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Retinal prostheses for blindness electrically stimulate retinas with photoreceptor cell
degeneration to evoke a pseudolight sensation (phosphenes). Biphasic symmetric pulses with
charge balancing are commonly used for electrical stimulation in retinal prostheses. It has
been reported that a charge-balanced biphasic asymmetric pulse can reduce the threshold
for electrical evoked responses in cochlear implants. In this study, in order to determine the
effectiveness of an asymmetric pulse, we applied single biphasic symmetric and asymmetric
pulses transretinally to the eyeball of anesthetized rats. We found that the application of
an anodal pulse with a shorter duration and a higher current amplitude evoked a large field
response in the superior colliculus (SC) in comparison with a symmetric pulse with the same
electrical charge. This result suggests that an asymmetric pulse with a short pulse duration
and high current amplitude in the anodal phase is more effective for retinal prostheses than a
symmetrical pulse with the same electrical charge.

1. Introduction

In recent years, engineering-based research on attempting to utilize the brain has advanced
rapidly. One field of such research is devices and technologies called brain—machine interfaces
(BMIs), which artificially connect the brain and machines directly and enable them to interact
with each other. BMIs are classified into two major categories, output BMIs and input BMIs.(
Output BMIs can decode the neural outputs from the brain to control devices, such as a robotic
arm.?) In contrast, input BMISs are used for sensory disabilities, such as blindness and deafness,
and their sensor devices can receive external signals to provide the sensory nervous system with
the corresponding inputs. Cochlear implants are a representative example of an input BMI and
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have been used to reconstruct the hearing of many people worldwide.”) The visual equivalent
of a cochlear implant is a retinal prosthesis for blindness caused by photoreceptor degeneration,
such as retinitis pigmentosa (RP). It is a genetic disease associated with the slow progressive
impairment of vision and ultimately leads to blindness, having an incidence of 1 in 4000 people
worldwide.” At present, no fundamental therapy for RP has been established, but retinal
prostheses have been studied as a means of restoring the lost visual function in individuals
with this condition. Retinal prostheses have been put into practical use in the United States and
Europe in recent years.>:®)

The prostheses are primarily composed of a camera, an image processor, and an electrical
stimulator with a microelectrode array (MEA). The camera can capture visual images as
alternatives to retinal photoreceptors, and the processor can convert the images into digital
commands for stimulating the degenerated retina by the stimulator implanted in the eye globe of
patients with RP. The stimulation through the MEA can activate the residual retinal circuitry,
generating pseudolight sensations (phosphenes). Currently, there are at least three types of
MEA implantation: epiretinal (MEA on the retina from the vitreous side),®) subretinal (between
the choroid and retina),@ and suprachoroidal/subscleral (between the choroid and retinal
pigment epithelium,” or in the sclera®). We have been developing a retinal prosthesis based
on suprachoroidal transretinal stimulation (STS), where the electrode array is positioned in a
scleral pocket created by a half-layer incision.® The advantages of this method over the others
include the relatively low invasiveness into the eye and the ability to secure a wide field of view.
However, the stimulation charge required to induce light sensation is greater than that in the
other approaches because the electrode array is far from the retina.”). Nonetheless, this issue
may possibly be overcome by adjusting the stimulation parameters.

Biphasic symmetric pulses with charge balancing as electrical stimulation are commonly
used in retinal prostheses®”® to avoid tissue damage due to this stimulation.!”) It has been
reported that biphasic charge-balanced symmetric pulses are necessary to prevent electrode
degradation due to electrochemical irreversible reactions on the electrode surface.!”) Biphasic
pulses are also used in cochlear implants. In cochlear implants, it has been reported that the
threshold is reduced by setting the stimulus waveform shape of a biphasic asymmetric pulse in
a state where the charge balance is maintained.!"” However, the effect of an asymmetric pulse
on an artificial retina is unknown. If a response can be obtained with a lower level of charge,
the spread of the stimulation can be limited. Therefore, this study was performed to determine
whether an asymmetric pulse is effective in STS.

