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Improved CoChR Variants Restore Visual Acuity
and Contrast Sensitivity in a Mouse Model
of Blindness under Ambient Light Conditions

Tushar H. Ganjawala,' Qi Lu,' Mitchell D. Fenner,' Gary W. Abrams,' and Zhuo-Hua Pan'

!Department of Ophthalmology, Visual and Anatomical Sciences, Kresge Eye Institute, Wayne State University School of Medicine, Detroit, MI, USA

Severe photoreceptor cell death in retinal degenerative diseases
leads to partial or complete blindness. Optogenetics is a prom-
ising strategy to treat blindness. The feasibility of this strategy
has been demonstrated through the ectopic expression of mi-
crobial channelrhodopsins (ChRs) and other genetically en-
coded light sensors in surviving retinal neurons in animal
models. A major drawback for ChR-based visual restoration
is low light sensitivity. Here, we report the development of
highly operational light-sensitive ChRs by optimizing the
kinetics of a recently reported ChR variant, Chloromonas
oogama (CoChR). In particular, we identified two CoChR mu-
tants, CoChR-L112C and CoChR-H94E/L112C/K264T, with
markedly enhanced light sensitivity. The improved light sensi-
tivity of the CoChR mutants was confirmed by ex vivo electro-
physiological recordings in the retina. Furthermore, the
CoChR mutants restored the vision of a blind mouse model
under ambient light conditions with remarkably good contrast
sensitivity and visual acuity, as evidenced by the results of
behavioral assays. The ability to restore functional vision un-
der normal light conditions with the improved CoChR variants
removed a major obstacle for ChR-based optogenetic vision
restoration.

INTRODUCTION

Severe photoreceptor cell death in patients with inherited or acquired
retinal degenerative diseases, such as retinitis pigmentosa (RP) and
age-related macular degeneration (AMD), often leads to partial or com-
plete blindness."” Optogenetics employing the ectopic expression of
genetically encoded light sensors to impart light sensitivity to surviving
retinal neurons has the potential to restore significant useful vision to
blind individuals.””> The feasibility of this strategy has been demon-
strated using microbial channelrhodopsins (ChRs), particularly
ChR2, and other optogenetic tools in animal models.’'® The use of
ChRs as optogenetic tools for vision restoration has several advantages.
First, all microbial rhodopsins use all-trans retinal as a chromophore,
which is present in our body fluids.'® Therefore, an exogenous supply
of the chromophore is not required. Second, ChRs are light-gated chan-
nels that represent a direct way to manipulate the membrane excit-
ability of neurons.””*' Moreover, ChRs with different biophysical prop-
erties, such as channel kinetics, ionic selectivity, and spectral sensitivity,
that are either found in nature or generated by molecular engineering
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are becoming increasingly available; thus, ChRs represent a versa-

tile set of tools with the potential to restore complex visual processing
features in the degenerated retina,’* >

However, a major drawback for using ChR2 in particular, and ChRs
in general, for vision restoration is their low light sensitivity.”*°
Although more light-sensitive ChR variants have been reported and
used to restore vision, all previous reports of ChR-based vision resto-
ration employed light intensities that were substantially greater than

12,18,37,38 e requirement for a high light in-

normal lighting levels.
tensity to activate ChRs could constrain the practical applications
in vision restoration, and it has also raised concerns regarding photo-
toxicity to retinal tissues. For the latter, efforts have been attempted to
use ChRs with red-shifted spectra to mitigate the phototoxicity,
because a longer wavelength light has higher intensity tolerance for
phototoxicity.'® Furthermore, the lack of efficient optogenetic tools
that are activated under normal light conditions has limited the ability
to evaluate the optogenetically restored visual functions. Thus, the

development of more light-sensitive ChRs is highly desired.

The operational light sensitivity (hereafter referred to as light sensi-
tivity) of a ChR can be improved by prolonging its deactivation, or
off rate,”” albeit through a trade-off between light sensitivity and tem-
poral kinetics. Since vision restoration could tolerate relatively slow
kinetics, we have previously used this strategy to develop more
light-sensitive ChR2 mutants by optimizing its kinetics.” Specifically,
retinal ganglion cells (RGCs) expressing a more light-sensitive ChR2
mutant, ChR2-L132C/T159S, with an off rate of ~1 s, can follow flick-
ering light stimuli up to at least 10 Hz, which should still provide a
useful temporal resolution considering the fusion frequency to flick-
ering stimuli for human rod vision is ~15 Hz.*’

To develop more light-sensitive ChRs with this strategy would be to
use more efficient ChR variants. Recently, a new blue light-sensitive
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Figure 1. Light Intensity and Response Properties of wt-CoChR and Its Two
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Mutants, CoChR-LC and CoChR-3M, in HEK Cells

(A) Representative light-evoked current traces in voltage-clamp recordings. The currents were evoked by 1-s light pulses at 480 nm with incrementally increasing light
intensities measured as photons/cm?s. The red current traces were elicited by light with an intensity of 3.7 x 10'® photons/cm?s. (B and C) The light intensity and current
response relationships were measured at the peak (B) and plateau (C) currents. (D) Representative current decay traces elicited by a 10-ms light pulse at the light intensity of
8.9 x 10'"" photons/cm?s were used to compare the deactivation kinetics. (E) Average values for deactivation time constants or off rates. The off rates were obtained by fitting
a single exponential function to the decaying phase of the currents. (F) Average peak currents elicited at the light intensity of 3.7 x 10'® photons/cm?s. (G) Plot of the current
amplitudes and the off rates. The current amplitudes and off rates for CoChRs exhibit a linear correlation. All data are presented as means + SD (n = 10 cells).

