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PURPOSE. To develop an animal behavioral assay for the quantitative assessment of the
functional efficacy of optogenetic therapies.

METHODS. A triple-knockout (TKO) mouse line, Gnat1�/�Cnga3�/�Opn4�/�, and a double-
knockout mouse line, Gnat1�/�Cnga3�/�, were employed. The expression of channelrho-
dopsin-2 (ChR2) and its three more light-sensitive mutants, ChR2-L132C, ChR2-L132C/T159C,
and ChR2-132C/T159S, in inner retinal neurons was achieved using rAAV2 vectors via
intravitreal delivery. Pupillary constriction was assessed by measuring the pupil diameter. The
optomotor response (OMR) was examined using a homemade optomotor system equipped
with light-emitting diodes as light stimulation.

RESULTS. A robust OMR was restored in the ChR2-mutant-expressing TKO mice; however,
significant pupillary constriction was observed only for the ChR2-L132C/T159S mutant. The
ability to evoke an OMR was dependent on both the light intensity and grating frequency. The
most light-sensitive frequency for the three ChR2 mutants was approximately 0.042 cycles
per degree. Among the three ChR2 mutants, ChR2-L132C/T159S was the most light sensitive,
followed by ChR2-L132C/T159C and ChR2-L132C. Melanopsin-mediated pupillary constric-
tion resulted in a substantial reduction in the light sensitivity of the ChR2-mediated OMR.

CONCLUSIONS. The OMR assay using TKO mice enabled the quantitative assessment of the
efficacy of different optogenetic tools and the properties of optogenetically restored
vision. Thus, the assay can serve as a valuable tool for developing effective optogenetic
therapies.
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Optogenetic approaches have shown promise for restoring
vision in blindness caused by retinal degenerative diseases,

such as retinitis pigmentosa and age-related macular degener-
ation, by resensitizing the surviving inner retinal neurons
following photoreceptor cell death.1,2 Since the first demon-
stration of the feasibility of this approach using channelrho-
dopsin-2 (ChR2),3 sustained efforts have been made to develop
more efficient optogenetic tools, particularly to overcome the
low light sensitivity of native ChR2; these efforts include
engineering more light-sensitive and/or redshifted channelrho-
dopsins,4–10 using melanopsin and vertebrate or human
rhodopsin,11–13 and creating novel optogenetic receptors.14–16

The restoration of vision has been evaluated through various
methods, such as in vitro retinal electrophysiological record-
ings, visually evoked potentials or optical imaging recordings of
the visual cortex, and visual behavioral tests.3,11,16–19 However,
an assay that enables the quantitative assessment of the efficacy
of optogenetic tools for vision restoration remains lacking.

Behavioral assessments of restored visual function would
provide important information regarding the efficacy of
optogenetic tools. Several animal behavioral tests have been
used to assess optogenetically restored vison, such as dark/light
avoidance,11 ,20 locomotion,10 optomotor response
(OMR),9,17–19 and water maze.21 The OMR assay has several
advantages. First, the OMR is a reflex behavior; therefore, the

assay does not require reinforcement animal training. Second,
this method provides quantitative information regarding the
restoration of vision function.22 However, although the ability
to optogenetically restore the OMR has been report-
ed,9,16–19,23,24 the properties of the restored OMR are not
completely clear. In addition, most previous studies were
conducted using animal models with severe retinal degenera-
tion (rd). As the severity and time-course of retinal remodeling
triggered by photoreceptor cell death depend on both the
etiology of retinal degeneration and the genetic background of
the animal model,25,26 and as the status of retinal remodeling
may profoundly affect the outcome,27,28 comparing the results
obtained using rd models and/or under different experimental
conditions is often difficult. Thus, to evaluate and compare the
efficacy of optogenetic tools, the use of a blind animal model
without significant retinal remodeling would be advantageous.

In this study, we report an OMR assay using a triple-
k n o c k o u t ( T KO ) m o u s e l i n e , B 6 1 2 9 : G n a t 1�/�

Cnga3�/�Opn4�/�,29 which lacks the OMR, pupillary constric-
tion, and apparent photoreceptor cell death. We show that a
robust and long-term stable OMR was restored using highly
light-sensitive ChR2 mutants in the TKO mice. This assay
enabled the quantitative assessment of optogenetically restored
visual function and a comparison of the efficacy of different
optogenetic tools.
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METHODS

Animal Models

A TKO mouse line, B6129:Gnat1�/�Cnga3�/�Opn4�/�, which
lacked a rod-specific transducing unit,30 a cone photoreceptor-
specific cyclic nucleotide channel subunit,31 and melanop-
sin,32 was transferred from Johns Hopkins University to Wayne
State University. The double-knockout mouse line, B6129:
Gnat1�/�Cnga3�/�, was kindly provided by Daoqi Zhang, PhD,
at Oakland University. All animal experiments and procedures
adhered to the ARVO Statement for the Use of Animals in
Ophthalmic and Vision Research, were approved by the
Institutional Animal Care and Use Committee of Wayne State
University, and were performed in accordance with the NIH
Guide for the Care and Use of Laboratory Animals.

