensitive RGCs28 and L7mainly to retinal ON
bipolar cells27,28 in mice (such as the widely used rd1 model of retinal
degeneration employed here). However, in common with other bipo-
lar-cell-targeting constructs (e.g., grm6-SV40),5,8,12,17,18,62,63 L7 has
some off-target expression.27,28 For ease, throughout this report, these
Grik4 and L7 populations have been referred to as RGCs and ON bi-
polar cells; however, this off-target expression must be considered
when extrapolating conclusions to other situations.

Patterns of off-target expression and variable levels of protein expres-
sion between cells will be inherent to any combination of promoter
and capsid. T -his will persist through to translation here we selected
well-described transgenes, promoters, capsids, and models. This al-
lowed us to represent the most relevant classes of tool and target pop-
ulations - incorporating off-target effects and variability in quantity of
expression to give a useful functional comparison for the first time.
This will help to direct the future detailed comparisons required to
replicate our findings with other promoter-capsid combinations
and isolate individual cell responses.

Compressed promoter delivery of hOPN4

The targeting of retinal ON bipolar cells with specific promoters has
several advantages for functional optogenetic vision restoration—not
least the retention of an additional intraretinal synapse to retinal im-
age processing. Moreover, we have recently shown that these cells un-
dergo relatively little transcriptomic changes in the context of IRDs,
making them an attractive target for optogenetic gene therapies
despite retinal remodeling.64–72

These advantages, together with the increased dynamic range and
favorable response kinetics we observed when hOPN4 was targeted
to the L7-positive bipolar cell population, led us to combine
hOPN4 with a repurposed compressed (shortened) L7-6 promoter
construct.32 One of the barriers to population-targeted gene therapies
is the limitations in payload size of AAV vectors: many specific pro-
moters (including L7) are too large to fit along with a transgene within
the vector envelope. The L7-6.hOPN4 construct, delivered by AAV
vector, was able to target functional hOPN4 to L7-positive bipolar
cells in a degenerate retina without the need for the Cre/lox system.
Indeed, further work is required to expand this preliminary investiga-
Molecul
tion—for example, by using L7-6 to deliver alternative tools such as
ReaChR and to characterize the restored light responses more fully.
However, by providing an alternative method to deploy cell-popula-
tion-specific optogenetics via proven AAV vectors, this represents a
step toward clinical translation for cell-targeted melanopsin optoge-
netics. Given the demonstrated differences in other promoters spec-
ificity in degenerate retinas61 and when moving to primates,60 L7-6
appears to be particularly attractive and adds to a growing armory
of retinal-cell-population-specific mini-promoters.30,73–77

Comparing optogenetic targets and tools: Toward therapeutic

optogenetics in IRDs

An overarching aim of this study was to functionally compare ap-
proaches to optogenetics in a retinal degeneration model, ultimately
to help determine which tool, delivered by which approach, would
best facilitate restoring naturalistic physiological responses to light.
At the most basic level, such responses would ideally be large in
amplitude, have fast kinetics, and be sensitive over a wide dynamic
range. From the investigations described above, it could be concluded
that there was no one combination that would meet all these criteria
in this context. The remarkable diversity of electrophysiological re-
sponses to the same stimuli produced by targeting different optoge-
netic tools to different populations of retinal cells was particularly
notable. For example, the diversity of spike firing responses demon-
strated in Figures 2A and 3D are evocative of the diversity of native
RGC-subtype responses (e.g., L7.ReaChR to sustained ON-type
RGCs).78

As targeted optogenetics develops, the diversity of responses could
indeed be a great advantage. An increased understanding of response
characteristics of specific tools in specific cell populations could allow
a calculated, multi-tool, multi-target approach. It could be envisioned
that several tools, targeted to different retinal cell types, could repli-
cate separate aspects of the wild-type retina’s diverse RGC spike firing
responses or indeed a diversity of responses that plastic higher visual
centers could learn to make use of, both of which could ultimately
lead to a more naturalistic restored visual experience for the IRD
patient.

CONCLUSION
Here, we describe the first direct comparison of optogenetic tools tar-
geted to different subpopulations of surviving cells in a degenerate
retina. The diversity of responses observed, and the clinically translat-
able delivery strategy described, hold great potential to improve the
quality of optogenetic vision-restoration strategies for patients with
IRDs.

MATERIALS AND METHODS
Mice

All experiments involving animals were performed in accordance
with the Animals for Scientific Procedures Act 1986, licence numbers
30/3371 and PE4ED9D2C, and the University of Oxford policy on the
use of animals in scientific research and in accordance with the ARVO
Statement for the Use of Animals in Ophthalmic and Vision
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Research. Animals were kept under a 12:12 h light/dark cycle, with
food and water ad libitum.

Two transgenic lines were bred from predecessor lines (see Supple-
mental methods and Table S1) to produce mice homozygous for
both the retinal degeneration causing mutation Pde6brd179 and the
knockoutOpn4tm1yau allele80 while additionally expressing the Cre re-
combinase enzyme under the control of the ON-bipolar-cell-specific
L7 promoter (alias Pcp2)81,82 or ganglion-cell-specific promoter
Grik428,83 (see Supplemental methods and Table S2). The expected
melanopsin-deficient, retinal-degenerate retinal phenotype was
confirmed by IHC (Supplemental methods; Tables S3 and S4).

AAV vectors

Three AAV vectors were produced following previously described
methods13,84 to incorporate the hOPN4 and ReaChR constructs illus-
trated in Figures 1A, 1B, and 3A.6,85 In brief, HEK293T cells were co-
transfected with these constructs, along with capsid (AAV2/2 quad
mutant Y272,444,500,730F) and helper plasmids before cell lysis
and purification using an iodixanol gradient and subsequent centrif-
ugal concentration.13,84 Final purified virus was suspended in physi-
ological concentration saline. Retinal expression of the expected pro-
teins was confirmed by IHC (Supplemental methods).