ChR variant, Chloromonas oogama (CoChR), was reported to show
good membrane expression and large photocurrent but a relatively
fast off rate.”"*"* In this study, we report the development of CoChR
mutants with improved light sensitivity by optimizing the off rate
through site-directed mutagenesis. The expression of the optimized
CoChR mutants restores functional vision in a blind mouse model
under ambient light conditions.

RESULTS

The Development of Optimized CoChR Mutants for Vision
Restoration

Semi-rational site-directed mutagenesis was performed on CoChR at
the sites C108, L112, D136, T139, K264, and H94 to alter its off rate
(Figure S1). C108, L112, D136, and T139 were chosen because they
correspond to the C128, L132, D156, and T159 of ChR2, and muta-
tions at these sites have previously been shown to alter the off rate
of ChR2.%°72%3%%>* K264 was chosen to disrupt a potential endo-
plasmic reticulum-retrieval signal, “KK***XX,”> which may affect
intracellular trafficking.*> The H94 site corresponds to the amino
acid that has been proposed to influence ion transport activity in
anion ChR2.*® The mutants were first screened for intracellular pro-
tein trafficking and membrane expression efficiency based on GFP
expression in HEK cells.”” Mutants that exhibited good or relatively
good membrane expression were further examined for their light
response properties, i.e., spectral sensitivity, current amplitude, and
off rate. None of the examined mutants exhibited a significant change
in spectral sensitivity (Figure S2). The off rate and current amplitude
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were subsequently examined at 480 nm.”"** The current amplitudes
and off rates for the examined mutants are shown in Table S1.

Two mutants, CoChR-L112C (CoChR-LC) and CoChR-H94E/
L112C/K264T (CoChR-3M) with representative ranges of off rates,
372 and 723 ms, respectively, together with wild-type (wt)-CoChR
(off rate: 112 ms), which are referred to as CoChRs hereafter,
were selected for further investigations. The membrane expression
efficiencies of these two mutants were comparable to wt-CoChR, as
assessed by GFP fluorescence intensity in the plasma membrane
(Figure S3). Figure 1 shows light-elicited currents in response to
incrementally increasing light intensities (Figure 1A) and the light
intensity-response curves measured at current peak (Figure 1B) and
plateau (Figure 1C). The current amplitudes for the two mutants,
particularly CoChR-3M, evoked by relative low intensities of light
were much larger than wt-CoChR, as evidenced by a comparison of
the red traces elicited by light with an intensity of 3.7 x 10" pho-
tons/cm?s. When the current off rates (Figures 1D and 1E) were
plotted against the current amplitude (Figure 1F), the increased cur-
rent amplitudes for the mutants were correlated with the increased off
rates (Figure 1G). Additionally, for both mutants, the current desen-
sitization during high-intensity light stimulation was markedly
reduced (see Figure 1A).

Long-Term Stable Expression of CoChRs in the Retina In Vivo
We next evaluated the expression of CoChRs in the mouse retina
in vivo. The adeno-associated virus (AAV) serotyp 2 vectors carrying
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the CoChR-GFP transgenes, under the control of the CAG promoter,
were intravitreally injected in the eyes of two mouse models, wild-
type C57BL/6] mice and a blind Opn4~'~Gnat1~'~Cnga3 ™'~ triple
knockout (TKO) transgenic mouse line. The TKO mice were chosen
because they lack an optomotor response (OMR), pupillary constric-
tion, and apparent photoreceptor death.”®*” Thus, the use of this
mouse line enables the assessment of the restoration of visual function
by optomotor behavioral assays without the confounds of complica-
tions caused by melanopsin-mediated papillary constriction and
severe photoreceptor death.

The expression pattern in the retina was the same for all three
CoChRs in both mouse lines, as shown in representative images for
CoChR-3M in retinal whole mounts (Figures 2A and 2B; Figure S4)
and in retinal vertical sections (Figure 2C) for TKO mice. Based on
co-labeling with an anti-RNA-binding protein with multiple splicing
(RBPMS) antibody, an RGC-specific marker, the expression of
CoChR-GFP was predominantly observed in RGCs, along with
some amacrine and horizontal cells (Figures 2C and 2D). Based on
co-labeling with RBPMS in retinal whole mounts (Figures 2B, 2E,
and 2F; Figure S4), more than 90% (94%, 95%, and 92% for wt-
CoChR, CoChR-LC, and CoChR-3M, respectively) of RGCs were
transduced by CoChR-GFP (Figure 2G). The density of RGCs
was not significantly different compared to the control for all three

D CoChR-3M-GFP/

wt-CoChR  CoChR-LC CoChR-3M

Figure 2. Expression of CoChR-GFP in TKO Mouse
Retinas In Vivo

(A and B) Representative immunofluorescence images of
CoChR-3M-GFP in retinal whole mounts at low (A) and
high magnification (B). (C-F) Co-labeling of GFP with
RBPMS, an RGC-specific marker, in retinal vertical sec-
tions (C and D) and in retinal whole mounts (B, E, and F).
(G) The density of RGCs in control retinas and CoChR-
treated retinas was assessed by immunolabeling for
RBPMS (red). The data are presented as means + SD
(n = 4 retinas). 94%, 95%, and 92% of RGCs in wt-
CoChR-, CoChR-LC-, and CoChR-3M-treated retinas
were co-labeled with GFP, respectively. The densities of
RGCs were not significantly different between control and
treated retinas for all three CoChRs (p > 0.05; one-way
ANOVA). The results were obtained from the mice
6 months after virus vector injection. Scale bars, 500 pm
(A), 50 um (C and D), and 100 um (B, E, and F).