Viral Vectors and Virus Injection

rAAV2 vectors carrying a fusion construct of ChR2 or ChR2
mutants and green fluorescent protein (GFP) and driven by a
CAG (a hybrid cytomegalovirus early-enhancer/chicken b-
actin) promoter have been reported previously.8 Viral vectors
were packaged and affinity purified by Virovek (Hayward, CA,
USA). Virus injections were performed on mice between 1 and
2 months of age, as previously described.3 Briefly, the animal
was anesthetized via an intraperitoneal injection of a mixture
of 120 mg/kg ketamine and 15 mg/kg xylazine. Under a
dissecting microscope, a small perforation was made in the
temporal sclera region with a sharp needle. Viral vectors of 1.5
lL diluted in saline at a titer of 5 3 1012 vector genomes per
milliliter (vg/mL) or vehicle (saline) were injected into the
intravitreal space through the perforation with a 32-gauge
blunt Hamilton syringe. Both eyes were injected in each
animal. Animal behavior testing was performed at least 1
month after virus injection.

Fluorescence Imaging and Immunochemistry

Animals were deeply anesthetized with CO2 and decapitated.
Enucleated eyes were fixed in 4% paraformaldehyde at room
temperature for 20 minutes. The expression of GFP in the
retina was examined in retinal whole mounts and vertical
sections. For the whole mounts, the retina was dissected free
in PB solution and flat mounted on slides; GFP fluorescence
images were obtained without antibody enhancement. For the
vertical sections, the retinas were cryoprotected in a sucrose
gradient (10%, 20%, and 30% wt/vol in PB, respectively).
Cryostat sections were cut at 16 lm. GFP fluorescence was
enhanced by antibody. For immunostaining, retinal vertical

sections were blocked for 1 hour in 5% membrane-blocking
agent (Chemiblocker; Chemicon, Brica, MA, USA), 0.5% Triton
X-100, and 0.05% sodium azide (Sigma Aldrich Corp., St. Louis,
MO, USA). The primary antibody, mouse anti-GFP (1:1000;
Neuromab, Davis, CA, USA) or rabbit anti-GFP (1:1000;
Neuromab), was diluted in the same blocking solution and
applied overnight, followed by incubation (1 hour) in the
secondary antibody, which was conjugated to Alexa Fluor 488
(1:600, green fluorescence; Thermo Fisher Scientific, Walthem,
MA, USA). All images were acquired using a microscope with
an attachment (Zeiss Axioplan 2 with ApoTome; Carl Zeiss,
Oberkochen, Germany) and software (AxioVision; Carl Zeiss).
Image projections were constructed by collapsing individual Z-
stacks of optical sections onto a single plane using software
(ZEN; Carl Zeiss).

Measurement of Pupillary Constriction

During the measurements, the animals were restrained by hand
under a blue light-emitting diode (LED) with a peak wave-
length of 470 nm. The light intensity was 3 3 1015 photons/
cm2s, which was measured at the level of the mouse eyes. The
direct pupillary light reflex was measured for one eye in each
animal. Multiple images were acquired within a 10-second span
using a digital camera to measure the normalized pupil area.

Optomotor System

The homemade optomotor system is shown in Figure 1. The
light stimulus was generated by blue LEDs (SuperLightingLED,
www.superlightingled.com, in the public domain) with a
wavelength range of 465–475 nm mounted on the inner face
of a wooden cylinder (40 cm diameter 3 51 cm height). The
light intensity of the LEDs, controlled by voltage, reached a
maximum of 1 3 1016 photons/cm2s when measured at the
center of the platform. A series of exchangeable drums (30 cm
diameter 3 30 cm height) were made by marking strips on the
wall of acrylic cylinders at spatial frequencies of 0.031, 0.042,
0.064, 0.092, 0.130, and 0.192 cycles per degree. The drums
were covered with light-diffuser film. Rotation of the drum was
controlled by a digital motor and set at four rotations per
minute.18 During testing, unrestrained animals were placed on
a central platform (6.5-cm diameter) positioned 11.5 cm above
the floor. A video camera was mounted above the apparatus for
animal behavior monitoring and video capture.

