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Feasibility of 2nd Generation STS Retinal Prosthesis in dogs

Fujikado T, Kamei M, Sakaguchi H, Kanda H, Morimoto T, Nishida K,
~ Kishima H, Maruo T, OQosawa K, Ozawa M, and Nishida K

Abstract— We developed a 2" generation suprachoroidal
transretinal stimulation (STS) system with a 49 channel
electrode array and implanted in 2 dogs. One month after
surgery, all electrodes were functioning and the ocular fundus
was normal in both dogs. The results indicate the 2" generation
STS retinal prosthesis is feasible and can be considered for
clinical use.

1. INTRODUCTION

Retinitis pigmentosa (RP) is one of the leading causes of
blindness in developed countries and is charactenzed by a
progresswe degeneration of the photoreceptors.”? To restore
some vision to these patients, stimulating the residual
functional retinal neurons by electrical currents dehvered
through a retinal prosthesis is being extensively studied.>*We
have developed our original method of retinal prosthesis
named suprachoroidal transretinal stimulation (STS) and
demonstrated that STS system with 9 channel platinum
electrode array allowed 2 patients with advanced RP resolve
to white bar targets.® In STS retinal prosthesis, electrode array
is placed in a scleral pocket, which allows the stability of
electrode’ , so STS may be a safer approach compared with
epl- or subretinal approaches. In order to attain the reading
vision, we have developed a 2™ generation STS system with
49 channel electrodes, in which the surface of electrodes is
processed by a femtosecond laser to increase the capability of
charge injection. A multiplexer was attached to the electrode
array and distributes electric pulses to each electrode, which

allowed the internal system to reduce the number of lead wires.

The purpose of this study was to determine the feasibility of
the new STS retinal prosthesis using dogs.

1I. METHODS

A. Implant

The internal device consisted of a secondary coil which
receives signals from the external coil and a decoder which
generates biphasic pulses. (Fig.1) The electrode array (size,
5.8 x 5.8 mm; Nidek, Gamabori, Japan) consisted of 49
electrodes made of 0.5 mm diameter platinum bulk with a
surface processed by femtosecond laser. The center-to-center
separation of a pair of electrode was 0.7 mm. Each electrode

*Resrach supported by Japan and by Strategic Research Program for Brain
Sciences and Grant-in -Aid for Scientific Research (A,22249058) from the
Ministry of Education, Culture, Sports, Science and Technology and by
Health Sciences Research Grants (H24-medical device-004) from the
Ministry of Health, Labor and Welfare Japan..

T. Fujikado is with the Osaka University Graduate School of Medicine,
Suita, 565-0871 Japan (corresponding author to provide phone:
81-6-6879-3941; fax: 81-6-6879-3948; e-mail:
fujikado@ophthal.med.osaka-u.ac.jp).

978-1-4577-0216-7/13/$26.00 ©2013 IEEE

protruded from the silicon base by 0.3 mm. A multiplexer was
attached to the electrode array and distributes electric pulses
to individual electrode. The return electrode was a 0.5 mm
diameter, 6 mm long platinum wire that was insulated except
for 3 mm of the tip.

Figure 1. Photograph of the internal device

B. Surgical procedure

Two healthy adult male beagle dogs in weight from 10 to 12
kg were used. All procedures conformed to the ARVO
Statement for the Use of Animals in Ophthalmic and Vision
Research, and the procedures were approved by the Animal
Care and Use Committee of Osaka University. Implantation
was made to the left eye of each dog. The surgical procedures
included insertion of the microelectrode array into a deep
lamellar scleral pocket created 11.5mm from the corneal
limbus, and placing the return needle electrode into the
vitreous body. The microelectrode array and the return
electrode were combined into one bundle and the cables were
passed under the skin of the forehead and through the brow.
The Internal coil and the decoder were set on the surface of the
left temporal muscle and cables from electrode array and
return electrode were connected to the decoder. (Fig. 1)

