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Figure 7 Humoral immune responses to the viral vector and transgene.
Production levels of the antibodies to the AAV2 vector (a) and the
therapeutic gene, ChR2 (b), were studied in RCS rats following a single
intra-vitreous injection of rAAV-ChR2V. The time after injection is indicated.
The antibody levels against both AAV2 and ChR2 were quite low compared
with the antibody levels in serum of an immunized rabbit, which were
considered as the effective dose to react with antigens.

month after the rAAV-ChR2V injection was higher than that before
the injection. These data suggested that a change in the inflammation
status occurred from 1 week to 1 month after rAAV administration.
After this period, the ratios decreased to the pre-injection value and
were stable for 1 year. To assess the inflammation status, we studied
T regulatory cells. As shown in Figure 8b, a significant increase in the
number of CD47CD25" cells was observed at 1 week after the rAAV-
Venus and rAAV-ChR2V injections compared with the numbers
before the injections. There was no significant difference in the
inflammation status between the rAAV injections. As a positive control
of inflammation, EIU also increased the population of CD4*CD25*
cells, which is consistent with a report by Toda et al.'®

DISCUSSION

The results of this study demonstrate that the strategy of restoration
of vision and light responses in photoreceptor-degenerated RCS
(rdylrdy) rats by rAAV-ChR2V administration was technically feasible
and safe. Most importantly, ChR2 function, which was confirmed by
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measuring VEPs, was not reduced over the whole observation period
after rAAV-ChR2V administration (Figure 1). A single administration
of rAAV-ChR2V restored the light sensitivity over the lifespan of the
rat model.

The eye is considered to be an immunologically protected space.20
This immune privilege is the result of multiple layers and mechanisms,
including the blood-retina barrier and other physical barriers, such as
the immunosuppressive microenvironment against deviant systemic
immunity, that limit the production of pro-inflammatory effector
cells. We predicted that systemic dissemination of a virus would be
limited by these immune systems after intra-vitreous injection.
To investigate the systemic dissemination of rAAV, ribo-
nucleic acids were isolated from each organ and the expressions of
the Venus protein, which was fused to rAAV-ChR2, were studied
(Figure 2). Venus expression was notable in the retina. Contrary to our
expectations, the expression was also detected in the intestine, lung
and heart in some cases. The RCS (rdy/rdy) animal model, which
genetically causes loss of photoreceptors, is reported to have some
breakdown of the blood-retina barrier or other mechanisms.?'-24
Therefore, the rAAV vector might have been disseminated to the
other organs. Supporting this hypothesis, the efficiency of rAAV-
derived gene transfer was higher in RCS rats than in normal rats
{data not shown). This result suggests that some breakdown of the
retinal barriers increased the permeability to rAAV.

The genomes transferred by rAAV tend to persist in cells mainly
in an episomal, non-integrated form.?> The transferred genomes in
episomal form are diluted by cell division. However, when rAAV-
carried genomes are inserted into chromosomes of cells with high
proliferation ability, the genomes are preserved. There were some
differences in gene delivery by rAAV among the samples obtained from
the intestine, lung and heart. These differences might be the result of
differences in the insertion forms of the rAAV genomes.

In gene therapy, tumour formation caused by the insertion of a
transgene into the genome has been reported.!>"'* We did not observe
tumour formation in any of the rats that received the rAAV injections
(data not shown). For more information regarding tumour formation,
further studies are needed by using methods such as Northern
blotting, integration site analysis®® and oncogene analysis.

We also investigated the inflammatory responses caused by the gene
transfer by using the EIU model as a positive control of inflammation.
EIU caused ocular inflammation, including leucocyte infiltration into
the vitreous humour (Figure 4d) and leucocyte adhesion to the retinal
vessels (Figures 6¢ and d). These findings are consistent with those of
previous reports.!>? However, we did not observe such inflammatory
cells in the retinas treated with rAAV-Venus or rAAV-ChR2V. There-
fore, rAAV-ChR2V administration did not induce inflammation
arising from bacterial infection.

GFAP is reportedly expressed because of gliosis and hypertrophy of
macroglial cells.?® Moreover, GFAP is expressed in astrocytes in the
retina usually, but in Miiller cells under pathological or stress condi-
tions.?” GFAP was also reported to be upregulated in the brain
astrocytes during the inflammatory response.’® Beurel and Jope®!
revealed that GFAP upregulation is caused by the production of the
inflammatory cytokine interleukin-6. The absence of GFAP upregula-
tion by viral injection (Figures 5b—d) demonstrates the lack of glial
activation derived from inflammation. Our study showed that GFAP
was expressed throughout the retina in the untreated RCS rats and
that the expression was decreased and restricted by the rAAV-ChR2V
injection (Figure 5¢). These results reveal that activation of RGCs by
ChR2 may have a protective effect on the inner retina.3>*> NF-xB
expression in the retina was restricted to the ganglion cell layers in all
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Figure B T-cell ratio in the peripheral blood. Lymphocytes were isolated from the peripheral blood before and after injection of PBS, rAAV-Venus or rAAV-
ChR2V. The lymphocytes were incubated with anti-T-cell receptor-associated CD3, anti-CD4 and anti-CD8a mAbs, and analysed by flow cytometry. The blood
of lipopolysaccharide-administrated rats as a positive control of inflammation was also analysed. The T-cell ratio of CD4*/CD8* (a) and CD4*CD25*
(T regulatory cells) (b) was calculated. (c) Representative data of T regulatory analysis are indicated. All data are represented as the mean (s.d.) of four to
seven animals.
the experiments and there was no staining of the other inner retinal again. As shown in Figure 1, the maximum ChR2 function was
cells, which was caused by stress.’* We also demonstrated the potent recorded at 1 month in the visual cortex first. Thus, some immune
expression of NF-xB p65 in the rAAV-ChR2V-injected retinas. These  reactions might have been induced by increased ChR2 expression but
results are consistent with reports that constitutive NF-xB activity is ~ were well tolerated at 2 months after the injection.
the result of ongoing synaptic activity.>>36 Currently, the best characterized regulatory cells are CD4*CD25*
The T-lymphocyte analysis demonstrated that the CD4*/CD8* ratio T cells.’” These cells can suppress host immune responses and
was higher in all the rAAV-treated rats at 1 week after the injection modulate the immune responses in autoimmune diseases, allergy,
than before the injection, and in the rAAV-ChR2V-treated rats, the transplantation and infectious diseases.>®** CD25, an interleukin-2
ratio was high at 1 month after injection (Figure 8a). However, these  receptor, is reported to be an inflammation marker on CD4" lym-
increases were transient and returned to the pre-injection level. phocytes.!® In the EIU experiment, we observed expansion of
This expansion allows cross-talk between different types of cells CD4"CD25" cells, which is consistent with the report by Toda
in the ongoing immune response.!’” Kim and Lim!® reported that et al.!® A significant increase in the number of CD4*CD25* cells
CD4*/CD8* expansion is caused by bacterial infection. After 1 week, was observed in both the rAAV-Venus and the rAAV-ChR2V rats at
the ratio increased in all the rAAV-injected rats. Thus, there might 1 week after the injections compared with the pre-injection
have been some immune reactions such as antigen presentation to  values (Figure 8b), although there was no significant difference in
rAAV. At 1 month after the rAAV-ChR2V injection, the ratio increased  the results between the rAAV-Venus and the rAAV-ChR2V injections.
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These results demonstrate that the inflammation-like immunological ~ EIU. After 48h of lipopolysaccharide administration, the inflammation status
reaction was caused by AAV and not by ChR2. was studied.
To assess the possibility of a systemic humoral immune response to
the viral vector or transgene product, we measured the antibody levels ~ Preparation of AAV vector carrying the ChR2 gene construct
of the rAAV2 capsid and ChR2 in serum by enzyme-linked immuno- The N-terminal fragment (residues 1-315) o.f ChR2 (F}enBank accession
sorbent assay. Intra-vitreous injection caused relatively little antibody AF461397) was fused to a ﬂ‘m?esce"t proteim, Sve“us’ in frame at the end
production (Figure 7a) compared with the different route of AAV Ofth‘f ChRZ'COd",]g fragment described pr‘evmusly: The ChR2V or Venus Se{’g
e 16 1: 40 . was introduced into the EcoRl and HindIIl sites of the 6Pl plasmid.
injection used by Zhang et al.'® Li et al*’ demonstrated that a single Th . . .
R . L ) . e synapsin promoter was exchanged for a hybrid cytomegalovirus
intra-vitreous injection of AAV2 causes increased AAV antibody enhancer/chicken B-actin promoter,#? and AAV-ChR2V and AAV-Venus were
production at 2 months after injection. Our data are consistent with constructed, The pAAV-RC and p-Helper plasmids were obtained from
their report in terms of the timing of increase and the amount of Stratagene (La Jolla, CA, USA). Semi-confluent 293T cells on 15-cm plates
antibody production (Figure 7a). We anticipated that ChR2 expres- were co-transfected with split-packaging plasmids—AAV-ChR2V (or AAV-
sion would cause antibody production because ChR2 is not inherent ~ Venus), pAAV-RC and p-Helper—by using a caldum phosphate-based
to humans. However, the production levels were relatively low protocol according to the manufacturer’s instructions (Agilent Technologies,
(Figure 7b) and were insufficient to induce a humoral immune L@ Jolla, CA, USA). The rAAV vectors (rAAV-ChR2V, rAAV-Venus) were
response. purified by using the method of Auricchio et al 434
In conclusion, an immune reaction can be caused by AAV admin- .