To determine the threshold light intensity at each grating
frequency, the ability to elicit head tracking in each animal in
response to drum rotation was assessed starting at a relatively
high light intensity. Head tracking was tested for both

FIGURE 1. The homemade optomotor system. (A) Schematic side view. (B) A top view photograph.

Optomotor Assay for Optogenetic Vision Restoration IOVS j March 2018 j Vol. 59 j No. 3 j 1289



clockwise and counterclockwise directions. Once tracking was
confirmed, the light intensity was systematically decreased to
determine the lowest light intensity that elicited tracking
behavior. Data for the two directions of drum rotation for each
animal were treated as two independent data points in the data
analysis. All data are expressed as the mean 6 SD, with n

indicating the number of animals unless otherwise specified.

RESULTS

Expression of ChR2-GFP in the Retina of TKO Mice

We previously characterized several ChR2 mutants with
improved light sensitivity in the mouse retina based on in
vitro electrophysiological recordings.8 In particular, the light
sensitivities of three ChR2 mutants, ChR2-L132C, ChR2-L132C/
T159C (ChR2-C/C), and ChR2-132C/T159S (ChR2-C/S), were
~1, 1.5, and 2 log units higher than wild-type ChR2 (wt-ChR2),
respectively. Therefore, these three ChR2 mutants along with
the wt-ChR2 (together referred to as ChR2s) were used for the
current study. The expression of ChR2s fused with GFP in the
retina of the TKO mice was delivered by rAAV2 vectors using
the same virus cassette with a CAG promoter via intravitreal
injection.3 Robust expression was observed for all ChR2s in the
retina as previously reported.8 As shown in the representative
images of ChR2-C/S in Figure 2, the expression of GFP was
observed throughout the retina (Figs. 2A, 2B). In the retinal
vertical sections (Figs. 2C, 2D), GFP expression was predom-
inantly observed in retinal ganglion cells (RGCs), as well as
some amacrine cells and horizontal cells, as evidenced by their
somas located in the proximal and distal margins of the inner
nuclear layer, respectively. GFP expression was also occasion-
ally observed in Müller cells (data not shown); however, it was
mostly absent in bipolar cells. ChR2-C/S-GFP expression was
stable for up to at least 1 year, the longest period examined in
the current study. Furthermore, as previously reported,29 the

overall retinal morphology for the TKO mice was largely
normal, including the preservation of photoreceptors (Fig. 2E).

Effect of Expressing ChR2s on Pupillary
Constriction

TKO mice lack the light pupillary reflex, and the pupils of the
mice are wide open.29 We first examined whether the
expression of ChR2s restores pupillary constriction. It is
interesting that significant pupillary constriction in response
to light stimulation (3 3 1015 photons/cm2s; 470 nm) was
observed only in the ChR2-C/S–injected mice and not in the
other ChR2s-injected mice (Figs. 3A, 3B). The application of
atropine blocked ChR2-C/S–mediated pupillary constriction.

Restoration of OMR in TKO Mice

TKO mice also lack an OMR.33 We next examined whether the
expression of ChR2s restores the OMR. We first confirmed the
total absence of an OMR to our optomotor system up to a light
intensity of 1 3 1016 photons/cm2s in uninjected (n ¼ 6) or
vehicle-injected TKO mice (n¼ 4; Supplementary Video S1). In
contrast, robust head tracking following the rotation of the
grating drum was observed for all ChR2-mutant-injected mice
(Supplementary Video S2). No abnormal behavior or head
movement was observed in response to light stimulation when
the grating drum was not rotating.

The ability to evoke an OMR was dependent on both the
light intensity and grating frequency. We therefore examined
the relationship between the threshold light intensity required
to evoke an OMR and the spatial frequency (Fig. 4A). The most
sensitive spatial frequency was 0.042 cycles per degree.
Among the three mutants, ChR2-C/S was the most light
sensitive, followed by ChR2-C/C and ChR2-L132C. For the
wt-ChR2, an OMR was observed only in two of four mice at the
grating frequency of 0.042 cycles per degree with the light
intensity close to the maximal level of our system (Fig. 4A).
These results are consistent with the previously reported light

FIGURE 2. Stable long-term expression of ChR2s-GFP in the retina of TKO mice. (A, B) Representative GFP fluorescence images obtained from
retinal whole mounts at low (A) and high (B) magnification with the focal plane at the retinal ganglion cell layer. (C) A representative transmission
image obtained from the retinal vertical section. Retinal morphology was normal, including the presence of photoreceptor cells. (D) A
representative GFP fluorescence image obtained from the retinal vertical section. GFP expression was observed in cells located in the ganglion cell
layer, the proximal and distal margins of the inner nuclear layer, and both the inner and outer plexiform layers. (E) Light microscope image of a semi-
thin vertical retinal section. All images were obtained from mice 12 months after the injection of ChR2-C/S-GFP viral vectors. OSL, outer segment
layer; ISL, inner segment layer; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL,
ganglion cell layer.