2. Materials and Methods
2.1 Animals

We used normal rats (Long—Evans; n = 9) and retina-degenerated rats (Royal College of
Surgeons, RCS; n = 6), aged 8—11 weeks and 2023 weeks, respectively. All procedures were
in accordance with the Association for Research in Vision and Ophthalmology Statement for
the Use of Animals in Ophthalmic and Vision Research. This study was approved by the
Institutional Animal Care Committee of Nidek Co., Ltd.
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2.2 Surgical preparation

All animals were anesthetized for surgery and acute electrophysiological recordings by
intraperitoneal injection of urethane (1.75 g/kg). Their heads were fixed to a stereotaxic
apparatus (SR-5R-HT; Narishige Science Institute Laboratory, Tokyo, Japan). The dorsal surface
of the left eyeball was exposed, and the small area of the exposed sclera, from approximately 1
mm below the optic nerve to the vicinity of the equator, was semiresected to place a platinum
stimulating electrode (diameter, 0.5 mm; height, 0.3 mm) attached to a micromanipulator (SF-1; S,
Tokyo, Japan). Mineral oil was used around the eyeball to prevent drying. A return electrode
(22-G needle) was positioned in the subcutaneous tissue of the nose. Craniotomy in the right
parietal bone was performed, and the cortex was gently removed with the aspirator (Aspirator
MINIC W-II; Shin-Ei Industries, Saitama, Japan) to expose the dorsal surface of the superior
colliculus (SC) entirely. Mineral oil was applied to the exposed SC area during the experiment
to prevent drying. A stainless-steel screw was inserted into the cerebellum as the reference
electrode.

2.3 Photic stimulation

Photic stimulation was performed in all rats to confirm the retinal degeneration of RCS
rats. Their left eyes were dilated with a mydriatic agent (Mydrin-P ophthalmic solution; Santen
Pharmaceutical, Osaka, Japan) and the corneas were covered with a contact lens electrode
combined with LED (R250 LEDT; Mayo, Aichi, Japan). After dark adaptation for 20 min in a
dark room, photic stimulation (luminance, 1000 cd/m?; duration, 1 ms; frequency, 1 Hz) was
delivered to the eyes through the LED using a light-emitting device (LS-100; Mayo).

2.4 Electrical stimulation

Electrical stimulation was performed after photic stimulation in all rats. Figure 1 shows
the setup for electrical stimulation. A single biphasic current pulse was applied between the
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Fig. 1. (Color online) Setup for electrical stimulation and recording. A stimulating electrode (+) and a return
electrode (—) were positioned in the partial scleral resection of the eyeball and in the subcutaneous tissue of the
nose, respectively. A single biphasic current pulse (outward current/cathodic first) was applied between these
electrodes using a stimulator. The potentials evoked by electrical stimulation were recorded with a needle electrode
in the SC.
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stimulating electrode and the return electrode using a stimulus generator (STG 4002; Multi
Channel Systems, Reutlingen, Germany). In this study, from a practical point of view, only
charge-balanced biphasic pulses were used. The amplitude and pulse duration of the biphasic
pulse in the cathodal phase were fixed, and only the amplitude and pulse duration of the anodal
phase were changed. The current pulses were biphasic symmetric and asymmetric pulses (cathodic
first), and the stimulation frequency was 1 Hz. The pulse duration of the cathodal phase was 0.5
ms, and the current amplitude was 100 pA. The pulse duration of the anodal phase was varied
from 0.2 to 2.0 ms. Charge balances were adjusted by changing the amplitude of the electrical
current (Fig. 2).

2.5 Electrophysiological recordings

A tungsten microelectrode [resistance, 0.5 MQ; diameter, approximately 5.0 um (uninsulated
part); Unique Medical, Tokyo, Japan] was inserted to a depth of 250 um from the surface of
the SC using a micromanipulator (MMO-203; Narishige). The evoked potentials (EPs) were
amplified with a differential amplifier (DP-301, Warner, Connecticut, USA) (amplification:
photic stimulation, 100 times; electrical stimulation, 1000 times; band-pass filter, 10 Hz-3
kHz) and then digitally sampled and averaged by PowerLab [PowerLab 2/26 (ML 826);
ADInstruments, Dunedin, New Zealand] using software for data acquisition (LabChart,
ADInstruments). The sampling frequency was set at 10 kHz for both photic and electrical
stimulations. The average signals used for both normal and RCS rats were 300 photic
stimulations and 30 electrical stimulations. The position of the largest electrical EPs was
determined by moving the recording electrode horizontally or vertically from the midline at
intervals of 100—250 um. Subsequent recordings were completed at this position.

