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Abstract Photoelectric dye-coupled polyethylene film,

designated Okayama University-type retinal prosthesis or

OURePTM, generates light-evoked surface electric poten-

tials and stimulates neurons. In this study, the vision was

assessed by behavior tests in aged hereditary retinal dys-

trophic RCS rats with OURePTM, retinal apoptosis and

electroretinographic responses were measured in dys-

trophic eyes with OURePTM. The dye-coupled films, or

plain films as a control, were implanted in subretinal space

of RCS rats. On behavior tests, RCS rats with dye-coupled

films, implanted at the old age of 14 weeks, showed the

larger number of head-turning, consistent with clockwise

and anticlockwise rotation of a surrounding black-and-

white-striped drum, compared with rats with plain films,

under the dim (50 lux) and bright (150 lux) conditions in

the observation period until the age of 22 weeks (n = 5,

P \ 0.05, repeated-measure ANOVA). The number of

apoptotic cells in retinal sections at the site of dye-coupled

film implantation was significantly smaller, compared with

the other retinal sites, neighboring the film, or opposite to

the film, 5 months after film implantation at the age of

6 weeks (P = 0.0021, Friedman test). The dystrophic eyes

of RCS rats with dye-coupled films showed positive re-

sponses to maximal light stimulus at a significantly higher

rate, compared with the eyes with no treatment (P \ 0.05,

Chi-square test). Electroretinograms in normal eyes of

Wistar rats with dye-coupled or plain films showed sig-

nificantly decreased amplitudes (n = 14, P \ 0.05, re-

peated-measure ANOVA). In conclusions, vision was

maintained in RCS rats with dye-coupled films implanted

at the old age. The dystrophic eyes with dye-coupled films

showed electroretinographic responses. Five-month film

implantation caused no additional retinal changes.
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Introduction

Retinitis pigmentosa is a hereditary disease, caused by

mutations in many different kinds of genes which are ex-

pressed in retinal photoreceptor cells or retinal pigment

epithelial cells [1]. Slowly progressive death of photore-

ceptor cells begins usually in the peripheral retina and

approaches to the posterior pole of the eye, leading to vi-

sual field narrowing and finally to visual acuity reduction.

Strategies for the treatment of retinitis pigmentosa will be

in two directions: the first is to stop or at least make slower

the progression of the disease with drugs in patients who

still maintain poor but useful vision, and the second is to

implant a substitute for photoreceptor cells in patients who

have lost the vision. Retinal prosthesis, or artificial retina,

is the most promising therapeutic modality to replace the

lost photoreceptor cells [2, 3].
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The prevalent system of retinal prosthesis transfers the

image, captured by a digital videocamera, to electric sig-

nals, and outputs electric current from an electrode array,

implanted around the degenerated retina to stimulate the

remaining neurons which send axons to the brain. In 2013,

a first type of retinal prosthesis, Argus IITM retinal pros-

thesis system [4], which uses this system, was approved by

the United States Food and Drug Administration as a

medical device.

The wider visual field plays an important role in am-

bulatory vision. The electrode arrays of retinal prostheses

have a technical limitation in stimulating the wider retinal

area to obtain the wider visual field. To accomplish a wider

visual field with high resolution, we have developed a

photoelectric dye-based retinal prosthesis, called Okayama

University-type retinal prosthesis, or OURePTM (Fig. 1a, b)

[5–12] and are currently preparing a clinical trial (Fig. 1c)

[12–14]. In contrast with electrodes [2] or photodiodes [3]

which output electric current to stimulate the remaining

retinal neurons, the photoelectric dye, coupled to poly-

ethylene film surface, outputs electric potential in response

to light. The photoelectric dye-coupled polyethylene film

(OURePTM) generates light-evoked surface electric poten-

tials and does not output electric currents, but stimulates

retinal neurons [8, 9, 12]. A rat strain with hereditary

retinal dystrophy, called Royal College of Surgeons (RCS)

rats, restored the vision in behavior tests after subretinal

implantation of the dye-coupled films [15]. Indeed, the use

of electric potential overcomes a major problem of pho-

todiodes which generate too low electric currents to sti-

mulate retinal neurons [3].

In this study, we assessed the vision by behavior tests in

RCS rats with the dye-coupled films (OURePTM), im-

planted at the old age of 14 weeks, and measured elec-

troretinograms in normal eyes of Wistar rats and in

dystrophic eyes of RCS rats with OURePTM implantation.