istration and ChR2 protein expression, but will be well tolerated. It TAAV vector injection . . .

. . The rAAV-ChR2V or rAAV-Venus vector was administered by intra-vitreous
should be noted that the experiments were performed in rats . . . .

. . injection into the left eye of 6-month-old RCS (rdy/rdy) rats. In brief, the rats
and cafmot be dmfdly extrapolated to humans,.who constitute a far were anaesthetised by intramuscular injection of a mixture of ketamine
more immunologically heterogeneous population. However, these (66 mgml~) and xylazine (33 mgkg™!). Under an operating microscope, the
findings will help studies of ChR2 gene transfer to restore vision in conjunctiva was incised to expose the sclera. A total volume of 5pl of vector
progressed RP. suspension at a concentration of 5x10'2 genomic particles per pl was

administered by intra-vitreous injection through the ora serrata with a 10-ul

Hamilton syringe and a 32-gauge needle (Hamilton Company, Reno, NV,
MATERIALS AND METHODS USA).
Animals
In total, 59 (6-month-old male) RCS rats (43 dystrophic (rdy/rdy)); 16 non- Recording of VEPs
dystrophic (+/+) were used in this study (Table 1). The animals were VEPs were recorded by using Neuropack MEB-9102 (Nihon Kohden, Tokyo,
maintained and used in accordance with the ARVO Statement for the Use of  Japan). The method of recording was derived from a combination of protocols
Animals in Ophthalmic and Vision Research and the Guidelines for Animal  used by Papathanasiou et al* and Iwamura et al¥’ In brief, at least 7 days
Experiments of Tohoku University. All the animal experiments were conducted  before the experiments, recording electrodes (silver—silver chloride) were placed
with the approval of the Animal Research Committee, School of Medicine,  epidurally on each side 7mm behind the bregma and 3mm lateral to the
Tohoku University. To compare the functions, the control and treated rats were  midline, and a reference electrode was placed epidurally on the midline 12 mm
age-matched in each experiment. behind the bregma. Under ketamine-xylazine anaesthesia, the pupils were

dilated with 1% atropine and 2.5% phenylephrine hydrochloride. The ground

electrode clip was placed on the tail. Photic stimuli of 20-ms duration were
Induction of EIU applied at a frequency of 0.5Hz and generated by pulse activation of a blue
As a model of ocular inflammation,*' RCS (+/+) rats received a single intra-  light-emitting diode with light-emitting wavelengths in the range 435-500 nm
vitreous injection of 5ug lipopolysaccharide from Escherichia coli (055:B5;  (peak, 470 nm). A total of 100 consecutive response waveforms were averaged
Sigma, St Louis, MO, USA) in 5 pl phosphate-buffered saline (PBS) to cause  for the VEP measurements.
Table 1 The Number of samples examined in this study

Expression in retina  Histology Immuno- Leukocyte Antiboedy Flow
VEP PCR {whole mount) (HE) histochemistry adhesion detection cytometry  Total (n)
No treatment (+/+) 3 3 3 9
Pre-treatment (+/+) 7 7
LPS administration (+/+) 3 4 7
No treatment (rdy/rdy) 3 3 3 9
Pre-injection for PBS (rdy/rdy) 4 4
After PBS injection (rdy/rdy) 4
Pre-injection for rAAV-Venus (rdy/rdy) 4 10
After rAAV-Venus injection (rdy/rdy) 3 3 4
Pre-injection for rAAV-ChR2V (rdy/rdy) 20 3-6 4 20
After rAAV-ChR2V injection (rdy/rdy) 20 4 3 3 3 3 3-6 .4
Abbreviations: ChR2V, channelrhodopsin-2 fused to Venus; HE, hematoxylin and eosin; LPS, lipopolysaccharide; PBS, phosphate-buffered saline; PCR, polymerase chain reaction; rAAY, adeno-
associated virus type 2; VEP, visually evoked potential.
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Ribonucleic acid isolation and rAAV-derived protein detection

by RT-PCR analysis

Total ribonucleic acids were extracted (TRlreagent; Sigma) from the retina,
brain, lung, testis, liver, kidney, intestine, lung and heart. cDNA was synthesised
(First-Strand cDNA synthesis kit; GE Healthcare, Piscataway, NJ, USA) and the
tracer fusion protein, Venus, expression was investigated by using a semi-
quantitative RT-PCR method. As the individual internal control, we performed
PCR with B-actin. The primer sequences were as follows: 5-TCATGAAGTGT
GACGTTGACATCCGT-3’ (sense) and 5-CCTAGAAGCATTTGCGGTGCAC
GATG-3' (antisense) for B-actin; 5'-GACGTAAACGGCCACAAGTT-3’ (sense)
and 5-GAACTCCAGCAGGACCATGT-3 (antisense) for Venus. Following
electrophoresis on 1.0% agarose gel, DNA was detected by staining with GelRed
(Biotium, Inc., Hayward, CA, USA).

Histology
After death, the eyeballs were enucleated, immersed in 4% paraformaldehyde in
PBS overnight at 4°C and embedded in paraffin. Serial sections (4pum) of
whole eyes were cut sagittally, through the cornea and parallel to the optic
nerve, and stained with haematoxylin and eosin. Microscopic examination of
the sections was then performed (Axiolmager Al; Carl Zeiss, Tokyo, Japan).
The ChR2V expression profile in the retina was studied according to the
method we previously described. In brief, the eyes were fixed and the retinas
were flat-mounted on slides, Venus fluorescence was visualised under a
fluorescence microscope (BZ-9000; Keyence Corp., Osaka, Japan).