I RBPMS/GFP co-labeled cells

vector-treated mice examined 6 months after vi-
rus vector injection (Figure 2G), suggesting
CoChRs did not cause significant long-term
toxicity in vivo.

Light Response Properties Assessed Using
MEA Recordings

We next examined the light sensitivity of the
CoChR-expressing RGCs by performing multi-
electrode array (MEA) recordings from retinal
whole mounts of both C57BL/6] and TKO
mice. For C57BL/6] mice, the photoreceptor-mediated light responses
were blocked with a mixture of antagonists, i.e., 6-cyano-7-nitroqui-
noxaline-2,3-dione (CNQX, 50 puM), D(—)-2-amino-5-phosphono-
pentanoic acid (D-AP5, 20 uM), L-(+)-2-amino-4-phosphonobutyric
acid (L-AP4, 20 pM), ACET (2 pM), dihydro-B-erythroidine
(DHBE, 20 pM), bicuculline (50 pM), and strychnine (5 uM). For
TKO mice, no photoreceptor-mediated light response was observed
under our light-adapted conditions; nevertheless, L-AP4 (20 pM)
and ACET (2 pM) were used in some recordings. No differences
were observed between C57BL/6] and TKO mice and among TKO
mice with and without the application of L-AP4 and ACET, and, there-
fore, the results were combined.

We first examined the action spectrum of CoChR-LC and CoChR-3M
based on the CoChR-mediated spiking activities elicited by 1-s light
pulses of different wavelengths with a 2.0-neutral density (ND) filter
(Figure 3A). The peak spectra for both mutants were around
460-470 nm after being normalized to equal photon fluxes (Figure 3B).

We next examined the light sensitivity of CoChR-mediated spiking
activities elicited by 1-s light pulses at 480 nm with incrementally
increasing light intensities adjusted with ND filters. Figure 4 shows
representative recordings (Figure 4A) and the normalized distribu-
tions of RGCs versus threshold light intensities (Figure 4B). For
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Figure 3. Multielectrode Array Recordings of RGCs
from Retinal Whole Mounts for Assessing the Action
Spectrum of CoChR Mutants

(A) Representative recordings of CoChR-mediated spiking
activities in CoChR-LC-treated retinas. The spiking activ-
ities were elicited by 1-s light pulses with the wavelengths
from 410 to 520 nm with an ND filter of 2.0. (B) The
spectral curves for CoChR-LC (n =5 cells) and CoChR-3M
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CoChR-3M, the threshold light intensity for the most light-
sensitive RGCs was at 4.0 ND (~1.9 x 10 photons/cmzs) and for
the highest number of activated RGCs was at 3.0 ND (~2.0 x 10"
photons/cm’s). The distribution curves for CoChR-LC and wt-
CoChR were shifted approximately 0.5 and 1 log unit toward a higher
light intensity, respectively (Figure 4B). Thus, the MEA recordings
confirmed the subsequent improvement in the light sensitivity of
CoChR-LC and CoChR-3M compared with wt-CoChR.

We further examined the temporal coding ability of CoChR-express-
ing RGCs. For this purpose, the spiking activity of RGCs in CoChR-
treated retinas was examined in response to flickering stimuli
of different frequencies. Figure 5 shows representative recordings
(Figures 5A-5C) and frequency-dependent response attenuation
curves (Figure 5D). For CoChR-3M and CoChR-LC, the estimated
cutoff or corner frequencies, which were defined at an attenuation
of —3 dB, were ~13 and ~20 Hz, respectively.

Assessing CoChR-Restored Visual Functions by Optomotor
Assays

The restoration of the visual function of TKO mice with CoChRs was
further assessed using optomotor behavioral assays. The experiments
were first conducted using a homemade optomotor system (Figure 6A)
with blue light-emitting diodes (LEDs) (a peak wavelength at
~470 nm) as light illumination (Figure 6B).*® The OMR was observed
in TKO mice treated with all three CoChRs. Figure 6C shows the re-
lationships between the threshold light intensity and spatial frequency.
The threshold light intensity required to evoke the OMR depended on
the spatial frequency. The most sensitive frequency was approximately
0.042 cycles/degree (c/d) for all three CoChRs. Consistent with the
electrophysiological recordings, CoChR-3M (n = 7) was the most
light-sensitive CoChR, followed by CoChR-LC (n = 7) and wt-CoChR
(n =5), as evidenced by a subsequent shift in the curves upward to the
higher light intensity. In CoChR-3M-treated mice at the most
sensitive spatial frequency (0.042 c/d), the OMR was elicited by a
light intensity as low as 6.4 x 10'* photons/cm’s, with an average value
of 1.5 £ 0.76 x 10" photons/cm?s (mean = SD, n = 7). The frequency-
dependent light sensitivity curve for CoChR-3M-treated mice (n = 4)
was not significantly changed for up to 12 months (the longest time
examined) (Figure 6D).