C. Examination of Ocular fundus

Color fundus photographs were taken under general
anesthesia before surgery and monthly after surgery.
Fluorescein angiography (FA) was performed at 1 month after
surgery. For both procedures, the eyes were dilated with
topical 2.5% phenylephrine hydrochloride and 0.5%
tropicamide (Midrine P; Santen Co., Ltd., Osaka, Japan), and
fundus photographs were taken with a fundus camera
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(TRC-50IX; Topcon Corporation, Tokyo, Japan). For FA,
photographs were taken after the injection of 0.075 mL/kg of
10% sodium fluorescein solution (Fluorescite; Alcon Japan
Ltd., Tokyo, Japan) into a vein.

D. Electroretinography

Bright-light flash electroretinograms (ERG) were recorded
1 month after the implantation of the STS electrode array.
Under general anesthesia with pupil dilation, corneal contact
lens electrode/LED mini-Ganzfeld stimulator (WLS-20;
Mayo Corporation, Nagoya, Japan) was used for ERG
recording. The animal was dark-adapted for 30 minutes
before the ERG recordings. Responses elicited by bright flash
stimuli were amplified, band pass filtered from 0.5 to 1000 Hz,
and digitized at 3.3 kHz. Five responses were averaged.

E. Functional Testing of STS System

The voltage in the microelectronic circuit of the decoder
was monitored by an external circuit. The maximum voltage
of this circuit was 10.0 V, and we set 9.5 V as a saturation
voltage. Just after and at 1lmonth after implantation, we
checked to be sure that the voltage did not exceed the
saturation voltage of 9.5 V. Each of the 49 electrodes was
activated with balanced, cathodic-first biphasic pulses of up to
1000 uA, with a duration of 0.5 ms/phase and pulse duration
of 0.5 ms. The frequency of the pulses was 20 Hz for 0.5
seconds that was controlled by the extraocular stimulator
driven by the external transmitter. If the voltage in the electric
circuit in the microstimulator was less than the saturation
voltage, the device set the current as pass, but if the voltage
exceeded the saturation voltage, the device set the current as
failure. Next the artifacts evoked by electrical stimulation
were recorded with a contact lens corneal electrode/LED
mini-Ganzfeld stimulator (WLS-20; Mayo Corporation).

III. RESULTS

A. Implantation Surgery

All prostheses were safely implanted and no intraoperative
complications occurred. The electrode array was inserted in
the scleral pocket without bleeding (Fig. 2) and the
multiplexer attached with electrode array was kept stably
under the conjunctiva. The cable was flexible and encircled
the globe. No sign of infections or wound dehiscence was
observed.

Figure2. Photograph taken during implantation surgery. An electrode
array was inserted into the scleral pocket, and the multiplexer was sutured
() to the sclera. Asterisk mark indicates the multiplexer.

B.  Postoperative ocular fundus

Fundus photographs of the two dogs showed that the
implanted electrode array was not detectable, and there was no
obvious indication of surgical damage or side effects. FA
showed intact vasculature without signs of inflammation,
leakage, obstruction, or formation of new vessels in the area
overlying and surrounding the implant in all dogs.

C. Electroretinography

The electroretinograms had normal a-wave and b-waves,
and the shapes did not differ from those of electroretinograms
recorded from the unoperated fellow eye 1 month after
implantation in all two animals. (Fig. 3)

- implanted eye
- fellow eye

amplitude [1V)

-300 ; : :
-10 10 30 50 70
time {ms}

Figure 3. Representative electroretinograms recorded of the implanted eye
and fellow eye of dog 1 after one month implantation.
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D. Functional Testing of STS System

The voltage in the microelectronic circuit of the decoder
was less than the saturation voltage in all electrodes and in all
cases throughout the observation period. Representative
stimulus artifact waveforms recorded with a contact lens
electrode are shown in Figure 4. All the electrodes could
deliver the electric currents.