Immunohistochemistry

Rat eyes were fixed overnight at 4 °C in 4% paraformaldehyde in PBS (pH 7.4).
The retinas were rinsed with PBS and immersed in 10, 20 and 30% sucrose in
PBS at 4°C. Samples were embedded in optimal cutting temperature com-
pound (Sakura, Tokyo, Japan) under liquid nitrogen and stored at —80°C.
Cryosections (10 pm) of tissue were mounted on slides and air dried. Then,
retinal sections were washed with PBS and treated for 15 min with 0.3% H,0,
in methanol. After washing with PBS, the sections were incubated with mouse
anti-rat NF-xB p65 (C-20) antibody (1:200; Santa Cruz Biotechnology, Santa
Cruz, CA, USA) and mouse anti-rat GFAP antibody (1:250; Nihon Millipore,
Tokyo, Japan) in antibody diluent buffer (0.05% Tween-20, 3% bovine serum
albumin and 3% goat serum in PBS) overnight at 4 °C. After washing with
0.05% Tween-20 in PBS, the sections were incubated with horseradish
peroxidase-conjugated goat anti-mus immunoglobulin G as the secondary
antibody for 1h at room temperature. After washing with TBST (150mM
NaCl, 0.1% Tween-20 in 20 mM Tris-HCI), the immunohistochemical reactions
were visualised by using an Envision DAB kit (Dako, Tokyo, Japan). The
sections were counterstained with haematoxylin. As a negative contro] for
staining, the first antibodies were replaced with non-immune mouse immuno-
globulin G (Dako). The sections were observed under a microscope
(AxioImager Al; Carl Zeiss).

Lectin labelling of the retinal vasculature and adherent leucocytes
Leucocytes adhering to the retinal vasculature were imaged by perfusion
labelling with fluorescein isothiocyanate-coupled concanavalin A lectin (Vector
Laboratories, Burlingame, CA, USA).?’ After deep anaesthesia, the chest cavity
was opened, a 20-gauge perfusion cannula was introduced into the aorta and a
part of the liver was excised. After injection of 20ml PBS to remove
erythrocytes and non-adherent leucocytes, 20ml of fluorescein isothiocya-
nate-conjugated concanavalin A lectin (40 ugml™!) was injected. Residual
unbound concanavalin A was removed with PBS perfusion. After the eyeballs
were enucleated, the retina was flat-mounted and imaged under a fluorescence
microscope (Axiovert 40; Carl Zeiss).

Enzyme-linked immunosorbent assay

To detect serum antibodies to the rAAV2 capsid and the transgenic protein,
ChR2, we coated enhanced protein-binding enzyme-linked immunosorbent
assay plates with 10° viral particles per well of rAAV2 in 100 ul of 0.1 M sodium
carbonate buffer (pH 9.6) and with 0.2 pg per well peptide coding for ChR2 by
using a peptide coating kit (TaKaRa, Shiga, Japan) at 4 °C overnight. The wells
were blocked with 10% fetal bovine serum-0.1% Tween in PBS for 30 min at
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37°C. Then, serum dilutions were added and incubated for 4°C overnight.
Dilutions of a rabbit anti-AAV2 capsid protein (American Research Product,
Belmont, MA, USA) and a rabbit anti-ChR2 protein (TaKaRa) served as
positive controls. The plates were incubated with horseradish peroxidase-
conjugated anti-rabbit immunoglobulin G or anti-rat immunoglobulin G at
37°C for 1 h in the presence of 3% goat serum. The reactions were visualised by
adding one-step tetramethylbenzidine substrate (Promega, Tokyo, Japan). The
reactions were stopped by adding 1 N HCl and read at 450 nm with a VERS
Amax plate reader (Molecular Devices, Osaka, Japan). Each value was deter-
mined in triplicate.

Analysis of T lymphocytes

Peripheral blood CD4* cells have a central role in regulating the cell-mediated
immune response to infection, Often known as helper T cells, they act on other
cells of the immune system to promote various aspects of the immune
response, including immunoglobulin isotype switching and affinity maturation
and enhanced activity of natural killer cells and cytotoxic T cells. CD4" cells
also act by releasing cytokines in response to antigenic stimulation. One of the
major roles of CD4" cells is the activation of macrophages. During the course
of hepatitis C virus infection, two different immunological statuses can be
observed. In the acute phase of infection, CD4* helper T cells contribute to the
induction and maintenance of a functional CD8" cell response. In the chronic
phase, T regulatory (CD4*CD25%) cells suppress CD8" cell responses, and
thereby help the virus to persist.®® It is important to calculate these ratios to
observe the immunological status.

Before and after the rAAV injection, peripheral blood was collected from the
tail vein. Lymphocytes were isolated with PharmLyse (BD Bioscience, San Jose,
CA, USA). After isolation, a mixture of monoclonal antibodies (mAbs) specific
for CD3 (conjugated with Alexa Fluor 647; AbD Serotec, Oxford, UK), CD4
(conjugated with PE-Cy5; BD Bioscience), CD8a (conjugated with R-PE;
BD Bioscience) and CD25 {conjugated with fluorescein isothiocyanate; BD
Bioscience) was added to the cells, which were then incubated at 4 °C overnight.
Flow-cytometric analysis was performed by using FACS Calibur (BD
Bioscience) after washing the cells with PBS. For gating and calculation,
CellQuest software (BD Bioscience) was used. In the FACS analysis, 10000
cells were examined for each sample. '

Statistical analysis

Statistical analysis was performed by using GraphPad Prism (GraphPad
Software, San Diego, CA, USA). The criterion for statistical significance
was P<0.05 by Dunnett multiple comparison test.
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To test the hypothesis that transduction of the channelrhodopsin-2 (ChR2) gene, a microbial-type
rhodopsin gene, into retinal ganglion cells of genetically blind rats will restore functional vision, we
recorded visually evoked potentials and tested the experimental rats for the presence of optomotor
responses. The N-terminal fragment of the ChR2 gene was fused to the fluorescent protein Venus and
inserted into an adeno-associated virus to make AAV2-ChR2V. AAV2-ChR2V was injected intravitreally
into the eyes of 6-month-old dystrophic RCS (rdy/rdy) rats. Visual function was evaluated six weeks after
the injection by recording visually evoked potentials (VEPs) and testing optomotor responses. The
expression of ChR2V in the retina was investigated histologically. We found that VEPs could not be
recorded from 6-month-old dystrophic RCS rats that had not been injected with AAV2-ChR2V. In
contrast, VEPs were elicited from RCS rats six weeks after injection with AAV2-ChR2V. The VEPs were
recorded at stimulation rates <20 Hz, which was the same as that of normal rats. Optomotor responses
were also significantly better after the AAV2-ChR2V injection. Expression of ChR2V was observed mainly
in the retinal ganglion cells. These findings demonstrate that visual function can be restored in blind rats

by transducing the ChR2V gene into retinal ganglion cells.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Channelrhodopsin-2 (ChR2), cloned from the green algae Chla-
mydomonas reinhardtii, is classified as a microbial-type rhodopsin
that can be activated by specific wavelengths of light (Nagel et al.,
2003; Sineshchekov et al., 2002; Suzuki et al., 2003). ChR2 is similar
to bacteriorhodopsin (Oesterhelt and Stoeckenius, 1973), which
uses an attached chromophore to absorb photons. A reversible
photoisomerization of the all-trans isoform of retinaldehyde
changes its conformation, and this directly induces jon movement
through the membrane (Oesterhelt, 1998). It is this specific feature
that allows ChR2 to function as a cation channel after exposure to
light (Nagel et al., 2003).
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Retinitis pigmentosa (RP)is a retinal degenerative disease that is
associated with a progressive loss of photoreceptor cells resulting
in a loss of peripheral visual fields, then central vision, and finally
blindness. Mutations of a number of genes have been shown to
cause RP, and these genes are mainly related to the photo-
transduction pathway (RetNet; http://www.sph.uth.tmc.edu/
Retnet/). Unfortunately, these findings have not led to a success-
ful way to treat or prevent RP. A new strategy for restoring vision
has been recently investigated, viz., transduction of the channelr-
hodopsin-2 (ChR2) gene into genetically blind mice (Bi et al., 2006).
These experiments have been performed on animals that have the
same mutation as humans with retinitis pigmentosa (Bowes et al.,
1990; Pittler and Baehr, 1991). We have also reported that the
intravitreal injection of the ChR2 gene into older dystrophic Royal
College of Surgeons (RCS) rats (Mullen and LaVail, 1976), an animal
model of recessively inherited retinitis pigmentosa (D'Cruz et al.,
2000; Gal et al., 2000), restored functional vision (Tomita et al.,
2007). These observations suggested that transduction of the ChR2
gene would provide a new method for treating eyes with RP that is
independent of the etiology of the retinal degeneration.