Since CoChRs are blue light sensitive, we next examined the efficacy of
CoChR-3M compared to the red-shifted ChR variants ReaChR'**’
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(n = 5 cells) after being normalized to equal photon fluxes.
The data are presented as means + SD.

and Chrimson.”" Virus vectors carrying ReaChR and Chrimson
were constructed using the same virus cassette, and TKO mice were
injected with the same amount of virus particles. Figure 6E shows
the light intensity and spatial frequency relationships for ReaChR
and Chrimson measured with green LEDs (~520 nm) and yellow
LEDs (~590 nm) (Figure 6B), which are near the peak wavelength
of ReaChR (~530 nm)'® and Chrimson (~590 nm),’’ respectively.
Clearly, CoCh-3M exhibited higher light sensitivity than ReaChR
(n = 7) and Chrimson (n = 6) (Figure 6E). In another comparison,
we examined the efficacy using natural white LEDs (4,500 K) as light
illumination (Figure 6B). Again, CoCh-3M displayed higher light
sensitivity than ReaChR (n = 7) and Chrimson (n = 6) (Figure 6F).
Strikingly, in CoChR-3M-treated mice, the light intensity required
to elicit the OMR up to the spatial frequency of ~0.20 c/d was less
than or equal to 50 uW/cm? (indicated by the dashed line in Figure 6F).
This intensity is roughly equivalent to the light intensity that is pro-
duced by a normal 250-nit liquid crystal display (LCD) monitor.
Moreover, at the most sensitive spatial frequency (0.042 c¢/d), the
OMR was elicited by the white light with an average intensity of
~10 pW/em? (9.4 + 12.4 pW/cm? mean + SD, n = 7) (Figure 6F).

CoChRs Restored Visual Acuity and Contrast Sensitivity

Since the OMR in TKO mice treated with CoChR mutants was
elicited under ambient light levels, we expected that the OMR would
also be elicited in these mice by an LCD monitor-based virtual opto-
motor system, OptoMotry.*® The use of OptoMotry enables the ex-
amination of contrast sensitivity and a more accurate visual acuity.
Indeed, the OMR was observed in both CoChR-LC- and CoChR-
3M-treated mice using OptoMotry (Video S1). Figures 7A and 7B
show the spatial contrast sensitivities and visual acuities, respectively,
for CoChR-3M (n = 8) and CoChR-LC (n = 7). For comparison, the
results from sighted C57BL/6] mice are also shown (n = 4). For
CoChR-3M-treated mice tested at the most sensitive spatial frequency
(0.042 c/d), the highest observed contrast sensitivity was 6.7 (or 15%
contrast), with an average value of 4.2 + 1.8 (mean + SD; n = §;
Figure 7A); the highest observed visual acuity was 0.24 ¢/d, with an
average value of 0.22 + 0.02 ¢/d (mean + SD; n = 8; Figure 7B). For
CoChR-3M-treated mice (n = 4), both the spatial sensitivity curve
(Figure 7C) and visual acuity (Figure 7D) were not significantly
different between 1 and 12 months after virus injection.

We further examined the temporal tuning properties of CoChR-LC-
and CoChR-3M-restored vision. The temporal contrast sensitivities
in CoChR-LC- (n = 5) and CoChR-3M-treated mice (n = 5) were
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examined at their most sensitive spatial frequency (0.042 c/d), with
rotation speeds from 1.5 to 50 degrees/s (d/s) (Figure 8A). For com-
parison, the results from normally sighted C57BL/6] mice (n = 4)
examined at the spatial frequency of 0.064 c/d are also shown. The
contrast sensitivity functions in CoChR-treated mice exhibited the
peak sensitive speed of ~12 d/s, the same as in normally sighted
mice (Figure 8A). Figure 8B replotted the data to show the relation-
ships of the contrast sensitivity and temporal frequency. The peak
sensitive frequencies for both CoChR-LC and CoChR-3M were at
~0.5 cycles/s (c/s), which was lower than the value of ~0.8 ¢/s in nor-
mally sighted mice. However, no apparent difference in the temporal
tuning preference was observed between CoChR-LC and CoChR-3M;
but, the contrast sensitivity of CoChR-3M was again significantly
higher than CoChR-LC.

DISCUSSION

In this study, we used the strategy of prolonging and optimizing the
off rate by employing site-directed mutagenesis to develop ChRs
with improved light sensitivity based on the CoChR variant. CoChR
was chosen because it exhibits larger photocurrent than ChR2 but
still retains relatively fast kinetics or off rate,”’ suggesting that
CoChR is more efficient than ChR2, likely due to its intrinsic higher
single-channel conductance. We examined two representative
CoChR mutants, CoChR-LC and CoChR-3M, by extending its off
rate from 112 to 372 and 723 ms, respectively. We showed the
enhanced photocurrent CoChR-L112C and CoChR-3M
compared to wt-CoChR using in vitro patch-clamp recordings in
HEK cells and the enhanced light sensitivity of CoChR-expressing
RGCs employing ex vivo MEA recordings from the retina.
Furthermore, we showed the improved light sensitivity of these
two CoChR mutants by OMR behavioral assessments in TKO
mice. For the most light-sensitive CoChR mutant, CoChR-3M,
OMR at the spatial frequency of 0.042 c/d was elicited by a light in-
tensity as low as 6.4 x 10'? photons/cm?s, with an average intensity
of 1.5 + 0.76 x 10" photons/cm’s. Moreover, in the CoChR-3M-
treated mice, the light intensity required to elicit the OMR over
its whole effective frequency falls within the ambient lighting level,

for

Light intensity (photons/cm’s)

\iig

\i

10“‘ 10 10 in wt-CoChR-, CoChR-LC-, and CoChR-3M-treated ret-

inas were observed with ND filters of 2.5, 3.0, and 3.5,
respectively (marked with arrows). (B) The distributions of
the normalized number of RGCs (averaged through the
recorded retinas, mean + SD) versus threshold light in-
tensities for wt-CoChR (4 retinas, 226 cells), CoChR-LC (6
retinas, 299 cells), and CoChR-3M (6 retinas, 319 cells).

which can be generated with a normal LCD monitor. To our knowl-
edge, this study is the first to show that ChR-mediated restoration of
vision functions is achieved under ambient light conditions.