500000

amplitude {1.V)

-50000.0 T T T Y T T

time (ms)

Figure 4. Representative waveforms of the stimulus artifacts of dog 1.
Drawing of the waveforms of artifacts derived from each of 49 electrodes
sequentially. Amplitudes of artifacts increase with increasing current
intensity.

IV. DISCUSSION

Our results showed that it is possible to implant our 2™
generation STS device into the scleral pocket of beagle dogs
without intraoperative or postoperative complications.

The device were consisted of 49 channel electrode array
with multiplexer and a decoder with internal coil. The device
was different from that of 1* generation in that multiplexer
was added to deliver electrical pulses to each 49 channel
electrodes without increasing the number of lead wires.

The multiplexer have 5.7 x 4.4 mm in area and set close
(10.5 mm) to the corneal limbs, so a possibility exists that the
device is exposed from the conjunctiva if the friction between
the lid and conjunctiva is increased. However the multiplexer
was covered by the conjunctiva stably for | month, suggesting
that the new device is able to be implanted stably in human
trial.

The new device equipped a junction between the decoder
and the lead wires, so a possibility exists to disconnection
between the device and wires. However, the device was
functional 1 month after the implantation, suggesting that the
new device is kept functional at least 1 month.

Further observation is necessary to confirm the long-time
safety and efficacy of our 2™ generation STS retinal
prosthesis.

V. CONCLUSION

The 2™ generation STS system with a 49 channel electrode
array is implanted successfully in 2 dogs. One month after
surgery, all electrodes were functioning and the ocular fundus
was normal in both dogs, suggesting that the 2™ generation
STS retinal prosthesis is feasible and can be considered for
clinical use.
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Asymmetric Wavefront Aberrations and Pupillary Shapes
Induced by Electrical Stimulation of Ciliary Nerve in Cats
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Abstract

To investigate the changes in the wavefront aberrations and pupillary shape in response to electrical stimulation of the
branches of the ciliary nerves in cats. Seven eyes of seven cats were studied under general anesthesia. Trains of monophasic
pulses (current, 0.1 to 1.0 mA; duration, 0.5 ms/phase; frequency, 5 to 40 Hz) were applied to the lateral or medial branch of
the short ciliary nerve near the posterior pole of the eye. A pair of electrodes was hooked onto one or both branch of the
short ciliary nerve. The electrodes were placed about 5 mm from the scleral surface. The wavefront aberrations were
recorded continuously for 2 seconds before, 8 seconds during, and for 20 seconds after the electrical stimulation. The
pupillary images were simultaneously recorded during the stimulation period. Both the wavefront aberrations and the
pupillary images were obtained 10 times/sec with a custom-built wavefront aberrometer. The maximum accommodative
amplitude was 1.19 diopters (D) produced by electrical stimulation of the short ciliary nerves. The latency of the
accommodative changes was very short, and the accommodative level gradually increased up to 4 seconds and reached a
plateau. When only one branch of the ciliary nerve was stimulated, the pupil dilated asymmetrically, and the oblique
astigmatism and one of the asymmetrical wavefront terms was also altered. Our results showed that the wavefront
aberrations and pupillary dilations can be measured simultaneously and serially with a compact wavefront aberrometer. The
asymmetric pupil dilation and asymmetric changes of the wavefront aberrations suggest that each branch of the ciliary
nerve innervates specific segments of the ciliary muscle and dilator muscle of the pupil.
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Introduction spherical wave-front surface. If the eye has an ocular aberration,
the wavefront of light reflected from the ocular fundus deviate
from an ideal spherical surface, and the deviation in the wavefront
! . ] : ! is called the wavefront aberrations [9]. Many studies have
brain have been extensively studied. The changes in the refractive demonstrated changes in the wavefront aberrations induced by
power of the eye, i.e., accommodation, to electrical stimulation of lens accommodation using different techniques in humans.
the ciliary ganglion have been studied in cats and other animals Atchison etal. studied the aberrations with the Howland
[1-3]. The amplitude of accommodation was dependent on the aberroscope technique [10], and He et al. applied psychophysical
frequlency and voltage of .[116 electrical stlrmlllus. The maximum ray tracing methods [11]. Recently, Shack-Hartmann wavefront
amphtpdc of ZICCOnlIT:lO‘d'dUOIl bk abF’L‘t 2 Fhopters. Tbe dccom= aberrometer (SHWA) techniques allowed the rapid and accurate
modative responses elicited by microstimulation of the midbrain or measurements of the wavefront aberrations [12-14]. With a
cerebellum have also been studied in cats [4-6]. Glasser et al. SHWA, changes of the Zernike terms, e.g., astigmatism, coma
. L. . s 5 2 M5 < ) -]