Flannery and Greenberg (2006) reported that behavioral testing
would be necessary to determine if the use of ChR2 was a viable
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strategy for restoring functional vision to blind animals. Lagali et al.
(2008) reported that ON-bipolar cells that were engineered to be
photosensitive by the transfer of the ChR2 gene restored behavioral
responses to genetically blind mice. When the ChR2 gene was trans-
duced into ON-bipolar cells, the retinal ON pathway was selectively
activated by light. This is a reasonable way of activating the normal
retinal ON pathway, although some methodological difficulties are
still present when clinical applications are considered, e.g., the
mechanism of gene transfer into ON-bipolar cells. Retinal ganglion
cells are good candidates for receiving the ChR2 gene because target
genes can be easily transduced into them. We have shown that
a single injection of an AAV vector including ChR2 made it possible to
change about 30% of all retinal ganglion cells to photosensitive
ganglion cells. Recently it was reported that the ectopic expression of
melanopsin in the retinal ganglion cells of retinal degeneration mice
results in functional vision (Lin et al, 2008). In the same way;, it is
important to determine whether the ChR2 gene can restore func-
tional vision when transferred retinal ganglion cells.

Thus, the purpose of this study was to determine whether
transduction of the ChR2 gene into retinal ganglion cells of blind
RCS rats can restore functional vision. We used visually evoked
responses and optomotor responses to assess the functional
condition of the visual system. We found that AAV2-mediated ChR2
transfer can lead to recovery of not only electrophysiological but
also optokinetic responses.

2. Materials and methods

The procedures used on the animals in these experiments were
in accordance with the ARVO Statement for the Use of Animals in
Ophthalmic and Vision Research and the Guidelines for Animal
Experiments of Tohoku University.

2.1. Experimental animals

The experiments were conducted on 6-month-old male RCS
rats; 18 dystrophic (rdy/rdy), and 4 non-dystrophic (+/+). The rats
were obtained from CLEA Japan, Inc. (Tokyo, Japan).

2.2. Vector construction

The construction of the vector expressing ChR2 and the prepa-
ration of the vector for injection have been described in detail
(Sugano et al., 2005; Tomita et al., 2007). In brief, the N-terminal
fragment (residues 1-315; GenBank Accession No. AF461397) of the
ChR2 gene was fused to a fluorescent protein, Venus, in frame at the
end of the ChR2 coding fragment. Then ChR2-Venus (ChR2V) was
introduced into the EcoRI and Hind Il sites of the 6P1 plasmid
(Kugler et al, 2003). The synapsin promoter was exchanged for
a hybrid CMV enhancer/chicken f-actin promoter (CAG) (Niwa
et al, 1991). The AAV2-ChR2V vector was purified by a single-step
column purification method of Auricchio et al. (Auricchio et al.,
2001; Sugano et al., 2005).

2.3. AAV vector injection

The method used to inject the AAV-ChR2V vector into the
vitreous of both eyes of 6-month-old RCS (rdy/rdy) rats has been
described in detail (Tomita et al., 1999, 2007). In brief, rats were
anesthetized by an intramuscular injection of a mixture of ket-
amine (66 mg/ml) and xylazine (33 mg/kg). Under an operating
microscope, a small incision was made in the conjunctiva to expose
the sclera, and 5 pl of a viral vector suspension at a concentration of
1-10 x 10'? genomic particles/ml was injected into the center of
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the vitreous cavity through the ora serrata with a 32 gauge needle
on a 10 pl Hamilton syringe (Hamilton Company, Reno, NV).

2.4. Recording visually evoked potentials (VEPs)

VEPs were recorded before and at one week after the injection of
AAV-ChR2V vector with a Neuropack system (MEB-9102; Nihon
Kohden, Tokyo, Japan) as described in detail (Tomita et al., 2007).
The method of recording was derived from a combination of the
protocols used by Papathanasiou et al. (2006) and Iwamura et al.
(2003). Briefly, at least seven days before the recordings, silver-
—silver chloride electrodes were implanted epidurally 7 mm
behind the bregma and 3 mm lateral to the midline of both hemi-
spheres. A reference electrode was implanted epidurally on the
midline 12 min posterior to the bregma.

Under ketamine—xylazine anesthesia, the eye was stimulated
with 20 ms duration 0.5 Hz photic stimuli. The photic stimuli were
generated by pulse activation of a blue light-emitting diode (LED)
with light-emitting wavelengths of 435—500 nm (peak at 470 nm).
A white LED was used to determine the spectral responsiveness
(white LEDs include all wavelengths). The high and low band-pass
filters of the amplifier were set to 50 kHz and 0.05 kHz, respec-
tively. One hundred consecutive responses were averaged for each
VEP. We also investigated the changes of the VEP responses elicited
by a train of stimulus frequencies of 1-50 Hz with a pulse duration
of 10 ms.

The stimulus light intensity was measured by a laser power
meter (Lasercheck, Edomond Optics, Japan).

2.5. Spectral responsivity of eye after transduction of ChR2V

To investigate the spectral responsivity of the retinas transduced
with ChR2V, VEPs were elicited by different wavelength stimuli of
1 mW/cm?. The wavelengths were isolated by band-pass filters
(FUJIFILM Japan, Tokyo, Japan; Fig. 1A).

2.6. Behavioral assessments

The behavioral assessments were performed in a head-tracking
instrument (Hayashi Seisakusyo, Kyoto, Japan). The instrument
consisted of a circular drum rotating around the animal (Cowey and
Franzini, 1979; Haruta et al,, 2004; Lund et al., 2001). We covered
the circular rotating drum with a transparent blue filter (Ultra color
filter #67, Toshiba, Japan; filter transmits wavelengths <560 nm)
because of the spectral absorption of ChR2. The vertical blue and
black stripes subtended an angle of 10°, and the rotation speed was
changed from 0 to 0.5, 2, 4, and 8 rpm. The spatial frequency
corresponds to 0.05 cycle/degree, but the stimulus spatial
frequency will change slightly with rat head position because the
animal can freely move on the platform. The luminosity at the
center of the holding chamber was set to 500 (1 mW/cm?), 300
(055 mW/cm?), and 100 lux (019 mW/cm?). Dystrophic and
control RCS rats were tested for 4 min at each speed before and
after the ChR2 gene transfer.

The head movements of the animals were recorded by a video
camera mounted above the apparatus. All movements were
recorded at a rate of 29.95 frames/s. The number of movements was
analyzed with movement-sensitive software (Move-tr/2D ver.7.0,
Library, Tokyo). We made three marks; on the nose, the neck, and
the waist of the rat on the software. The marked points were
selected in the area that had a distinct color contrast to make it easy
to trace them automatically. The software produced the angle of the
three marked points. All of the angular movements >5° were
considered to be tracking movements if the direction corresponded
with the movement of the rotating stimulus. Large movements
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Fig. 1. Spectral responsivity of RCS rats transduced with the ChR2V gene. Different parts of the spectrum were isolated by six band-pass filters. A. Band passes for the six band-pass
filters used to isolate different wavelengths of the visible spectrum. B. Typical waveforms of the VEPs elicited by 3500 lux stimuli emitted by blue LEDs (435-500 nm, peak at
470 nm). Upper: VEPs from a non-dystrophic rat; VEPs from a dystrophic rat without ChR2V; VEPs from a dystrophic rat with Venus. Lower: from a dystrophic rat with the ChR2V
gene. C. Spectral responsiveness of eyes after transduction of ChR2V and of eyes of non-dystrophic rats. Amplitudes of VEPs elicited at the different wavelengths at the intensity of
1 mWj/cm? The relative responses to the amplitude of the stimuli with a 450 nm band-pass filter were plotted. VEPs were recorded by stimuli delivered through each band-pass
filter (open circles): non-dystrophic RCS rats (n =4), (closed circles): dystrophic RCS rats with ChR2V (n =8), Error bars represent standard deviations.

with movements of the body of the animal were not counted. The

number of movements at 0 rpm was subtracted from that at each
rotation speed.