As we previously reported,” there is a difference in the threshold
light sensitivities required to elicit responses between MEA record-
For example, in CoChR-3M-
treated mice, the lowest light intensity (2 x 10*? photons/cmzs;
see Figure 4B) required to evoke RGC activities was ~3 times lower
than the lowest light intensity (6.4 x 10'* photons/cm’s) to elicit
OMR but ~1 log unit lower than the average light intensity
(1.5 £ 0.76 x 10" photons/cm?s) to elicit OMR. The latter, how-
ever, is comparable to the intensity (2 x 10" photons/cm’s)
required to evoke the peak number of RGC activities. Therefore,
the difference is likely in part due to the requirement of above-
threshold RGC activities to drive the OMR. In addition, the light in-
tensity in MEA recordings was measured at the level of the retina,
while the light intensity in the behavioral testing was measured on
the surface of the eye. The attenuation of light intensity through the
eye would also contribute to the difference.

ings and OMR measurements.

Based on the OMR assessment, the light sensitivity of CoChR-3M is
approximately 1 log unit higher than the previously optimized ChR2
mutant, ChR2-L112C/T159S, and nearly 3 log units higher than wt-
ChR2.”® CoChR-3M is also more sensitive than the currently available
red-shifted ChRs, ReaChR and Chrimson. Under the same experi-
mental conditions, the light intensity required to elicit the OMR in
mice expressing CoChR-3M is at least 1 and 2 log units less than
ReaChR and Chrimson, respectively, compared either at their peak-
sensitive wavelengths or with natural white-light LEDs. The use of
the red-shifted ChRs for vision restoration was aimed at increasing
the light intensity tolerance and preventing potential phototoxicity
to retinal tissues.® Although CoChRs are sensitive to blue light, since
the operational light intensity for the CoChR mutants, particularly
CoChR-3M, is within normally encountered levels, the phototoxicity
for the use of CoChR-3M for vision restoration should no longer be
an issue.
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Figure 5. Multielectrode Array Recordings of RGCs for Assessing the CoChR-Mediated Temporal Dynamics

(A-C) Representative recordings of CoChR-mediated spiking activities in wt-CoChR- (A), CoChR-LC- (B), and CoChR-3M-treated retinas (C) in response to flickering stimuli
with three different frequencies. A raster plot of 10 recordings (top) and an average spike rate histogram (bottom) are shown. The light intensities used were adjusted with a
1.5-ND filter for wt-CoChR (A) and a 2.0-ND filter for both CoChR-LC (B) and CoChR-3M (C). (D) The frequency-dependent response-amplitude-attenuation curves for wt-
CoChR, CoChR-LC, and CoChR-3M. The attenuation is shown in decibels (dB). The horizontal dashed line indicates the —3-dB attenuation. The cutoff or corner frequencies
were estimated to be 13 and 20 Hz for CoChR-3M and CoChR-LC, respectively, as indicated by the vertical dashed lines. The data are presented as means + SD for wt-

CoChR (n = 10 cells), CoChR-LC (n = 9), and CoChR-3M (n = 14).

It should be mentioned that there is a difference in the transmission of
short wavelengths through cornea and lens between mice and humans,
because the cutoff frequency for mice is around 310 nm, whereas for
humans it is around 390 nm.**' Although the action spectra of
CoChRs largely fall in the range greater than 400 nm, the effective solar
or artificial light intensity for CoChRs could still be more attenuated in
humans than in mice. Therefore, further development of highly light-
sensitive and red-shifted ChRs would be more ideal.

The restoration of functional vision in this study was assessed in a
TKO mouse model by taking advantage of its unique properties of
the lack of the OMR, melanopsin-mediated pupillary constriction,
and apparent death of photoreceptor cells.*®*” Therefore, ChR-medi-
ated light sensitivity was assessed under the condition without atten-
uation by melanopsin-mediated pupillary constriction. In addition,
the lack of apparent photoreceptor degeneration in TKO mice pro-
vides a condition to evaluate the restoration of visual functions
without the confounds of complications caused by severe retinal re-
modeling in animal models of severe photoreceptor degeneration.
Consistently, our results showed that the restored visual functions,
such as light sensitivity, contrast sensitivity, and visual acuity, were
stable for up to at least 1 year in TKO mice. Thus, the TKO mice
represent a unique model for assessing the efficacy of optogenetic
tools and different treatment strategies.’®

The development of highly light-sensitive CoChR mutants combined
with the use of the TKO mice allowed us to quantitatively assess the