0.5 ms
100 ”A? 2 ms

v

(a)
A
R 4 1250 pA

0.5 ms i 100 pA 0.5 ms fe-mmnf § 125 KA 0.5ms |¢}
100 pA t 0.5 ms 100 pA t 0.4 ms 100 pa §[f 0.2 ms

v v v

© d ©

Fig. 2. Waveforms of electrical stimulation: durations of (a) 0.5:2.0, (b) 0.5:1.0, (c) 0.5:0.5, (d) 0.5:0.4, and (e) 0.5:0.2
ms. The current pulses were biphasic symmetric and asymmetric pulses (cathodic first). The pulse duration of the
cathodal phase was 0.5 ms, and the current amplitude was 100 pA. The pulse duration of the anodal phase varied
from 0.2 to 2.0 ms. Charge balances were adjusted by changing the amplitude of the electrical current.
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2.6 Data analysis

To evaluate the waveforms of the averaged EPs, we used the difference (P1 — N1) between
the first positive peak (P1) and the subsequent first negative peak (N1) at approximately 5
and 10 ms after stimulation. Python3U? was used to calculate the values of P1 and N1. By
changing the pulse duration and current amplitude of the anodal phase and making it an
asymmetric pulse, the paired t-test was applicable to analyze whether there was a difference in
the amplitude of the EP. The significance level was set at p < 0.05. R version 3.3.203) was used
for the statistical analysis.

2.7 Histological analysis

After completion of the experiment, all rats were euthanized with an overdose of sodium
pentobarbital (150 mg/kg, i.p., Somnopentyl; Kyoritsu Seiyaku, Tokyo, Japan). From two
normal rats and three RCS rats randomly selected for histological analysis, the eyes were
extracted immediately after euthanasia. The extracted eyeballs were fixed for 24 h with a
solution of 1.5% glutaraldehyde (Kanto Chemical, Tokyo, Japan) and 3% formaldehyde (Sigma-
Aldrich, Missouri, USA) in phosphate buffer (1/15 M, pH 7.4). Next, the globes were postfixed
with a neutral buffered formalin solution for 57 d. After embedding in resin, the eyeballs
were cut into sections of 4—5 um thickness (Sept Sapie, Tokyo, Japan). The tissue sections were
stained with hematoxylin and eosin (HE) (Sept Sapie) and then observed under a microscope
(E1000M; Nikon, Tokyo, Japan) to examine the retinal cytoarchitecture.

3. Results
3.1 Response waveform

Examples of the response waveforms for photic and electrical stimulations are shown (Figs.
3 and 4). The same waveform was obtained for all rats. Approximately 30-200 ms after
photic stimulation, clear EPs composed of several waves were recorded in all normal rats [Fig.
3(a)]. Meanwhile, EPs after photic stimulation were not obtained in any RCS rat [Fig. 3(b)],
suggesting that the photoreceptors had degenerated severely. EPs for the electrical stimulation
were composed of the first positive wave and the subsequent first negative wave approximately
5 and 10 ms after stimulation, respectively, in all normal and RCS rats (Fig. 4). The former
and the latter were defined as P1 and NI, respectively, after the previous study (Kanda et
al.).(14) Latencies of P1 and N1 were slightly slower in RCS rats than in normal rats under all
stimulation conditions.

3.2 Effect of asymmetric electrical pulse

In most cases, upon stimulation with an asymmetric pulse with an anodal phase of 0.2 ms,
a negative peak, N2, was confirmed at 15-25 ms of the response waveform in normal rats and
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Fig. 3.  An example of EPs in response to photic stimulation in (a) a normal rat (Long—Evans) and (b) a RCS rat.
Artifacts that appeared when a flashlight was irradiated are indicated by arrows.
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Fig. 4. An example of the response waveforms observed after electrical stimulation in (a) normal rats (Long—
Evans) and (b) RCS rats. The artifacts of electrical stimulation, indicated by arrows, show the application of the
current pulse. In most cases, artifacts appeared larger in RCS rats than in normal rats. EPs were composed of the
first positive wave and the subsequent negative wave at approximately 5 and 10 ms after stimulation, respectively, in
all rats. In most cases, upon stimulation with an asymmetric pulse with an anodal phase of 0.2 ms, a negative peak,
N2, was confirmed at 15-25 ms in the response waveform in normal rats and RCS rats. N2 was not observed in any
rat under other stimulation conditions. In all normal rats, we could confirm the positive peak at approximately 20
ms and the negative peak at approximately 30 ms (the peaks are indicated by triangles).

RCS rats (Fig. 4). Under other stimulation conditions, N2 disappeared in all normal rats and
RCS rats. P1 and N1 were also observed upon application of an asymmetric pulse with the
anodal phase having a longer pulse duration than the cathodal phase, but the heights of P1 and
NI decreased as the pulse duration of the anodal phase became longer, and the peaks became



Sensors and Materials, Vol. 30, No. 2 (2018) 321

less well defined (Fig. 4). For all normal rats, positive and negative peaks were observed at
approximately 20 and 30 ms after stimulation, respectively. These peaks increased with an
increase in the pulse duration of the anodal phase [indicated by triangles in Fig. 4(a)]. However,
peaks beyond 20 ms after stimulation could not be obtained in any RCS rat [Fig. 4(b)].