2.7. Retrograde labeling of retinal ganglion cells
(RGCs) with fluorogold

To identify the RGCs in the ganglion cell layer (GCL), the RGCs
were retrogradely labeled seven days before the rats were sacri-
ficed. The labeling was done by injecting 4 ul of 2% aqueous fluo-
rogold (FG; Fluorochrome, Englewood, CO; Brecha and Weigmann,
1994) containing 1% dimethylsulfoxide into the superior colliculus
with a 32 G needle on a Hamilton syringe.

2.8. ChR2V expression in retina

Sixteen weeks after the injection of AAV-ChR2V, rats (n=4)
were sacrificed and the eyes were removed and fixed in 4% para-
formaldehyde in 0.1 M phosphate buffer. The ipsilateral retinas
were isolated and flat-mounted on microscope slides. The fluo-
rogold-labeled and ChR2-expressing cells were counted in 12
distinct areas of the retina (three areas in each quadrant starting
1 mm from the optic nerve) to evaluate the transduction efficiency.
Two of the contralateral eyes were embedded in OCT compound
(Sakura, Tokyo, Japan) after immersion in 30% sucrose solution in
PBS. Fifteen micrometer retinal sections were cut and mounted on
slides. The slides of retinal whole mounts and sections were
covered with Vectashield medium (Vector Laboratories,
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Burlingame, CA). The Venus fluorescence was examined with
a fluorescence microscope, Axiovert40 (Carl Zeiss).

2.9. Histological studies of the retina

Another two of the eyes were used for paraffin-embedded
sections to examine histological changes induced by the expression
of ChR2. Analyses of the retinal morphologies in ChR2V—/— and
ChR2V+/— rats were performed as described Li et al. (2007). In
brief, rats were sacrificed by asphyxiation with carbon dioxide after
the induction of photoreceptor degeneration. The eyes were
enucleated, fixed, and embedded in paraffin. Three-micrometer
thick sections of retinas were cut along the vertical meridian and
stained with hematoxylin and eosin to allow examination of the
retina in the superior and inferior hemispheres (LaVail et al., 1992).

2.10. Statistical analyses
Statistical analyses was performed using GraphPad Prism soft-

ware (GraphPad Software, San Diego, CA). The criterion for statis-
tical significance was P < 0.05.

3. Results
3.1. Spectral responsivity of ChR2V-expressing retinas

To investigate the spectral responsivity of ChR2V-expressing
retinas, visually evoked potentials were elicited by light filtered
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through six band-pass filters that isolated different parts of the spec-
trum (Fig. 1A). Typical waveforms elicited by light filtered through the
BP-450 num filter in rats with or without ChR2V are shown in Fig. 1B.
Large amplitude VEPs were recorded from 6-month-old non-dystro-
phic RCS rats, but no response was elicited from untreated 6-month-
old dystrophic RCS rats (Fig. 1B). However, six weeks after the injection
of AAV-ChR2V, large (123.0 & 13.5 uV) VEPs were recorded when the
eye was stimulated with a stimulus intensity of 3500 lux (Fig. 1B). The
largest amplitude was elicited by the wavelength of 450 nm (Fig. 1C),
and VEPs were evoked by stimuli whose wavelengths were <550 nm.

3.2. Changes in VEP amplitude at different times
after injection of AAV2-ChR2V

VEPs in RCS rats injected with AAV2-ChR2V were first detected
two weeks after the injection (Fig. 2A). Thereafter, the amplitude
progressively increased up to five weeks post-injection when the
mean amplitude was 118.4 pV (Fig. 2A). In dystrophic RCS rats of the
same age, VEPs were not detected with the same stimuli (noise
level 5 uV). With increasing stimulus intensities, the amplitudes of
the VEPs increased and the latencies of P1 decreased (Fig. 2B).
Interestingly, the latencies of P1 in the ChR2-transduced RCS rats
(24.68 + 2.78 ms) were shorter than those in non-dystrophic RCS
rats (49.43 +1.21 ms; P < 0.0001; un-paired t test; Fig. 2C).

3.3. Changes of VEPs responses by different frequencies
of light stimulation

VEPs elicited by different frequencies of light stimulation were
recorded from wild-type and dystrophic rats transduced with the
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ChR2V gene. VEPs were recorded from both types of rats when the
stimulus frequencies were <20 Hz (Fig. 3A). Responses could not be
detected in either type of rat when the stimulus frequencies were
40 Hz and 50 Hz. The responses from both rats were well fit by the
Boltzmann fitting curve (Fig. 3B). The amplitudes of the VEPs in rats
with ChR2V were not affected by a 200 ms interval of a train of light
stimuli (Fig. 3C). These results indicated that the responsivity to light
allowed by the transduction of ChR2V is similar to that in wild-typerats.

3.4. Behavioral assessment by optomotor responses

To determine whether transduction of the ChR2 gene restored
functional vision, optomotor responses were recorded from non-
dystrophic normal (Fig. 4A), dystrophic (Fig. 4B) and ChR2-trans-
duced RCS rats (Fig. 4C). Preliminary experiments showed that
when the angle of the neck moved over 5°, the movements were
well correlated with the rotation speed in the non-dystrophic RCS
(+/+) rats (Fig. 4D). Therefore, we counted the number of neck
moveimnents over 5°. The score in 30-weelk-old uninjected dystro-
phic rats at 2 rpm was 3.00 + 3.64, while that in 30-week-old rats
six weeks post-injection was significantly higher 13.31 +5.82
(P < 0.0006; Fig. 4E). Although non-dystrophic rats (+/+) respon-
ded to the rotation even at speeds of 2 rpm at 300 lux and to 4 rpm
at 100 lux (Fig. 4F), the rats with the transduced ChR2V gene did not
respond to the lower light intensities (Fig. 4G).

3.5. ChR2V expression in retina

Histological examination of flat mounts of the retina showed
cells over a wide area of the retina had been retrogradely labeled
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Fig. 2. VEPs recorded from RCS rats transduced with the ChR2V gene. A. Changes in amplitude at different weeks after the injection of AAV-ChR2V. B. Changes in amplitude (P1-N1)
and latency (P1) elicited by different stimulus intensities, Blue LEDs (435—500 nm, Peak at 470 nm) were used to elicit the VEPs. C. Differences of the P1 latency between non-
dystrophic and ChR2V-transduced dystrophic rats. Error bars represent the standard deviation of the mean. The statistical evaluation was performed using the un-paired ¢ test
(dystrophic RCS with ChR2V; n = 8, non-dystrophic RCS; n =4, **P < 0.0001).
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with Fluorogold (Fig. 5A). These cells were considered to be RGCs
(Fig. 5B). Merged images showed that the expression of ChR2V was
mainly in the RGCs (Fig. 5C). When the AAV-Venus vector was
injected, Venus fluorescence was also observed in the RGCs, but the
Venus protein was localized in the cell body, which was completely
different from those injected with AAV-ChR2V (Fig. 5D). Cryo-
sections showed that the labeled cells were observed in the
ganglion cell layer (Fig. 5E and F) and some of them were in the
inner nuclear layer (Fig. 5F). Photoreceptor cells were not seen in
the retinas of the RCS rats (Fig. 5G). The number of fluorogold-
labeled cells, which are most likely retinal ganglion cells, was
2531.8+214.8. The number of double-labeled cells was
710.6 + 117.7. Thus, the transduction efficiency was about 28.3%
(Fig. 5H). Paraffin sections also showed no difference in the thick-
ness of the photoreceptor layer between non-injected and AAV-
ChR2-injected retinas (Fig. 5I and ]).