1200 Molecular Therapy Vol. 27 No 6 June 2019

properties of optogenetically restored vision. First, CoChR-3M-
treated TKO mice achieved an average visual acuity of 0.22 c¢/d.
This value is remarkably good in comparison to the value of
~0.40 c/d observed in normally sighted mice.*” The lower visual acu-
ity for the ChR-restored vision in TKO mice than in normally sighted
mice is expected and likely due to the larger ChR-mediated receptive
fields of RGCs than their intrinsic receptive fields. Therefore, further
studies would be interesting to determine whether the restored visual
acuity could be improved by reducing ChR-mediated receptive fields,

such as by subcellular targeting.’>>°

Furthermore, both the spatial and temporal contrast sensitivity func-
tions in CoChR-treated mice exhibit a characteristic band-pass
shape.”> The most sensitive spatial and temporal frequencies for
both mutants are at ~0.042 ¢/d and ~0.5 c/s, respectively. These
values are only moderately lower than those observed in normally
sighted mice. Specifically, at the most sensitive spatial frequency of
0.042 ¢/d, the CoChR-3M-treated TKO mice exhibited contrast sensi-
tivity up to 6.7 (or 15% contrast), with an average value of 4.2.
This value is also remarkably good compared with the value of
~10-25 (4%-10% contrast) in normally sighted mice (Figure 6A).*
Because ChR expression was achieved by predominantly targeting
the ChRs to RGCs in this study, the ability to restore contrast sensi-
tivity is even surprising, because the contrast sensitivity is known to
be mediated by surround inhibition in the retina.”>>* It is possible
that the surround inhibition is generated by the inhibitory inputs
from ChR-expressing amacrine cells (see Figure 2D). Further studies
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Figure 6. Properties of the OMR in TKO Mice Mediated by CoChRs and Red-Shifted ChRs

(A and B) A homemade optomotor system (A) that uses blue (470 nm), green (520 nm), yellow (590 nm), or natural white-light (4,500 K) LEDs as the light illumination source (B).
(C) The spatial frequency-dependent threshold light intensity curves for wt-CoChR- (n = 5), CoChR-LC- (n = 7), and CoChR-3M-treated mice (n = 7). The OMR was elicited by
blue LEDs. (D) The light intensity curves for CoChR-3M-treated mice (n = 4) measured 1 and 12 months after virus vector injection. (E) Comparison of the frequency-
dependent threshold light intensity curves for CoChR-3M- (the same data from C), ReaChR- (n = 7), and Chrimson-treated mice (n = 6). The OMR for ReaChR- and
Chrimson-treated mice was elicited by green and yellow LEDs, respectively. (F) The frequency-dependent threshold light intensity curves for CoChR-3M- (n = 7), ReaChR-
(n =7), and Chrimson-treated mice (n = 6) elicited with natural white LEDs as the light illumination source. The dashed line estimates the light intensity level produced by a
normal LCD monitor. All data are presented as means + SD from the indicated number of animals.

should be directed at investigating the underlying mechanism(s) and
developing better strategies to improve the restored vision.

In addition, although CoChR-3M has slower kinetics than CoChR-LC,
no significant difference in the temporal tuning between these two mu-
tants was observed. On the other hand, the overall contrast sensitivity
in CoChR-3M-treated mice is significantly higher than in CoChR-LC-
treated mice. Our results thus indicate the light sensitivity of optoge-
netic tools is more critical than kinetics for vision restoration, at least
for the range of the kinetics examined in this study.

Optogenetic restoration of vision under ambient light conditions has
only been previously reported using G-protein-coupled receptors
(GPCRs), such as melanopsin,® mammalian rhodopsins,'>'® and a
melanopsin/mGluR6 chimera (Opto-mGluRé6)."” In general, a draw-
back with the use of GPCRs is their slow kinetics.”® Other concerns
regarding the use of photoreceptor opsins include the availabilities
of both the 11-cis retinal chromophore and efficient downstream
signaling machineries in inner retinal neurons. Surprisingly, vision
restoration mediated by the expression of mammalian rhodopsins
in RGCs and bipolar cells was reported without an exogenous supply
of chromophore in vivo.'>'® The restoration of both visual acuity and
contrast sensitivity using mammalian rhodopsin was also reported,

particularly through bipolar cell targeting.'® The use of Opto-mGluR6
targeted to ON bipolar cells is particularly appealing because it utilizes
the downstream signaling cascade for mGluR6 receptors in ON bipo-
lar cells.'” The restoration of a visual acuity of 0.17 c/d was reported
with Opto-mGluRé targeted to retinal ON bipolar cells; but, this was
only achieved in a transgenic mouse model. Further studies to
compare the efficacy and properties between the improved ChR-
and GPCR-based optogenetic tools would be interesting.

In summary, in this study, we developed ChRs with much improved
light sensitivity for vision restoration by optimizing the kinetics of
CoChR. Functional vision was restored in a blind mouse model under
ambient light conditions. Furthermore, the mice with restored vision
through predominant RGC targeting exhibit remarkably good
contrast sensitivity and visual acuity. The development of the
improved CoChR mutants that restore functional vision under
normal light conditions removed a major obstacle for the use of
ChR-based optogenetic tools to treat blindness.