In addition, we analyzed retinal apoptosis 5 months after

OURePTM implantation.

Materials and methods

Preparation of dye-coupled polyethylene film

Thin films were made from polyethylene powder and ex-

posed to fuming nitric acid to introduce carboxyl moieties

on the film surface. Photoelectric dye molecules, 2-[2-[4-

(dibutylamino)phenyl]ethenyl]-3-carboxymethylbenzothia-

zolium bromide (NK-5962, Hayashibara, Inc., Okayama,

Japan), were coupled to carboxyl moieties of the poly-

ethylene film surface via ethylenediamine (Fig. 1b), as

described previously [6, 8, 15]. The fuming nitric acid-

treated only polyethylene film and the photoelectric dye-

coupled polyethylene film were designated as the plain film

and the dye-coupled film (Fig. 1a), respectively.

Animals and experimental design

Behavior tests were done in 10 male RCS rats with no

treatment at the age of 6, 8, 10, 12, and 14 weeks. At the

age of 14 weeks, 5 of these 10 RCS rats underwent sub-

retinal implantation with dye-coupled films of 1 9 5 mm

Fig. 1 a Plain polyethylene

film (plain film, whitish) and

photoelectric dye-coupled

polyethylene film (dye-coupled

film, reddish, OURePTM).

b Photoelectric dye molecule,

coupled to polyethylene film

surface. c Schematic drawing to

show subretinal implantation of

dye-coupled film (OURePTM) at

vitreous surgery
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size in both eyes while the remaining 5 rats underwent

plain film implantation in both eyes, via scleral incision as

described previously [10, 15].

The behavior tests were repeated in the 10 rats with film

implantation at the age of 16, 18, 20, and 22 weeks. At the age

of 22 weeks, rats were sacrificed to confirm the subretinal

film implantation. As another series of experiments, dye-

coupled films were implanted in 7 RCS rats and plain films

implanted in 7 RCS rats at the age of 6 weeks. These rats

were sacrificed for hematoxylin and eosin-stained histology,

immunohistochemistry, and apoptosis detection 5 months

after the implantation. Each rat was housed in a standard rat

cage in the 12-hour-each light and dark cycle at the Animal

Center of Okayama University. This study was approved by

the Animal Care and Use Committee in Okayama University,

based on the Animal Welfare and Management Act in Japan.

Behavior test

A drum (diameter = 40 cm), with the inside painted with

black-and-white stripes, was rotated around a rat, housed in

a transparent-walled cage (diameter = 30 cm), at the

speed of 2 or 4 rounds per minute (rpm) [15]. Rats’ be-

havior was recorded by a videocamera from above. The

drum was rotated clockwise for 3 min and anticlockwise

for 3 min after the 3-min interval. The testing was done in

the bright condition at 150 lux under the usual fluorescence

ceiling light (Fig. 2a), and was repeated in the dim con-

dition at 50 lux, illuminated with a fluorescence light

source, placed on the floor (Fig. 2c), as described previ-

ously [15]. The combined number and the total time of

head-turning or body-turning, consistent with clockwise

and anticlockwise drum rotation, were used for statistical

analysis (repeated-measure analysis of variance, ANOVA).

Immunohistochemistry and apoptosis detection

The eyes with film implantation were immersed in 4 %

paraformaldehyde for 2–3 h, and cut into halves. Frozen

sections were stained immunohistochemically, as described

previously [15]. The primary antibodies were: anti-cal-

bindin D-28 K (1:500 dilution, rabbit polyclonal, Millipore,

Temecula, CA, USA), anti-protein kinase C (PKC)-a (1:250

dilution, mouse monoclonal, Sigma-Aldrich, St. Louis, MO,

USA), anti-synaptophysin (1:500 dilution, mouse

monoclonal, Sigma-Aldrich), and anti-glial fibrillary acidic

protein (GFAP) (1:200 dilution, mouse monoclonal,

Chemicon, Temecula, CA, USA). Second fluorescence-la-

beled antibodies were Alexa-350-labeled goat anti-mouse

IgG antibody or Alexa-350-labeled goat anti-rabbit IgG

antibody (Molecular Probes, Eugene, OR, USA).

Apoptotic cells were detected by terminal deoxynu-

cleotidyl transferase-mediated fluorescein-conjugated-

dUTP nick-end-labeling (TUNEL) assay (In Situ Cell

Death Detection Kit, Fluorescein, Roche Diagnostics,

Mannheim, Germany). The number of apoptotic cells was

counted in retinal sections with 1 mm width, perpendicular

to the vitreous-retinal pigment epithelial axis. Three areas

were chosen for comparison of the number of apoptotic

cells: the area apposed to the film, the area neighboring the

film, and the area opposite to the film across the posterior

pole of the eye [15].