Optomotor Assay for Optogenetic Vision Restoration IOVS j March 2018 j Vol. 59 j No. 3 j 1290

http://iovs.arvojournals.org/data/Journals/IOVS/936793/iovs-59-02-45_s01.mov
http://iovs.arvojournals.org/data/Journals/IOVS/936793/iovs-59-02-45_s02.mov


sensitivity for these ChR2s, as assessed by in vitro retinal
multielectrode array recordings.8

For the ChR2-C/S mutant, the threshold light intensity for
evoking an OMR at the most light-sensitive frequency (0.042
cycles per degree) was ~1 3 1014 photons/cm2s. No significant
change in this value was observed for up to 12 months after
virus injection (Fig. 4B).

Impact of Pupillary Constriction on OMR

Restoration

A melanopsin-mediated pupillary light reflex is present in rd

animals.34,35 We subsequently investigated how melanopsin-
mediated pupillary constriction affects the light sensitivity of
the ChR2-mediated OMR. For this purpose, we examined the
ChR2-C/S–mediated OMR in the double-knockout mouse line
Gnat1�/�Cnga3�/� (referred to as DKO), which retains mela-
nopsin but not rod and cone signaling. As expected based on
previous reports,29 marked pupillary constriction was ob-
served in the ChR2-C/S–injected DKO mice in response to light
stimulation (3 3 1015 photons/cm2s; 470 nm) (Figs. 5A, 5B).

The pupillary constriction was blocked by the application of
atropine (Figs. 5A, 5B). We compared the relationships
between the threshold light sensitivity and spatial frequency
measured before and after atropine application (Fig. 5C). The
results show that more than 10 times higher light intensity was
required to elicit a ChR2-C/S–mediated OMR without dilating
the pupil by atropine. On the other hand, consistent with a
previous report,33 untreated DKO mice did not exhibit an OMR
with or without atropine under our conditions (data not
shown).

DISCUSSION

In this study, we described an OMR assay that enables the
quantitative assessment of the properties of optogenetically
restored OMRs. The key feature of the assay is the use of TKO
mice. The use of TKO mice provides several advantages. First,
TKO mice have been reported to lack an OMR.34 The complete
absence of an OMR for untreated or sham-injected TKO mice
was confirmed under our experimental conditions with the
light intensity up to 1 3 1016 photons/cm2s. Thus, OMR

FIGURE 3. Comparison of pupillary constriction in TKO mice expressing the wt-ChR2 and three ChR2 mutants. (A) Representative images for
vehicle-injected mice and mice expressing wt-ChR2, ChR2-L132C, ChR2-C/C, and ChR2-C/S in response to light stimulation. (B) Significant pupil
constriction was observed only in ChR2-C/S viral vector–injected mice. Application of atropine completely blocked pupil constriction. Light
intensity: 3 3 1015 photons/cm2s with blue LED illumination (470 nm). Data are expressed as the mean 6 SD, n¼ 4–7 eyes. ***P < 0.001.

FIGURE 4. Properties of OMR in TKO mice mediated by three ChR2 mutants and wt-ChR2. (A) Comparison of the relationship between the
threshold light intensity and spatial frequency in ChR2-L132C– (n¼ 4 mice), ChR2-C/C– (n¼ 5), and ChR2-C/S–expressing mice (n¼ 6). The data
point shown for wt-ChR2 is from the two (of four) mice that exhibited OMR. Data are expressed as the mean 6 SD. *P < 0.05; **P < 0.01; ***P <
0.001. (B) The threshold light intensity required to elicit an OMR at 0.042 cycles per degree did not significantly change up to 1 year after virus
injection (n¼ 4–6 mice).
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restoration by optogenetics can be unequivocally demonstrat-
ed in this mouse line. It should be noted that these mice have
been reported to show visual responses, based on ERG
recordings and behavioral light aversion measurements, which
may be a result of the existence of a Gnat1-independent rod
phototransduction mechanism.36,37 However, the presence of
residual vision in TKO mice should not interfere with the OMR-
based behavioral assessment under our experimental condi-
tions. Second, the morphology of the retina in these mice is
largely normal, including the preservation of photoreceptor
cells, which implies no significant retinal remodeling. There-
fore, complications that may arise as a result of rd model- and
time-dependent retinal remodeling regarding the interpretation
of experimental outcomes may be avoided. Consistently, the
light sensitivity of the ChR2-C/S–restored OMR was stable for
up to at least 1 year in TKO mice, as examined in this study.
Furthermore, the lack of significant pupillary constriction in
these mice represents another advantage because the efficacy
of OMR restoration can be evaluated without a significant
influence from pupil constriction. Taken together, these
properties make the TKO mouse line a unique model for
evaluating the efficacy of different optogenetic therapies based
on the OMR.