4. Discussion

Our results demonstrated that VEPs can be recorded from
genetically blind RCS rats that expressed the ChR2 gene, and the
maximum response was elicited by stimuli with a peak wavelength
at 450 nm. This agrees with an earlier report that the peak spectral
absorption of ChR2 is approximately at 460 nm (Nagel et al., 2003).
In addition, VEPs were elicited by stimuli up to 550 nm, whereas
non-dystrophic RCS rats responded to wavelengths over 600 nm.
This ability of normal rats to respond to longer wavelengths is
probably because they have two cone photopigments with peak

absorbances at 359 nm (Deegan and Jacobs, 1993; Yokoyama et al.,
1998) and at 510 nm (Neitz and Jacobs, 1986). Therefore, the
spectral responsivity spectrum of rats transduced with the ChR2
gene is somewhat narrower than that of non-dystrophic rats, and
this is due to the presence of only channelrhodopsin-2 in the retina.

Distinct VEPs were first recorded at two weeks post-injection.
The amplitudes of the VEPs of dystrophic RCS rats carrying the ChR2
gene in their RGCs gradually increased up to six weeks post-
injection. Interestingly, the implicit times (ITs) of the VEPs were
shorter than those of non-dystrophic rats. The cause of the shorter
ITs was most likely because the neural signals were transduced in
the RGCs, and the signals did not have to pass through the inner
retinal network. These results suggest that the retinal ganglion cells
became photosensitive by the expression of the ChR2 gene, and the
signals generated in the ganglion cells were transmitted to the
visual cortex from the RGCs.

We compared the responsivity to different frequencies of light
stimulation between non-dystrophic RCS rats and ChR2V-injected
rats. The RCS rat with the ChR2 gene responded up to 20 Hz, which
was same as that from non-dystrophic RCS rat. Jehle et al. (2008)
reported that steady-state VEPs could elicited by a stimulus
frequency of 38 Hz and distinct amplitudes were observed at 19 Hz.
The responsivity was slightly higher than our results (20 Hz). The
maximum amplitude evoked from RCS rats with ChR2 was about
50% of that from non-dystrophic RCS rats at 1 Hz. The lower
amplitude from rats with ChR2V was probably due to the gene
transduction efficiency in the retinal ganglion, which was about
30% of the retinal ganglion cells in this study. We previously
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Fig. 4. Behavioral assessment of dystrophic RCS rats and ChR2V-transduced rats. The traces of each marked point in non-dystrophic (A), dystrophic (B) and ChR2V-transduced
dystrophic (C) rats during a test at 4 rpm. The red, green and blue lines correspond to the marks on the nose, the neck and the waist, respectively. Each score was calculated by
subtracting the number of movements at 0 rpm. The angular displacement of each movement in the non-dystrophic rats (D). The luminosity at the center of the holding chamber
was set to 500 lux (E). Effects of light intensity on the movements of non-dystrophic (F) and dystrophic RCS rats with ChR2V (G). The score of the non-dystrophic rats increased with
increasing light intensities. The drum with black and transparent blue stripes was rotated at speeds of 0, 0.5, 2, 4 and 8 rpm. Error bars represent standard deviations of the means

(un-paired ¢ test; n=8, *P< 0.05, **P < 0.01, ***P < 0.001).

reported that the transduction efficiency of 10-month-old RCS rats
was about 30% (Tomita et al., 2007). The transduction efficiency in
the 6-month old rats we used in this study was approximately the
same. The AAV we used in this study required host-cell synthesis of
the complementary strand for transduction. The failure to undergo
viral second-strand synthesis leads to a lower efficiency of trans-
gene expression (Ferrari et al., 1996; Fisher et al., 1996). The use of
self-complementary AAV (scAAV) vectors that do not require
synthesis of the complementary strand for transgene expression
can circumvent this problem. Thus, this method has the possibility
of being more efficient and acting more rapidly (Andino et al., 2007;
Jayvandharan et al., 2008; McCarty et al., 2001).

To determine the functional visual capabilities of ChR2-trans-
duced RCS rats, we investigated their optomotor responses (Haruta
etal, 2004; Lund et al.,, 2001). The a-wave of the ERG is an indicator

2/(¢

of photoreceptor function, and it disappears by 80—100 days in
dystrophic RCS rats (Bush et al., 1995; Sauve et al., 2004). However,
the activity of single ganglion cells could be recorded from the optic
tract of RCS rats even after the electroretinogram (ERG) could not be
recorded (Cicerone et al., 1979). Assessments of their visual sensi-
tivity as determined by electric potentials recorded from the supe-
rior colliculus indicated that the sensitivity progressively decreased
toreach a plateau at 180—240 days (Sauve et al., 2001). Therefore, we
chose 8-month-old RCS rats (2 months after the injection of AAV-
ChR2V) for the behavioral assessments. The behavioral scores of the
ChR2-transduced RCS rats were significantly higher than those of
untreated rats. We also found that the scores of the ChR2-transduced
RCS rats were affected by the light intensity in the drum (Fig. 4F).
Lagali et al. (2008) reported that ON-bipolar cells that were
engineered to be photosensitive by the transduction of the ChR2
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Fig. 5. Expression of ChR2V in the retina. Histological examination of retinas of rats injected with AAV-ChR2V at 16 weeks after the injection. A. Flat-mounted section showing the
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ChR2V (G). H. The transduction efficiency of ChR2 gene into RGCs (n = 8). Hematoxilin—eosin sections from both non-injected RCS rats (1) and AAV-ChR2V-injected RCS rats (J)

revealed a loss of photoreceptors in the entire retina.

gene restored visual function to eyes with retinal degeneration. ON
and OFF bipolar cells receive synaptic input from photoreceptors.
The ON-bipolar cells are one of the candidate cells for receipt of the
ChR2 gene because ChR2 can elicit light-on responses. However,
some reports have been published that retinal remodeling is trig-
gered in bipolar cells and horizontal cells following photoreceptor
degeneration (Marc et al., 2003, 2007; Strettoi and Pignatelli, 2000;
Strettoi et al., 2002, 2003). Therefore, the function of the inner
retinal layers, including the ON-bipolar pathway, might have some
differences from that in normal eyes.

We found that behavioral responses could not be elicited by
stimulus intensities <300 lux, although rats could respond at
500 lux. The 500 and 300 lux intensities correspond to about
2.25 x 10" and 1.24 x 10"® photon/cm?, respectively. The critical
light intensity that elicited behavioral responses in rats with ChR2
transduced into their RGCs was expected to be 2.25 x 10" photon/
cm? s, which was close to the light level (3 x 10'® photon/cm? s)
(Lagali et al, 2008) reported in the behavioral experiments per-
formed on mice with ChR2 transduced into their ON-bipolar cells.

Our findings that ChR2 transduced-ganglion cells could restore
visual function both electrophysiologically and behaviorally
demonstrate that ganglion cells should also be considered as
promising candidates cells for restoring vision via transfer of the
ChR2 gene.
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Abstract

Channelrhodopsin-2 (ChR2), one of the archea-type rhodopsins from green algae, is a potentially useful optogenetic tool for
restoring vision in patients with photoreceptor degeneration, such as retinitis pigmentosa. If the ChR2 gene is transferred to
retinal ganglion cells (RGCs), which send visual information to the brain, the RGCs may be repurposed to act as
photoreceptors. In this study, by using a transgenic rat expressing ChR2 specifically in the RGCs under the regulation of a
Thy-1.2 promoter, we tested the possibility that direct photoactivation of RGCs could restore effective vision. Although the
contrast sensitivities of the optomotor responses of transgenic rats were similar to those observed in the wild-type rats, they
were enhanced for visual stimuli of low-spatial frequency after the degeneration of native photoreceptors. This result
suggests that the visual signals derived from the ChR2-expressing RGCs were reinterpreted by the brain to form behavior-
related vision.
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Introduction

Retinitis pigmentosa (RP) is a genetically heterogeneous disease
characterized by degeneration of the retinal photoreceptor cells. A
number of genes responsible for RP have been identified, most of
them related to the phototransduction pathways. Patients who
have such mutations experience night blindness, loss of their
peripheral visual field, and loss of central vision [1]. Although the
photoreceptor cells are degenerated in the eyes of RP patients with
vision loss, other retinal neurons, including retinal ganglion cells
(RGQs), are still preserved [2,3,4].