MATERIALS AND METHODS

DNA Constructs and Viral Vectors
The codon-optimized CoChR, ReaChR, and csChrimson (referred
to as Chrimson) were synthesized (GenScript, Piscataway, NJ)
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Figure 7. Properties of Spatial Contrast Sensitivity and Visual Acuity in
CoChR-Treated TKO Mice Assessed by OptoMotry

(A and B) The spatial frequency-dependent contrast sensitivity curves (A) and visual
acuity (B) of CoChR-3M- (n = 8) and CoChR-LC-treated mice (n = 7). For com-
parison, the contrast sensitivity curve and visual acuity of normally sighted C57BL/
6J mice (n = 4) were also measured. (C and D) The contrast sensitivity curves (C) and
visual acuity values (D) measured at 1 and 12 months after virus injection for CoChR-
3M-treated mice (n = 4). The values for the contrast sensitivity at all spatial fre-
quencies and the values for visual acuity were not significantly different (p > 0.05;
one-way ANOVA) between 1 and 12 months. All the data are presented as means +
SD from the indicated number of animals.

according to the reported amino acid sequences.””' CoChR mutants
were generated using site-directed mutagenesis (Agilent Technolo-
gies, Santa Clara, CA). CoChR or CoChR mutants were cloned into
the recombinant AAV (rAAV) vector cassette and fused in frame
to GFP (CoChR-GFP); expression was driven by a CAG (a hybrid
cytomegalovirus [CMV] early enhancer/chicken B-actin) promoter,
as previously reported.>* Viral vectors were packaged into AAV2/
2 serotype for all ChRs and the AAV2.7m8-Y444F capsid variant
also for CoChR-L112C and CoChR-3M, and affinity purified by
Virovek (Hayward, CA, USA). No differences were observed in the
expression and function in mice between the two capsids. Therefore,
the results are not differentiated.

HEK Cell Culture, DNA Transfection, Fluorescence
Measurements, and Patch-Clamp Recordings

HEK293F cells were maintained in Advance Dulbecco’s minimum
essential medium (Life Technologies, Grand Island, NY, USA) sup-
plemented with 5% fetal bovine serum, 1x minimum essential me-
dium (MEM) non-essential amino acid solution, 100 U/mL penicillin
G, and 100 ug/mL streptomycin at 37°C in a humidified atmosphere
of 95% air and 5% CO,. In preparation for DNA transfection, cells
were seeded in 35-mm dishes and transfected with rAAV2 DNA vec-
tors carrying CoChRs using Lipofectamine 2000 (Life Technologies).
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Figure 8. Temporal Tuning Properties of CoChR-Treated TKO Mice
Assessed by OptoMotry

(A) The temporal tuning curves in CoChR-LC- (n = 5) and CoChR-3M-treated mice
(n = 5) at the spatial frequency of 0.042 c/d with rotation speeds up to 50 d/s. For
comparison, the temporal tuning curve for normally sighted C57BL/6J mice (n = 4)
at the spatial frequency of 0.064 c/d was also measured. (B) The data were replotted
to show the relationships of the contrast sensitivity and temporal frequency (tem-
poral frequency = spatial frequency x rotation speed). All the data points between
C57BL/6J and CoChR-3M-treated mice are significantly different. **p < 0.01 and
p < 0.001 for all other data points (one-way ANOVA). The data are presented as
means + SD from the indicated number of animals.

All-trans retinal (1 uM) was added to the culture media at the time of
DNA transfection. The procedures for the membrane fluorescence
measurements were previously described.”” Briefly, HEK cells were
fixed with 4% paraformaldehyde. Images were taken under fixed light
intensity and exposure time using a Zeiss Apotome 2 Optical Photo-
microscope (Carl Zeiss Microscopy, Jena, Germany). The fluores-
cence intensity of each HEK cell was calculated by dividing the total
fluorescence value in its plasma membrane region by the total num-
ber of pixels of the same region.

Patch-clamp recordings were performed 2 days after DNA transfec-
tion. Recordings in the whole-cell configuration were made using stan-
dard procedures at room temperature (~22°C). The extracellular
recording solution contained the following (in mM): 138 NaCl, 1
NaHCOs, 0.3 Na,HPO,, 5 KCl, 0.3 KH,PO,, 1.25 CaCl,, 0.5 MgSO,,
0.5 MgCl,, 5 HEPES, 22.2 glucose, and 0.001% (v/v) phenol red, with
the pH adjusted to 7.2 using 0.3 N NaOH. All-trans retinal (1 pM)
was added to the recording solution. The electrode solution contained
the following (in mM): 110 Cs-Cl, 30 TEA-CI, 2 MgCl,, 0.1 CaCl,, 10
EGTA, and 10 HEPES, with the pH adjusted to 7.25 using CsOH. Light
stimuli were generated by 150-W xenon lamp-based scanning mono-
chromators with a bandwidth of 10 nm (TILL Photonics, Germany).
The light stimuli were coupled to the microscope with an optical fiber.
The light intensity was attenuated with neutral density filters.

Animals and Viral Vector Injection

All animal experiments and procedures were approved by the Institu-
tional Animal Care and Use Committee of Wayne State University,
and they were performed in accordance with the NIH Guide for the
Care and Use of Laboratory Animals. Intravitreal injections of the
viral vectors were administered to at least 1-month-old wild-type
C57BL/6] mice and Opn4 ™'~ Gnatl '"Cnga3™/~ TKO transgenic
mice. Briefly, the animal was anesthetized with an intraperitoneal
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injection of a mixture of 100 mg kg™' ketamine and 12 mg kg™’
xylazine. Viral vectors (1.5 pL) diluted in saline at a titer of
5 x 10" vg/mL or vehicle (saline) were intravitreally injected into
both eyes of each animal. The virus vectors were injected with a pro-
grammable Nanoliter Injector (Drummond Scientific, Broomall, PA,
USA) using glass micropipettes. All experiments were performed at
least 1 month after virus injection. Animals were euthanized by
CO, asphyxiation followed by decapitation for electrophysiological
recordings and immunostaining.