The EP amplitudes (P1 — N1) are shown in Fig. 5. In both normal rats and RCS rats, the
pulse duration of the anodal phase was shorter and, as the current amplitude increased, the EP
amplitude also increased (Fig. 5).

3.3 Histological analysis

Figure 6 shows the typical microscopy images of HE-stained retinal sections. In RCS rats,
the layered structures of the outer retina had degenerated [Fig. 6(b)]. In the three RCS rats for
which the tissues were observed, the presence of the outer retinal layers could not be confirmed,
whereas the structures from the inner nuclear layer to the ganglion cell layer were evident. The
two normal rats showed intact inner and outer retinal layers [Fig. 6(a)].

4. Discussion

None of the RCS rats used for this study responded to photic stimulus. Morphologically,
it has been reported that outer nuclear layer degeneration starts when the rats are aged around
30 d, and it completely degenerates by age 104 d.>!9 Therefore, it can be inferred that
RCS rats in this study had a sufficiently advanced degeneration of photoreceptors. With
electrical stimulation, the response peaks of positive and negative waves, typically observed at
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Fig. 5. EP amplitudes after electrical stimulation in (a) normal rats (Long—Evans) (» = 9) and (b) RCS rats (n
= 6). The black bars (==) represent each mean, and the circle (0) represents the value for each animal. The lines
connecting the symbols (0) indicate that the data are from the same individual. Paired t-test (*p < 0.05; **p < 0.01)
was used to detect significant differences. As the pulse duration of the anodal phase became shorter and the current
amplitude became higher, the EP amplitude was significantly greater (p < 0.05).
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Fig. 6. (Color online) Representative tissue specimens of (a) normal 10-week-old rats (Long—Evans) and (b)
21-week-old RCS rats. The sclae bars represent 50 pm. The inner segment/outer segment (IS/OS), outer nuclear
layer (ONL), inner nuclear layer (INL), inner plexiform layer (IPL), and ganglion cell layer (GCL) are indicated.
The outer retina was lost in RCS rats.

approximately 20 and 30 ms after stimulation in normal rats [indicated by triangles in Fig. 4(a)],
could not be obtained with RCS rats [Fig. 4(b)]. Therefore, it can be inferred that the response
peaks after 20 ms are responses from a part of the retina, such as photoreceptor cells, that does
not function in the degenerated retina of RCS rats. In addition, the amplitude of the response
peaks after 20 ms increased as the pulse duration of the anodal phase became longer in normal
rats [Fig. 4(a)]. This is in agreement with previous results that pulse durations longer than 0.5
ms were effective for the stimulation of retinal cells outside bipolar cells (such as photoreceptor
cells)."”) In contrast, response peaks P1 and N1 were obtained in both normal rats and RCS rats
after photoreceptor cell degeneration. This is the reason why we defined EP amplitude as the
difference between P1 and N1. Latencies of P1 and N1 were slower in RCS rats than in normal
rats. Similar results were previously reported by Kanda er al.1¥ Several previous studies have
revealed some abnormalities in horizontal, Miiller, and bipolar cells of the retina of RCS rats.(18-2D
These abnormalities may delay the latencies of P1 and N1 in RCS rats. For the delay of latency
in RCS rats, further detailed study will be necessary.

The purpose of this study was to determine whether an asymmetric current waveform is
effective in STS. In this study, from a practical point of view, only the charge-balanced biphasic
pulse was used. Therefore, for example, if the current amplitude in the anodal phase of the
symmetric pulse is increased keeping the charge per phase constant, the duration of the anodal
phase is shortened. In this study, we focused on the effect of the anodal phase; therefore, the
amplitude and duration of the cathodal phase were kept constant. Accordingly, biphasic pulses
with modulated amplitude of the anodal phase had asymmetric shapes (Fig. 2). Our results
suggested that a charge-balanced biphasic asymmetric pulse with a short pulse duration and
high current amplitude in the anodal phase has better stimulation efficiency on the retina than a
symmetric pulse with the same electrical charge (Fig. 5). Additionally, as the pulse duration of
the anodal phase decreased and as the current amplitude increased, the EP amplitude increased
(Fig. 5). It remains unclear whether the amplitude or the duration of the anodal phase played
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the dominant role in these phenomena. The results of previous studies suggest that both the
duration and the amplitude affect the magnitude of the neural response.(M’ZZ) In this study, both
the pulse duration and the current amplitude of the cathodal phase were kept constant because
we focused on the efficacy of the anodal phase. Therefore, even with a symmetric pulse with
shorter pulse duration and higher current amplitude of both the anodal phase and the cathodal
phase, there is a possibility of obtaining the same result as that with an asymmetric pulse of
shorter pulse duration and higher current amplitude. Symmetrical pulses with shorter pulse
duration and higher current amplitude of both the anodal phase and the cathodal phase will be
studied further in the future. In the following sentence, “asymmetric pulse” refers to the pulse
with shortened pulse duration and increased current amplitude used in this study.