Channelrhodopsin-2 (ChR2), a rhodopsin identified in the green
algae Chlamydomonas reinhardtii, is unique in that it acts as a
directly light-gated cation-selective ion channel [5]. Several studies
have revealed that neurons became photosensitive when transfected
with the ChR2 gene [6,7]. In addition, Bi et al. reported that the
transfer of ChR2 restored visually evoked cortical responses in blind
mice [8]. We also observed restoration of visual response in
genetically blind rats [9]. Following on the study of Bi et al. and our
own research, we believe that, in addition to their native function of

',:@'. PLoS ONE | www.plosone.org

transmitting visual signals to the brain, RGCs are endowed with a
photoreceptor-like function by the ChR2 gene. There are three
types of RGCs in the mammalian retina: ON, OFF, and ON-OFF
[10,11]. Since the transfer of the ChR2 gene into RGCs was not
regulated according to RGC type in these studies, it is possible that
all RGC types became photosensitive. Thus, RGC-derived signals
must be reinterpreted by the brain in order to organize effective
vision. Transgenic rats that express ChR2 in RGCs provide a useful
experimental model with which to evaluate quantitatively the visual
function of an animal in which RGCs are made photosensitive by
the expression of ChR2.

The Thy-1.2 antigen is a glycoprotein found on the cell surface
of a variety of cell types [12,13]. Rat Thy-1.2 antigen has been
found to be abundant in the brain and thymus [14,15]. In the
retina, the Thy-1.2 antigen is recognized to be a marker specific to
RGGCs [16,17]. Thus, the Thy-1.2 promoter is an effective
regulator of a gene that is expressed exclusively in the RGCs
[18,19,20]. In the present study, we generated transgenic rats in
which the ChR2 transgene was driven by the Thy-1.2 promoter.
One of them, line 4 (W-TChR2V4), expressed ChR2 specifically
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in the RGCs of the entire retina. We found that contrast
sensitivities of optomotor responses in W-TChR2V4 rats were
equivalent to wild-type rats, even when native photoreceptor cells
were degenerated by continuous light exposure. However, contrast
sensitivities at low spatial frequencies were enhanced after
photoreceptor cell degeneration. This suggests that the visual
signals derived from the ChR2-expressing RGCs are reinterpreted
to form behavior-related vision.

Results

Generation of Transgenic Rats

The Thy-1.2 vector derived from a 6.5-kb fragment of the
murine Thy-1.2 gene has been reported to promote gene
expression in RGCs and in neurons in the brain [21] (Fig. 1A).
We analyzed the genomic insertion of a ChR2V ¢cDNA fragment
by performing polymerase chain reaction (PCR) on tail DNA and
subsequently detected a PCR product of 324 bp in eight founder
rats (Fig. 1B). We termed these transgene positive lines “Wistar-
Thy-1.2  promoter-Channelrhodopsin ~ 2-Venus rats” (W-
TChR2V). Among these 8 lines (W-TChR2V1-8), 6 lines, which
were capable of reproduction and transgenerational propagation
of the transgene, were evaluated further for expression of the
ChR2V protein in the retina.

Under fluorescence microscopy, ChR2V was shown to be
expressed in the retina of the heterozygous rat (ChR2V +/—) in
four of six lines of transgenic rats: W-TChR2V1, W-TChR2V4,
W-TChR2V5, and W-TChR2V7 (Fig. 2A-D). As shown in Fig. 2,
ChR2V expression was extensively observed in the flat-mounted
retina. Vertical sections indicated that cells expressing ChR2V
were distributed differently in each transgenic line. In the case of
W-TChR2V1, the “Venus” marker fluorescence (see Methods
section) was observed in the RGC layer (GCL), inner plexiform
layer (IPL), and outer plexiform layer (OPL). The W-TChR2V4

Channelrhodopsin-2 Tg Rats

strain showed ChR2V expression in the GCL and IPL. In addition
to expression in these layers, strains W-TChR2V5 and W-
TChR2V7 showed intense fluorescence in the inner nuclear layer
(INL). When the flat-mounted retina of the W-TChR2V4 rat was
vertically examined using the z-axis scanning mode of the
microscope, the Venus fluorescence was colocalized with Fluor-
ogold, which retrogradely labeled the RGCs (Fig. 2E).

Direct Photoactivation of ChR2V-Expressing RGCs

We expected that the ChR2V-expressing RGCs in the W-
TChR2V4 rat retina would be sensitive to light. To test this
hypothesis, we investigated the light-evoked responses of ChR2V-
expressing RGCs, while all the synaptic inputs derived from the
photoreceptor cells were pharmacologically blocked by 1 mM
kynurenic acid, a nonselective glutamate receptor blocker. In a
ChR2V-expressing RGC placed under whole-cell voltage clamp at
—60 mV (Fig. 3A), a blue light-emitting diode (LED) light pulse
evoked an inward current whose amplitude was dependent on the
light power density (Fig. 3B). The light-evoked current has similarities
to a ChR2 photocurrent [6], ie. rapid onset without detectable
latency, peak-and-plateau biphasic kinetics, and a rapid offset. The
onset time constant was dependent on the light power density, but 4—
9 ms in this case. The offset time constant was less dependent on the
light power density and was 15-18 ms. Under current-clamp
configuration, membrane potential was depolarized by an LED light
pulse with an undetectable delay and was accompanied by action
potentials (Fig. 3C). Action potentials were evoked by a 100-ms LED
pulse with a power density as low as 3.7£2.3 uW/ mm? (n=14). We
found that the action potential could also be evoked by an LED light
pulse as short as 10 ms (Fig. 3D).

Degeneration of Photoreceptor Cells
There were 11-12 rows of photoreceptor nuclei in the outer
nuclear layer (ONL) of the transgenic rats; this is a number usually

A B
Murine Thy-1.2 gene (Vidal et al., 1995)
EcoRlI : Pvul
laH Ib " —
aTG
Modified mouse Thy-1.2
expression cassette
(Caroni, 1997) i o
vw »
EcoRI { l l I Pvul
Xhol
DNA fragment injected into
rat oocytes
EcoRl ChR2-Venus Pvul
(1.6 kb)
Xhol Xhol

Figure 1. Generation of Thy-1.2 ChR2V transgenic rat. Schematic drawing of DNA fragment injected into rat oocytes. (A) The cDNA coding
channelrhodopsin-2 (ChR2) tagged with Venus was inserted at Xhol site of the modified mouse Thy-1.2 expression cassette. A linearized DNA
fragment (7.5 kb) prepared by digestion with EcoRl and Pvul restriction enzymes was injected into rat oocytes. (B) Examples of PCR analysis of
genomic DNA from transgenic founder rats injected with the transgene shown in A. Genomic DNAs from the injected DNA fragment (lane 1), a
transgenic founder (lane 2) and a non transgenic founder (lane 3) were amplified by PCR. DNA bands at 173 bp and 324 bp correspond to amplified
DNA fragments for the transgene (ChR2-Venus, ChR2V) and the T cell receptor gene as an internal control, respectively.

doi:10.1371/journal.pone.0007679.g001
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Figure 2. Microphotographs showing ChR2V expression in the inner retinal layers of each transgenic line. (A-D) The retinal
organization of each transgenic line (A, W-TChR2V1; B, W-TChR2V4; C, W-TChR2V5; D, W-TChR2V?7) showed normal features in the Nomarskii images
(left). Fluorescence microphotography revealed various expression patterns in retinal slices (middle) and flat-mounted retinas (right). (E) Z-axis scan
(pitch: 0.35 um) images collected from a flat-mounted retina of a ChR2V+/— rat (line W-TChR2V4) showed that the ChR2V fluorescence (green) was

coexpressed with fluorogold transported retrograde from the superior colliculus (blue).

doi:10.1371/journal.pone.0007679.g002

@ PLoS ONE | www.plosone.org

November 2009 | Volume 4 | Issue 11 | 7679



LED

Channelrhodopsin-2 Tg Rats

10 pWimm?