Electroretinographic recording

Seven male Wistar rats at 6 weeks of the age had dye-

coupled films implanted in the right eye and plain films in

the left eye while 7 male Wistar rats at 6 weeks had plain

films implanted in the right eye and dye-coupled films in

the left eye. Electroretinograms in both eyes were recorded

at 6 weeks of the age just before the implantation, at 8 and

10 weeks of the age, 2 and 4 weeks, respectively, after the

implantation.

Dye-coupled films were also implanted in both eyes of 5

male RCS rats at 6 weeks of the age while plain films were

implanted in both eyes of 3 male RCS rats. Four male RCS

rats served as non-treated controls. Electroretinograms in

both eyes were recorded at 8, 10, 12, and 14 weeks of the

age, corresponding to 2, 4, 6, and 8 weeks, respectively,

after the implantation.

Rats were placed overnight in a dark room for dark

adaptation. Rats were anesthetized and placed on a heating

pad, set at 37 �C. After mydriasis, a contact lens electrode

with white light-emitting diode (LED) was placed on the

corneal surface, with no air bubble trapped between the

cornea and the contact lens, a reference electrode was put

into the mouth, and an earth clip was placed along the tail.

Rod response (dark-adapted 0.01 ERG with 1000 cd/

m2 9 10 ls), and maximal responses (dark-adapted 3.0

ERG with 10,000 cd/m2 9 0.3 ms and dark-adapted 10.0

ERG with 10,000 cd/m2 9 1 ms) with standard flash, were

sequentially recorded at the interval of 90 s, based on the

International Society for Clinical Electrophysiology of

Vision (ISCEV) standards (PuREC and LED Visual

Stimulator LS-100/200, Mayo Corporation, Aichi, Japan).

Results

Behavior test

The combined number of head-turning, consistent with the

direction of clockwise and anticlockwise drum rotation at

2 rpm, was significantly larger in RCS rats with dye-cou-

pled films in the time course of 22 weeks of the observa-

tion, compared with rats with plain films, both under the
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bright light (P = 0.0147 for class and P = 0.0002 for time

course, Fig. 2b) and under the dim light (P = 0.0201 for

class and P = 0.0123 for time course, repeated-measure

ANOVA, n = 5 for each group, Fig. 2d). The other be-

havioral indicators did not reach statistical significance.

Immunohistochemistry and apoptosis

No inflammatory cell, necrotic cell, or apparent gliosis or

fibrosis was noted in the retina of the eyes with dye-coupled

films or plain films at two time points, at 22 weeks of the

age after the implantation at 14 weeks of the age (data not

shown) and 5 months after the implantation at 6 weeks of

the age (Fig. 3). PKC-a-stained rod bipolar cells, calbindin-

stained horizontal cells and amacrine cells, and GFAP-s-

tained Muller cells were observed in three areas, apposed to

the film, neighboring the film, and opposite to the film, at

the same level between the eyes with dye-coupled films and

plain films. Synaptophysin staining was fully preserved in

the inner plexiform layer at the same level between dye-

coupled film and plain film implantation.

The number of apoptotic cells was smaller, although not

significantly, at the site of dye-coupled film implantation at

22 weeks of the age, compared with the other sites,

neighboring the film or opposite to the film (P = 0.0970,

n = 3, Friedman test, Fig. 4, bottom left panel). Further-

more, the number of apoptotic cells was significantly

smaller at the sites of dye-coupled film and plain film

implantation, 5 months after film implantation, compared

with the other sites (P = 0.0021 and P = 0.0038, respec-

tively, n = 7, Friedman test, Fig. 4, bottom right panel).