demonstrated tl‘le z.mcorr?modamlve responses ehm‘ted by stimulation and spherical aberration, can be evaluated during and after
of the preganglionic Edinger-Westphal nucleus in rhesus monkeys accommodative changes. Some studies have demonstrated a
(78] In monkeys, the maximum amplitude of accommodation significant increase of negative spherical aberration during
was 10 to 20 dlo}?ters. ) accommodation using SHWA [15,16]. Animal models have also
The changes in the accommodation not only affected the been used to evaluate changes in the wavefront aberrations with

refractive power but also the ocular aberrations. An ideal  SHWA. For example, Huxlin et al. measured up to sixth order
monochromatic ray of light from a point source has a perfect

Lens accommodation and pupillary dilation or constriction
elicited by electrical stimulation of the peripheral nerves or the
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wavefront aberrations in wake cats [17]. Ramamirtham et al. also
measured the wavefront aberrations in young monkeys [18].

The dynamic pupillary dilation and constriction evoked by light
stimulation or by electrical stimulation of the ciliary nerve have
also been studied in cats [19,20]. In addition, the dynamic
pupillary dilations and eye movements in response to micro-
stimulation of the superior colliculus or the optic tectum have been
studied in monkeys and birds {21,22]. Dearworth et al. studied the
pupillary constriction evoked in vitro by stimulating the ciliary
nerve in turtles [23].

Clinically, patients with Adie’s syndrome have tonically dilated
pupils and accommodative palsy. In addition, the pupillary
reactions in these patients are usually segmental due to sector
iridoplegia. Bell and Thompson reported that astigmatism was
induced with accommodation in one-third of Adie’s patients, and
they suggested that this may be related to the segmental paralysis
of the ciliary muscle [24].

Because both lens accommodation and pupillary constriction
and dilation are controlled by postganglionic nerve fibers
travelling in the short ciliary nerves, measurements of pupillary
diameter and circularity, as well as lens accommodation and
wavefront abberrations should be effected by electrical stimulation
of the short ciliary nerves. In cats, the short ciliary nerve is made
up of a lateral and a medial branch, so segmental stimulation is
possible.

The purpose of this study was to determine the dynamic
changes in the accommodation, wavefront aberrations, and
pupillary size and shape evoked by electrical stimulation of one
or both branches of the short ciliary nerve near the posterior pole
of the eye in cats. The responses were measured with a custom-
made, compact SHWA (Topcon Corporation and Aston Univer-
sity) which allowed us to determine the dynamic changes of
accommodation, wavefront aberrations, pupillary size and shape
simultaneously [25].

Materials and Methods

Experimental Animals

Seven healthy adult cats between 10- to 14 months-of-age were
studied. These cats were raised in a breeding colony in the
Institute of laboratory Animals, Osaka University, Graduate
School of Medicine. The cats were initially injected with atropine
sulfate (0.1 mg/kg) intraperitoneally and after 30 minutes they
were anesthetized with an intramuscular injection of ketamine
hydrochloride (25 mg/kg). The anesthesia was maintained by a
continuous intravenous infusion of pentobarbital sodium (I mg/
kg/hr). The cats were paralyzed by an infusion of pancuronium
bromide (0.2 mg/kg/hr) mixed with Ringer’s solution and glucose
(0.1 g/kg/hr), and artificially ventilated with equivalent mixture of
nitrous oxide (N?0) and oxygen (O?) for auxiliary anesthesia and
alleviation of pain.