Our results showed that the combined use of the TKO
mouse line and a homemade optomotor system enables a
quantitative comparison of the light sensitivity of different
optogenetic tools. As demonstrated for wt-ChR2 and its three
ChR2 mutants in this study, the order of their light sensitivity
based on the OMR is consistent with results previously
obtained by multielectrode array recordings from RGCs.8 In
addition, the OMR assay provides the absolute threshold light
intensity that is required for each optogenetic tool to elicit
functional visual behavior. Specifically, the threshold light
intensity for evoking an OMR for ChR2-C/S was ~1 3 1014

photons/cm2s, which is close to 2 log units lower than that for
wt-ChR2 (Fig. 4A), as previously estimated by in vitro retinal
electrophysical recordings.8 It is interesting that the threshold
light intensity required to evoke an OMR for each of the ChR2s
was close to 1 log unit higher than that required to elicit the
spike activity of RGCs in in vitro recordings. This difference
likely reflects the attenuation of light intensity through the eye
and the requirement of above-threshold RGC activities to drive
the OMR. Thus, the OMR assay can serve as a valuable tool for

evaluating the efficacy of different optogenetic tools4–16 and
different retinal targeting strategies.3,17,21,24 Furthermore, the
results from TKO mice with the OMR assay can serve as a basis
for investigating the impact of retinal remodeling on opto-
genetic vision restoration and developing effective therapeutic
interventions.27,28

Our results revealed several properties of optogenetically
restored OMRs. First, the threshold light intensity required to
evoke an OMR was dependent on the spatial frequency. The
overall pattern of the curves for the three ChR2 mutants is
similar; however, they are shifted in parallel based on their light
sensitivity. These results indicate that visual acuity restored by
optogenetics will depend on the light sensitivity of the
optogenetic tools and the light intensity delivered. Second,
the most light-sensitive spatial frequency for all ChR2s is at
~0.042 cycles per degree. It is interesting that this value is
slightly lower than that with a peak contrast sensitivity in
normal-sighted mice, which is reported to be 0.064 cycles per
degree.38 Third, our results indicate that melanopsin-mediated
pupillary constriction leads to a substantial reduction in the
light sensitivity of optogenetically restored vision, which
would pose a significant constraint for clinical applications
because the melanopsin-mediated pupillary light reflex is
present in patients with retinal degeneration.39 Although
pupillary constriction may be pharmacologically blocked by
drugs such as atropine, a better solution would be to develop
more light-sensitive optogenetic tools with a light sensitivity
comparable to melanopsin.

Furthermore, our studies showed that ChR2-mediated
pupillary constriction was significant only for ChR2-C/S and
not for the other ChR2s. Even for ChR2-C/S, the magnitude of
the constriction was small compared with that mediated by
melanopsin, as demonstrated in the DKO mice (Fig. 3; see also
ref. 29). As pupillary constriction is conveyed through a small
population of melanopsin-expressing or intrinsically photosen-
sitive RGCs (ipRGCs),40 the lack of marked pupillary constric-
tion may be a result of the low viral transduction efficiency in
these ipRGCs and/or the low efficiency of ChR2-mediated
activity to drive pupillary constriction.

In summary, we reported a robust OMR assay using a TKO
mouse line. The assay enables quantitative assessments of the
efficacy of optogenetic tools, the properties of optogenetically
restored vision, and the impact of melanopsin-mediated

FIGURE 5. Effect of pupillary constriction on ChR2-mediated light sensitivity in OMR. (A) Representative images showing marked pupillary
constriction evoked in DKO mice. Pupillary constriction was blocked by atropine. Light intensity: 3 3 1015 photons/cm2s with blue LED
illumination (470 nm). (B) Statistical data for the normalized pupil area from four DKO mice with and without atropine. Data are expressed as the
mean 6 SD, n¼4 eyes. (C) Relationships between the threshold light intensity required to produce an OMR and the spatial frequency in DKO mice
with and without atropine. Data are expressed as the mean 6 SD, n ¼ 4 mice.
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pupillary constriction on optogenetic vision restoration. Thus,
this assay can serve as a valuable tool for the further
development of better optogenetic tools and evaluation of
optimal treatment strategies for vision restoration.
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