Electroretinograms

In Wistar rats with the normal retina, rod response (Fig. 5a)

and maximal responses (Fig. 5b) were recorded in the eyes,

Fig. 2 Photographs (a, c) and results (b, d) of behavior tests in RCS

rats. A black-and-white-striped drum is rotated around a rat in a

transparent-walled cage (30 cm in diameter, D = 30 cm) at the speed

of 2 rounds per minutes (rpm) in the bright (150 lux, a, b) or the dim

(50 lux, c, d) condition. Behavior tests were done at 6–14 weeks of the

age without treatment. A half of rats (n = 5), designated as ‘‘dye’’, had

dye-coupled film implantation and the other half (n = 5), as ‘‘plain’’,

had plain film implantation at 14 weeks of the age. Behavior tests were

repeated at 16–22 weeks of the age. The combined number of head-

turning, consistent with the direction of clockwise and anticlockwise

drum rotation, are significantly larger in RCS rats with dye-coupled

films, compared with rats with plain films, under the bright light

(P = 0.0147), and under the dim light (P = 0.0201, repeated-measure

analysis of variance, n = 5). T bars indicate standard deviation
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just before the dye-coupled or plain film implantation at

6 weeks of the age, 2 and 4 weeks after the film implan-

tation. The amplitudes of the rod response, the a-wave and

b-wave of maximal responses did decrease in the time

course, both in the eyes with dye-coupled films and in the

eyes with plain films (P \ 0.05), but did not show sig-

nificant difference between the eyes with dye-coupled and

plain film implantation (repeated-measure ANOVA,

n = 14 for each group of eyes, Fig. 5c).

In RCS rats, a peak-like electroretinographic response to

standard flash, in the maximal response (dark-adapted 10.0

ERG with 10,000 cd/m2 9 1 ms), was recorded in eyes of

RCS rats with dye-coupled film or plain film implantation

or with no treatment (Fig. 5d). The positive response, de-

fined as the b-wave amplitude with voltage, 50 lV or

larger, was noted at a significantly higher rate in eyes with

dye-coupled films, only at 4 weeks after the implantation,

compared with the eyes of no treatment (P = 0.0425, Chi-

square test, Table 1).

Discussion

In our preceding study, the dye-coupled polyethylene films

were implanted in the subretinal space of RCS rats’ eyes at

the age of 6 weeks. This age was chosen because the retina

of RCS rats at the age has lost almost all photoreceptor

cells. Even after the age of 6 weeks, the retina in RCS rats

continues to lose neurons in the outer and inner nuclear

layer, and in the ganglion cell layer.

In a coming clinical trial, candidates for retinal pros-

theses will be patients with retinitis pigmentosa who have

no light perception for a certain period of time. Under the

circumstances, neuronal death will continue to occur in the

Fig. 3 Immunohistochemical staining in three areas of retinal

sections of RCS rats’ eyes with subretinal plain films or dye-coupled

films: at the site of film implantation (Film), neighboring the film

(Near), and opposite to the film across the posterior pole of the eye

(Opposite). 5 months after the implantation at 6 weeks of the age.

Synaptophysin to stain inner plexiform and outer plexiform layer,

protein kinase C-a (PKC-a) to stain rod bipolar cells, calbindin to

stain horizontal cells and amacrine cells, and glial fibrillary acidic

protein (GFAP) to stain glial cells (Muller cells). Note autofluores-

cence of dye-coupled films but no fluorescence of plain films (Film).

INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion

cell layer, bar = 50 lm
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inner nuclear layer and ganglion cell layer. This study was,

therefore, planned to test the effect of dye-coupled film

implantation on the vision in aged RCS rats. Vision was

maintained in aged RCS rats, as in younger rats [15]. This

study also confirmed that head-turning, in response to ro-

tations of the back-and-white-striped drum at 2 rpm, is a

good indicator for assessing the vision in rats under the dim

or bright condition. The size of dye-coupled films, inserted

in rats’ eyes, was roughly estimated to occupy one-clock

hour meridian of the retina, and the visual acuity was es-

timated as 0.005, based on the visual angle of the black-

and-white stripes.

The dye-coupled and plain films were implanted for

5 months in the subretinal space of RCS rats’ eyes to ex-

amine their biological effect on the degenerating retina. The

remaining neuronal layers were maintained at retinal sites

with dye-coupled films 5 months after the implantation,

comparable to the other retinal sites, neighboring the film

implantation and opposite to the film implantation [16, 17].

It should be noted that the dye-coupled films still kept

autofluorescence, indicating stable photoelectric dye

molecules on the film surface, even 5 months after the film

implantation.