The end-tidal CO? concentration was controlled at 3.5 to 5.0%
by altering the frequency and tidal volume of ventilation. The
intratracheal pressure and electrocardiogram were also monitored,
and the body temperature was maintained at 38°C with a heating
pad. The cornea of cats was kept moist using custom made contact
lenses during the experiments.

This study was carried out in strict accordance with the
recommendations in the Guide for the Care and Use of Animals of
the National Institutes of Health. The procedures were approved
by the Animal Research Committee of the Osaka University
Medical School, document number 20-145. All surgery was
performed under pentobarbital sodium anesthesia, and all efforts
were made to minimize pain. All animals were sacrificed by a

PLOS ONE | www.plosone.org

Asymmetric Aberrations Induced by Stimulation of Ciliary Nerve in Cats

rapid intravenous infusion of pentobarbital sodium (64.8 mg/ml)
after a completion of all experimental procedures.

Electric Stimulation of Ciliary Nerve

In cats, the ciliary ganglion gives rise to a lateral and a medial
branch of the short ciliary nerve. Additionally, one or two fine
communicating branches from the long ciliary nerve are fused
with the short ciliary nerve. Electrical currents were applied to
either the lateral or medial branch or to both branches of the short
ciliary nerves to study the changes in the accommodation,
pupillary size and shape, and wavefront aberrations. A schematic
diagram of the experimental setup is shown in Figure 1. The
stimulating electrodes were bipolar hook-shaped electrodes made
of 0.3 mm diameter stainless steel wire (OK212-069, Unique
Medical, Tokyo, Japan). The wire was coated with insulating resin
with a small region of the tip bared where the electrode contacted
the ciliary nerve. The electrodes were hooked onto the branch of
the short ciliary nerve about 5 mm from sclera. Trains of
monophasic square wave electrical pulses were applied to either
the lateral or the medial or to both branches of the short ciliary
nerve. All pulses were generated by an isolated pulse generator
(STG2008, Multi Channel Systems MCS GmbH, Reutlingen
Germany). The pulse parameters were: current intensities of 0.1,
0.3, 0.5, and 1.0 mA; frequencies of 5, 10, 20, and 40 Hz; pulse
duration of 0.5 ms/phase; and the duration of the pulse trains was
8 s. Changes in the accommodation, wavefront aberrations and
pupillary shape evoked by electrical stimulation of short ciliary
nerve were simultaneously recorded with a compact wavefront
aberrometer.

Dynamic Measurements of Wavefront Aberrations Using
Compact Wavefront Aberrometer

The wavefront aberrations were measured with a compact
wavefront aberrometer. This device consisted of an open-field
dichroic mirror and a cuboid shaped body (12x12x4.5 cm),
which can be attached to a standard flex holder (Figure 1).
Because of the flexibility and compactness of this aberrometer, it

Isolated pulse generator

Bipolar
electrodes “

Eye IR Dichroic mirror

SC_L \
ON e
sC_M
T
Objective lens
Compact /
wavefront
aberrometer

Figure 1. Photograph of the compact wavefront aberrometer
attached to a flex holder arm.
doi:10.1371/journal.pone.0105615.g001
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can be easily used for i vivo animal studies or clinical studies.
The experimental setup and optical arrangement are shown in
Figure 2. The aberrometer contained two complementary metal-
oxide semiconductor (CMOS) image sensors. The wavefront
aberrations were measured with the first CMOS sensor (CMOS]).
A lenslet array plate located in front of CMOSI focused the
Shack-Hartmann spot images. The digitized Shack-Hartmann
spot images were recorded sequentially at 10 frames/sec.
Therefore, we were able to measure the changes of accommoda-
tion and aberrations every 100 ms. The digitized Shack-Hart-
mann spot images were analyzed quantitatively for up to the 6th
order by expanding the set of Zernike polynomials with custom
written software.