Immunostaining and Quantitative Cell Density Measurements
Enucleated eyes were fixed with 4% paraformaldehyde in phosphate
buffer (PB) at room temperature for 20 min. Fluorescence expression
was examined in flat-mounted retinas and retinal vertical sections.
The expression of CoChR in RGCs was examined by co-labeling
with mouse anti-GFP (1:1,000; Neuromab, UC Davis, Davis, CA,
USA) and rabbit anti-RBPMS (1:1,000; ABN1362, Millipore Sigma,
Temecula, CA, USA), an RGC-specific marker, antibodies. The sec-
ondary antibodies were conjugated to Alexa 555 (1:1,000) or Alexa
488 (1:600; Thermo Fisher Scientific, Waltham, MA, USA).

The densities of RGCs and CoChR-expressing RGCs were measured
by assessing RBPMS-labeled and dual GFP/RBPMS-labeled cells,
respectively. 3D z stack fluorescence images of the RGC layer in retinal
whole mounts were captured using the Zeiss Apotome 2 Optical
Photomicroscope (Carl Zeiss). The brightness and the contrast were
adjusted. All quantifications of cell density were performed using
ZEN software (Carl Zeiss). Eight images were captured in the middle
regions of each retina (~1 mm from the optic disc) with the optimal
exposure time. The cell numbers were manually counted with event
tools in an area of 0.15 mm? of the original CZI (Carl Zeiss Image) file.

MEA Recordings

MEA recordings were performed using the previously described pro-
&% Briefly, the retina was dissected and placed on a piece of
nitrocellulose filter paper with the photoreceptor side down (Milli-
pore, Bedford, MA, USA). The mounted retina was placed in the
MEA-60 MEA recording chamber comprising 30-pm-diameter elec-
trodes spaced 200 pm apart (Multi Channel System MCS, Reutlingen,
Germany), with the ganglion cell layer facing the recording elec-
trodes. The retina was continuously perfused with an oxygenated
extracellular solution at 34°C during all experiments. The extracel-
lular solution contained the following (in mM): 124 NaCl, 2.5 KCl,
2 CaCl,, 2 MgCl,, 1.25 NaH,PO,, 26 NaHCO3, and 22 glucose (pH
7.35) with 95% O, and 5% CO,. For C57BL/6] mice, the photore-
ceptor-mediated light responses were blocked with CNQX (50 uM),
D-AP5 (20 uM), L-AP4 (20 uM), ACET (2 uM), DHBE (20 uM),
bicuculline (50 pM), and strychnine (5 uM). For TKO mice, no
photoreceptor-mediated light responses were observed under our
light-adapted conditions, but L-AP4 and ACET were added to the
solution in some recordings.

cedure.

The interval between the onset of each light stimulus was 20 s. Signals
were filtered between 200 Hz (low cutoff) and 20 kHz (high cutoff). A

threshold of 24 pV was used to detect action potentials, and action
potentials from individual neurons were determined with a standard
expectation-maximization algorithm using offline Sorter software
(Plexon, Dallas, TX, USA). The results were plotted using
NeuroExplorer software (Nex Technologies, Madison, AL, USA).
The relationship between the response-amplitude attenuation and
frequency was measured from the averaged spike rate histograms.
For each frequency, the attenuation was calculated by dividing the
average trough-to-crest amplitude by the average peak amplitude.
The attenuation values were converted to a decibel (dB) scale. Light
stimuli were generated using 150-W xenon lamp-based scanning
monochromators with a bandwidth of 10 nm (TILL Photonics, Ger-
many). The light stimuli were directly projected onto the bottom of
the recording chamber through an optical fiber. The light intensity
was attenuated with neutral density filters.

Animal Behavioral Assays

OMRs were examined using a homemade optomotor system’® and a
commercially purchased OptoMotry system.*® For the homemade
optomotor system, the light illumination was provided by blue
(a peak wavelength of ~470 nm), green (~520 nm), yellow
(~590 nm), or natural white (4,500 K) LEDs. The light intensity of
the LEDs was controlled by a digital power supply. The light inten-
sities for monochromators and single-wavelength light (blue, green,
and yellow LEDs) were presented as the unit of photons/cm?s,
whereas for natural white light (white LEDs) and the OptoMotry sys-
tem they were presented as the unit of fW/cm?. A positive OMR, or
head tracking, was determined by repeated head angular movements
in the direction of the rotating drum. Head tracking was tested for
both clockwise and counterclockwise directions. Data obtained for
the two directions of drum rotation from each animal were treated
as two independent data points in the analysis. For the homemade
system, the threshold light intensity at each grating frequency
required to evoke OMR was determined. For the OptoMotry system,
the procedures were the same as a previously published protocol.*®
The light intensity at the center of the platform was ~50 uW/cm?. Vi-
sual acuity was measured in the OptoMotry system. It was defined as
the highest grating frequency that can evoke animal head tracking at
the grating contrast of 100% and the rotation speed of 12 d/s. The
experimental data were confirmed by a second experimenter. All
data are expressed as the mean + SD, with “n” indicating the number
of animals.
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