Neuronal apoptosis was reduced at retinal sites with dye-

coupled films, at two time points, at the age of 22 weeks

with 8-week implantation, and also after 5 months with the

implantation, compared with the other retinal sites, neigh-

boring the film implantation and opposite to the film im-

plantation. Furthermore, apoptosis was reduced in retinal

sites of plain film implantation, similar to the sites with dye-

coupled films, 5 months after the film implantation. The

results showed that the dye-coupled and plain films were not

Fig. 4 Top panel. Apoptotic cells (arrows) in three areas of retinal

sections of RCS rats’ eyes with subretinal plain films (Plain) or dye-

coupled films (Dye): at the site of film implantation (Film),

neighboring the film (Near), and opposite to the film across the

posterior pole of the eye (Opposite). 8 weeks after the film

implantation at 14 weeks of the age. INL, inner nuclear layer; IPL,

inner plexiform layer; GCL, ganglion cell layer, bar = 50 lm.

Bottom panels. The number of apoptotic cells is smaller, although not

significantly, at the site of dye-coupled film implantation at 22 weeks

of the age, compared with the other sites, neighboring the film or

opposite to the film (P = 0.0970, n = 3, Friedman test, left panel).

The number of apoptotic cells is significantly smaller at the sites of

dye-coupled film and plain film implantation, 5 months after film

implantation, compared with the other sites (P = 0.0021 and

P = 0.0038, respectively, n = 7, Friedman test, right panel). A box

with a bar indicates the upper 75 percentile and lower 25 percentile,

with a median, maximum, and minimum
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harmful to the remaining retinal neurons. The protective

effect of the plain films on the retina would be supported by

a previous study which demonstrated the neuroprotective

effect of inactive implants in RCS rats’ eyes [18].

Electroretinograms were recorded first in the normal

eyes of Wistar rats with dye-coupled or plain film im-

plantation. The rod response, and the a-wave, b-wave, and

oscillatory potentials of maximal responses to standard

Fig. 5 Electroretinograms in Wistar rats (right panels, a and b) and

RCS rat (d). Rod response (dark-adapted 0.01 ERG, a) and maximal

response (dark-adapted 10.0 ERG, b) in the right eye of a Wistar rat,

4 weeks after dye-coupled film implantation at 6 weeks of the age.

The amplitude (voltage) of the b-wave significantly decreases

(P \ 0.0001) in the time course but is not significantly different

between the eyes with dye-coupled films (dye) and plain films (plain)

(P = 0.7877, repeated-measure ANOVA, c). A peak-like response as

maximal response (dark-adapted 10.0 ERG, d) in the left eye of a

RCS rat, 2 weeks after dye-coupled film implantation at 6 weeks of

the age

Table 1 Electroretinographic (ERG) response in dystrophic eyes of RCS rats with no treatment, plain polyethylene film implantation, or

photoelectric dye-coupled polyethylene film implantation at the age of 6 weeks

ERG response Age of rats

8 weeks 10 weeks 12 weeks 14 weeks

No treatment (n = 8) Yes 3 0 0 0

No 5 8 8 8

Plain film (n = 6) Yes 0 1 0 1

No 6 5 6 5

Dye-coupled film (n = 10) Yes 2 4 0 0

No 8 6 10 10

The positive response (Fig. 5d), defined as the b-wave amplitude with voltage, 50 lV or larger, is noted at a significantly higher rate in eyes with

dye-coupled films, at the age of 10 weeks, namely, 4 weeks after the implantation, compared with the eyes of no treatment (P = 0.0425, Chi-

square test)
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flash could be recorded 2 and 4 weeks after the implanta-

tion. The decrease in the amplitude of the waves would be

attributed, not only to surgical intervention of film im-

plantation, but also to film influence on metabolic inter-

action between retinal photoreceptor cells and retinal

pigment epithelial cells. The electroretinographic responses

to standard flash were recorded more frequently in dys-

trophic eyes of RCS rats with dye-coupled film implanta-

tion at the timing of 4 weeks after the surgery, compared to

the eyes with no treatment or with plain film implantation.

This timing of recording would suggest the recovery from

surgical intervention, and also progressive retinal degen-

eration afterward. The electroretinographic results gave a

line of objective evidence to show the function of the dye-

coupled film as retinal prosthesis.

In conclusions, the photoelectric dye-coupled poly-

ethylene film, OURePTM, could maintain the vision of RCS

rats when the film was implanted in the dystrophic eyes at

the old age as 14 weeks. The retina showed no additional

abnormalities after 5-month OURePTM implantation in the

dystrophic eyes of RCS rats. A positive response was de-

tected by electroretinographic recording in the dystrophic

eyes of RCS rats with OURePTM implantation. Toward the

preparation for a clinical trial, no toxicity has been found

for OURePTM or for the photoelectric dye in any tests for

biological evaluation of medical devices, based on the In-

ternational Organization for Standardization (ISO) 10993.
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