The second CMOS sensor (CMOS2) obtained the images of the
anterior segment of the eye to evaluate the pupillary shape. Both
the aberrometer and the isolated pulse generator were synchro-
nously controlled by a commercially available laptop computer.

The accommodative responses were assessed by the changes of

the refractive power (spherical equivalents). The wavefront
aberrations were evaluated by the changes of the Zernike
coefficients, and the wavefront aberrations were specified using
the standard nomenclature defined with reference to the standard

coordinate system recommended by the Optical Society of
America [26]. A color map diagram of Zernike polynomials of

up to 4th order is shown in Figure 3. The with- and against-the-
rule astigmatism (Z%), the oblique astigmatism (Z %), the trefoil
terms (Z—S:; and 233), the x coma (Zlg), the y coma (2713), and
spherical aberration term (Z%;) were determined.

To study the dynamic changes of accommodation, we
determined the velocity of the accommodative responses where
the velocity was defined in diopters/sec and we assessed the
maximum amplitude of accommodation and the time required to
reach 80% of the maximum amplitude. Then the velocity ratio
was calculated as 80% of maximum amplitude divided by the time
to reach this level, ie., 0.8 amplitude of accommodation in
diopters/time in msec. In cases where the wavefront aberration

Figure 2. Schematic diagram of experimental setup. ON, optic
nerve; SC_L, lateral branch of the short ciliary nerve; SC_M, medial
branch of the short ciliary nerve. CMOS1, complementary metal-oxide
semiconductor (CMOS) image sensor for Shack-Hartmann spot image;
CMOS2, CMOS image sensor for anterior eye (pupil) image.
doi:10.1371/journal.pone.0105615.9g002
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Figure 3. Color map diagram of Zernike polynomials up to the
4th order. Astig 45, oblique astigmatism (45 deg); Astig 0, with-the-
rule astigmatism (0 deg); Trefoil 0, vertical trefoil aberration (0 deg);
Trefoil 30, oblique trefoil aberration (30 deg); Sphere, spherical
aberration.

doi:10.1371/journal.pone.0105615.g003

was not measureable due to pupillary constriction, the pupil was
dilated by 5% phenylephrine HCI (Neosynesin). Earlier studies
showed that 10% neosynephrine eye drops did not alter the
accommodation in cats [27].

Measurements of Pupillary Shape

To study pupillary dilation and constriction, the pupil was
photographed by CMOS image sensor incorporated into the
wavefront aberrometer. The images were analyzed with a custom
written software. The contour of the pupil was first outlined to
calculate the area of the pupil (me) and to evaluate the pupil
shape. The coordinates of the center of gravity of the pupil were
also calculated to determine whether there was an asymmetrical
change in the pupillary shape. This program can determine both
the size and shape of the pupil. To study the relationship between
the changes in the wavefront aberrations and pupillary shape, both
were recorded simultaneously and sequentially at 10 frames/sec
for 2 seconds before, 8 seconds during, and for 20 seconds after the
stimulation. The ambient illumination of light was kept steadily
during measurements to avoid changing pupil size due to pupillary
reaction to light.

Statistical Analyses

Data were statistically analyzed using commercial software
(SigmaPlot, version 12.0; HULINKS, Inc.). Comparisons between
two groups were made by Student’s ¢ tests. The level of statistical
significance was set at P<0.05. To analyze the degree of
association between velocity and maximum amplitude of accom-
modation, Pearson’s correlation coefficient was calculated.

Results

Amplitude of Accommodation

The average amplitude of accommodation due to stimulation of
the medial or the lateral ciliary nerves was 0.64£0.34 D (mean *
standard deviations) by a stimulation of the medial or lateral
branch of ciliary nerve with a range of 0.25 to 1.19 D (Table ).
The amplitude of accommodation increased with increasing
currents and frequencies of stimulation (Figure 4). However,
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