L7-6 compressed promoter construct

A compressed promoter construct L7-6,32 which has proven efficient
at inducing cell-type-specific gene expression in cerebellar granule
neurons but hitherto not examined in the retina, was kindly received
from Prof. Hirai (Gunma University, Japan) and cloned into an AAV
insert backbone along with the hOPN4 gene (Figure 4A) using an
Mlul/KpnI restriction enzyme approach. The resulting plasmid was
used to produce AAV and was validated as described above.

Intraocular injections

Bilateral intravitreal injections were administered to mice under iso-
flurane anesthesia at 6 to 8 weeks of age following previously pub-
lished methods13,84 (Supplemental methods). L7.Cre mice were in-
jected with each of the three AAVs (Figures 1A and 3A) or saline
(eight mice per group). Grik4.Cre mice were injected with the two
floxed viruses (flanked by LoxP, i.e., requiring Cre recombinase
within the target cell to be expressed) (Figures 1A and 3A) or
saline (eight per group). Eight Pde6brd/rd1 Opn4tm1yau/tm1yau

tg(L7.Cre)WT/WT mice were injected with L7-6.hOPN4 AAV
(Figure 4A).

IHC

IHC was performed following established in-house protocols13,84.
Briefly, directly after enucleation at 4–6 weeks post injection, eyes
were transferred to 4% paraformaldehyde (PFA; Alfa Aesar, Ward
Hill, MA, USA) for 24 h before cryoprotection with 30% sucrose-
PBS for 48 h. Eyes were embedded in optimal cutting temperature
(OCT) solution (Finetek, Torrance, CA, USA), and 20 mm sections
were placed onto poly-lysine-coated slides (VWR, Leuven, Belgium).
Permeabilisation with 0.2% Triton X–PBS (Sigma Aldrich, Gilling-
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ham, UK) was followed by blocking with 0.2% Triton X–PBS incor-
porating 10% serum from the animal in which the secondary anti-
body was raised (Table S4). Overnight primary antibody incubation
was in 0.2% Triton-PBS X with 2.5% serum, followed by three
10 min washes in 0.1% Tween-PBS and overnight incubation with
the secondary antibody at a concentration of 1:250 in 0.2% Triton
X–PBS with 2.5% serum. Nuclei were stained with 300 nmol/L 40,6-
Diamidino-2-Phenylindole (DAPI) (Thermo Fisher, Loughborough,
UK) before mounting with ProLong Diamond mounting media
(Thermo Fisher, Loughborough, UK). Retinal sections were visual-
ized using a confocal microscope (LSM710; Zeiss, Oberkochen, Ger-
many), and images were processed using Fiji-ImageJ.86 A similar
method was used to stain flat mount retinas and is included in the
supplemental methods. For each animal, four non-continuous 40�
fields of view were selected from the flat mount as subjectively
showing the highest levels of staining, and for each of these, the num-
ber of cells staining for hOPN4/GFP and the number only staining for
DAPI were counted to give a proportion of stained cells.

MEA recordings

Eight weeks following intraocular injections, mice were culled by cer-
vical dislocation under dim red light (>610 nm). Dissected retinas
were immediately transferred to glass-bottomed MEA chambers
(Multi Channel Systems, Reutlingen, Germany) with a grid of 60,
and 30 mm recording electrodes were spaced 200 mm apart and
continuously perfused with Ames’ medium (Sigma Aldrich, Gilling-
ham, UK) bubbled with 5%CO2 (pH 7.3) at 33�C. Signals were ampli-
fied, digitized (at 25 kHz), recorded using the MC Rack software suite
(Multichannel Systems, Reutlingen, Germany), and analyzed using a
customMS Excel spreadsheet (Supplemental materials). Retinas were
equilibrated in the dark for 40 min before onset of experimental re-
cordings (see Supplemental methods).

Light stimuli were produced by an X-cite 120W metal halide light
source (Excelitas, Southampton, UK) and conditioned by passing
through spectral filters (480 ± 10 nm for hOPN4 groups or 510 ±

10 nm for ReaChR groups, corresponding to their respective lmax)
and neutral density filters to give one of seven intensities of light
(1010 to 1016 photons cm-2 s-1) (all filters, Thorlabs, Ely, UK) (Supple-
mental material; Figure S1). The light pulses were delivered to the
sample via a 10� objective (Olympus, Shinjuku, Japan) mounted to
an inverted Zeiss I�71 microscope (Zeiss, Oberkochem, Germany).
Stimuli were calibrated using an in-line power meter (Thor Labs,
Ely, UK), and values were converted using a validated irradiance con-
version toolbox.87

Recordings began with 30 s of baseline recording before the onset of a
10 s light pulse. Recording was then continued until 90 s had elapsed.
After each recording, an interval of 10min was allowed for dark adap-
tation before the next trial.

Statistical analysis

Analysis was carried out using Prism Software version 8.0 (GraphPad,
San Diego, CA, USA). Significance was defined as p < 0.05. Non-
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normality was tested for using the Shapiro-Wilk and Kolmogorov-
Smirnov tests. A one-way ANOVAwas employed to compare a single
variable across groups. With more than one variable, a two-way
ANOVA with Tukey’s correction for multiple comparisons was
used where data was normally distributed and the KW test with
Dunn’s correction for multiple comparisons when it was not. Values
are presented as mean ± standard error of mean.

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.
1016/j.omtm.2022.03.003.
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