_I50pA

40 ms

10 pW/mm?
20 mv
40 ms

Figure 3. Direct photoactivation of ChR2V-expressing RGCs. (A) The blue light-emitting diode (LED)-evoked membrane currents and
potentials were recorded under whole-cell recording from one of the ChR2V-expressing RGCs. (B) The photocurrents and their dependency in the
LED power density. (C-D) The membrane potential responses of a ChR2V-expressing RGC to LED pulses of 100-ms (C) or 10-ms (D) duration.

doi:10.1371/journal.pone.0007679.g003

observed in rodents without retinal degeneration [22] and
indicates that the ectopic expression of ChR2V did not affect
retinal structure (Fig. 4A, B). After continuous toxic light exposure,
the cells in the ONL were almost absent in both the superior and
inferior retinas from both the ChR2V—/— (Fig. 4C) and
ChR2V+/— rats (Fig. 4D). The disappearance of the ONL was
also noted under low magnification in a slice of the whole retina
(Fig. 4E, F). Even after photoreceptor degeneration, the ChR2-
expressing RGCs remained in the ChR2V+/ — rats (Fig. 4G).

‘When the visual signals generated by the photoreceptor cells are
transmitted to inner retinal neurons, the associated change in the
electric field of the retina is evaluated as the electroretinogram
(ERG) response. Typical waveforms of ERGs were observed in
either the ChR2V—/— or the ChR2V+/ — rats (Fig. 5A; upper).
We found that the a- and b-wave ERG amplitude was small in the
ChR2V+/— rats when evoked by the blue LED light. Both a- and
b- wave amplitudes were significantly higher in ChR2V—/— than
in ChR2V+/ — rats (Fig. 5B). With regard to the latency of the a-
wave, no detectable difference was observed between the
ChR2V—/— and ChR2V+/— rats (Fig. 5B). On the other hand,
the ERG response of the ChR2V+/— rats was quantitatively
similar to that of the ChR2V—/— rats when evoked by the red
LED light (Fig. 5A; lower, C). Since the blue LED light, but not
the red LED light, was absorbed by both the ChR2 and Venus
protein, photon density of the blue LED light may have been
reduced before reaching the photoreceptor cells.

After exposing the rats to 3000-lux light continuously for 7 days,
the ERG responses were evaluated with the blue LED and red
LED (Fig. 5D). The ERG responses were almost negligible with
either the blue or the red LED at intensities of 10-1000 lux.
Amplitudes of the a- or b-wave were markedly decreased in both
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the ChR2v —/— and +/— rats, which indicated that retinal
function had been damaged by the continuous light exposure
(Fig. 5E). This ERG reduction was adopted as a criterion of
photoreceptor degeneration in the following experiments.

Visually Evoked Potentials

In a normal eye, the visual signal is first received by the
photoreceptor cells, transmitted and integrated in the retinal
neuronal network, projected to the brain by the RGCs, eventually
arriving at the visual cortex through synapses in the lateral
geniculate nucleus. This signaling chain is evaluated as a whole by
the visually evoked potential (VEP), a visual cortical response
triggered by a short light pulse. Figure 6A shows sample rat VEPs
before inducing photoreceptor degeneration. VEPs were recorded
in both the ChR2V—/— and ChR2V+/— rats. When the VEPs
were evoked by the weak blue LED light, those of the ChR2V+/—
rats were similar to those of the ChR2V —/— rats. However, with
the strong blue LED light (>240 lux), the VEP of the ChR2V+/—
rat was larger in amplitude and shorter in latency than that of the
ChR2V—/— rat (Fig. 6B). This suggests that the strong blue LED
light induces the ChR2V-expressing RGCs to fire directly, without
mediation by photoreceptor cells.

On the other hand, when VEPs were evoked by the red LED
light, those of the ChR2V+/— rats were similar to those of the
ChR2V—/ — rats in both amplitude and time course (Fig. 6A). No
significant differences were present in the VEP amplitude-stimulus
intensity relationships, and the latency-stimulus intensity relation-
ship of the ChR2V+/— rats was also identical to that of the
ChR2—/— rats (Fig. 6C).

The VEPs were then recorded after exposing the rats to
3000 lux light continuously for 7 days. After subsequent
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Figure 4. Morphological evidences of the photoreceptor degeneration in either ChR2V—/— or ChR2V+/— rats. (A, B) Normal retinal
architecture was observed in each rat before photoreceptor degeneration. (C, D) After continuous light exposure (3000 lux for 7 days). Sections are
from the superior and inferior regions at a distance of 0.24 mm from the optic nerve. Note the absence of the outer nuclear layer. (E, F)The severe
degeneration extended to the whole retina. (G)Cryo-section of a retina from a ChR2V+/— rat. ChR2V expression was observed in the inner layer.
Abbreviations: GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer; RPE,

retinal pigment epithelium.
doi:10.1371/journal.pone.0007679.g004

degeneration of most of the photoreceptor cells, the VEPs resulting
from either blue or red light were almost negligible in the
ChR2V—/— rats (Fig. 7A). In contrast, in the ChR2V+/— rats,
the VEPs evoked by the blue LED light clearly remained, even
after photoreceptor degeneration (Fig. 7B); however, the VEPs
evoked by the red LED were negligible (Fig. 7C). As shown in the
amplitude-stimulus intensity relationship (Fig. 7B), the remaining
VEPs were induced only by strong blue LED light (>240 lux).
These VEPs were again characterized by shortened latency
periods.
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Optomotor Responses of the Rats

The spatial vision of an animal was quantified by its
optomotor response. When a drum is rotated around an animal
with printed visual stimuli on the inside wall, the animal tracks
the stimulus by turning its head [23]. In our virtual optomotor
system, a stimulus of blue stripes over a black background was
produced according to a sine wave function with variable
amplitude and frequency (Fig. 8A). With a given spatial
frequency, the rat tracked the objects if the brightness-darkness
contrast was high. However, the rat’s response became
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Figure 5. Electrophysiological evidence of photoreceptor degeneration. (A) Typical waveforms of electroretinogram (ERG) responses
evoked by either blue or red light-emitting diode (LED) flash {duration: 10 ms; light intensity: 1000, 300, and 100 lux, top to bottom). (B)The ERG
amplitudes (left, a-wave; middle, b-wave) and the latency of the a-wave (right) in response to the blue LED flash. Note that both amplitudes were
significantly diminished in the ChR2V+/~ rats compared to the ChR2V—/— rats without any differences in a-wave latency. (C) The b-wave amplitudes
(left) and the latency (right) in response to the red LED flash. (D)Typical ERG waveforms evoked by either blue (upper traces) or red (lower traces) LED
flash in the ChR2V—/— (left) and +/— (right) rats after continuous light (3000 lux) exposure for 7 days. (E)The b-wave amplitudes recorded from the
rats after continuous light exposure. Error bars represent standard deviation (n=8, **: P<0.01, unpaired t-test).
doi:10.1371/journal.pone.0007679.g005
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Figure 6. The visually evoked potentials recorded from either the ChR2V—/— or ChR2V+/— rats before photoreceptor
degeneration. {A)Sample waveforms evoked by the blue or red LED flash. (B) The amplitude- (left) and the latency- (right) stimulus intensity
relationships of VEPs evoked by the blue LED flash. (C) Similar to (A), but the responses are to the red LED flashes. Error bars represent standard
deviation (n=8, *: P=0.04, **: P<0.,01, unpaired t-test).

doi:10.1371/journal.pone.0007679.g006

.@ PLoS ONE | www.plosone.org 7 November 2009 | Volume 4 | issue 11 | 7679

225