Although we did not measure the threshold charge, our results showed that the above-
described asymmetric pulse with shorter pulse duration and higher current amplitude in the
anodal phase evoked a larger neural response. This suggested that an asymmetric pulse, with
shorter pulse duration and higher current amplitude in the anodal phase, can induce a response
with smaller electrical charges than a symmetric pulse. In the future, to improve the spatial
resolution when developing a smaller electrode for retinal prostheses, it is necessary to stimulate
the retina without increasing the charge density, in order to avoid electrode deterioration and
tissue damage.(lo) Our results suggest that asymmetric pulses with shorter pulse duration and
higher current amplitude in the anodal phase evoke neural responses with less charge than
symmetric pulses. Accordingly, by using such an asymmetric pulse (as described previously),
electrical stimulation becomes feasible without increasing the charge density, even when the
electrode area is reduced. Sekirnjak et al. reported that reducing the electrode area can limit
the range of stimulated retinal ganglion cells to a spatially confined region.* Therefore, the
excitation of the retina is localized by reducing the electrode area, and the excitement of the
visual cortex can also be confined. As a result, the phosphene, which is a pseudolight sensation
by electrical stimulation, can be expected to localize.

Currently, the STS has 49 electrodes in the electrode array. Cathodic-first biphasic pulses of
0.5 ms duration are sequentially delivered to individual electrodes.®) However, in the present
system, it is not possible to stimulate multiple electrodes simultaneously. Thus, each electrode
is sequentially stimulated. The frame rate used in the previous STS clinical trial was 20 Hz.®
If we increase the number of electrodes, the stimulation frequency would be very low because
at least 49 ms is necessary to apply current pulses to all 49 electrodes (this corresponds to
approximately 20 Hz). For example, if the number of electrodes increases to 100, the frequency
becomes 10 Hz. The pulses with shorter pulse duration and higher current amplitude in
the anodal phase used in this study can reduce the pulse duration without sacrificing neural
excitability. Thus, the above-described asymmetric pulse has the potential to reduce this
limitation.

In this study, we have not confirmed the efficacy of asymmetric pulses with different pulse
durations and current amplitudes in the cathodal phase. Therefore, the effect of an asymmetric
pulse when changing the amplitude and the duration of the cathodal phase is unknown. This
will be examined in future work. Moreover, we focused on cathodic-first stimulation in this
study because we are using cathodic-first stimulation in clinical trials for the retinal prosthesis
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that we are developing.’®). However, we also consider anodic-first biphasic stimulation to be
important and it will be studied further in the future.

This study is the first to show the effectiveness of an asymmetric pulse with a short pulse
duration and high current amplitude in the anodal phase in vivo for STS. We also confirmed
that all RCS rats in this study exhibited photoreceptor cell degeneration [Figs. 3(b) and 6(b)].
RCS rats are animal models of the RP; however further studies are needed to determine whether
the results obtained using RCS rats are applicable to RP patients.

5. Conclusions

We confirmed that a charge-balanced biphasic asymmetric pulse with a short pulse duration
and high current amplitude in the anodal phase could stimulate the retina more efficiently than a
symmetric pulse with the same electrical charge. Because asymmetric pulses with a short pulse
duration and high current amplitude in the anodal phase were suggested to reduce the electrical
charge to evoke neural response, surface area of the stimulating electrode, corresponding to
the electrical charge, could be reduced. Therefore, there is the possibility of localizing the
phosphenes by limiting the stimulated retinal cells to a certain region. Consequently, by using
an asymmetric pulse with a short pulse duration and high current amplitude in the anodal phase,
high-resolution retinal prostheses can be expected. Our results suggest that an asymmetric
pulse with a short pulse duration and high current amplitude in the anodal phase is effective for
retinal prostheses.
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