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Histological Study

To examine the complications to the retina or choroid from
the transretinal electrical stimulation, or from the insertion
and placement of the array itself, a histological study was
performed on tissues adjacent to the areas where the elec-
trode was placed. After examination of the EEP with elec-
trical stimulation, the array was removed from the eyes and
the rabbits were killed with a 5-ml intravenous injection of
pentobarbital (50mg/mt). The eyes were enucleated, dis-
sected, and embedded in paraffin after incubation in 4%
paraformaldehyde. Three-micrometer-thick paraffin sec-
tions were stained with H&E. The sections were examined
by light microscopy, and the images were digitized using a
CCD camera (AxioCam, Carl Zeiss Japan, Tokyo, Japan)
and processed with AxioVision 2.0 (Carl Zeiss Japan) soft-
ware on a Windows computer.

Results
The Electrode Array Under the Retina and Choroid

With a surgical microscope, the electrode array could be
clearly seen under the retinal and choroidal vessels in the
posterior portion of the eye. There were no major compli-
cations, such as retinal detachment, around the top of the
array at the posterior portion (Fig. 3C).

The EEP with Varied Transretinal
Electrical Stimulation

The EEP from all five eyes could be recorded with tran-
sretinal electrical stimulation. An example of an EEP with
two types of biphasic current from an eye is shown in Fig.
4. The waves on the right were obtained with the biphasic
pulse consisting of one current (suprachoroid to vitreous)
and a second opposing current (vitreous to suprachoroid).
Those on the left were obtained when the pulse consisted
of opposite components. The smallest threshold from each
of the five eyes was 66.0 = 32.1uA and 94.0 = 68.4pA
(average = SD) for each current direction, respect (n = 5)
There was no statistical difference between different polar-
ities (P > 0.05). With the superficial dimension, the aver-
aged electrical density was 42.0uC/cm? and 59.8uClem?,
respectively. The implicit times of the first positive waves of
the EEP with the two types of biphasic current were 9.0 =
1.0 and 8.7 = 0.9ms, respectively (Fig. 4), and there was no
statistical difference between polarities.

The Comparison Between Bright-flash VEP and
the EEP

Bright-flash VEP waves were obtained from all five eyes,
and the implicit time of the first positive wave was 21.7 +
0.6ms (average + SD; Fig. 5, top). They were statistically
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Figure 4. The electrical evoked potential (EEP) from a rabbit eye by
transretinal electrical stimulation. Lefi: EEP waves obtained with a
biphasic current consisting of suprachoroid to vitreous transretinal
electrical stimulation and vitreous to suprachoroid stimulation. Right:
EEP waves with currents with opposite polarization.

longer than those of the EEP (Fig. 5, bottom, P < (.001).
The waveform of the EEP resembled the VEP waveform.

After cutting the optic nerve behind the eyes, the wave
was not different from the baseline (data not shown).

Histological Study

Histological examination of the sections around the supra-
choroidal space into which the flat electrode array had been
inserted demonstrated no severe complications such as
retinal detachment after the insertion of the array and after
a series of electrical stimulations (Fig. 6A).

Discussion

In this study, we developed a flat electrode array and were
able to safely insert the array into the suprachoroidal space
of albino rabbits. We performed the insertion into this space
in the posterior portion of the eyes through a scleral inci-
sion at the limbus. We also showed that transretinal electri-
cal stimulation from the suprachoroidal space could elicit
an EEP.

Several methods can be used to stimulate the visual
neurons for visual prosthesis: stimulation at the visual
cortex, and stimulation of retinal neurons from a subretinal
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Figure 5. Comparison of waveforms between bright-flash visual
evoked potential (VEP) and the electric evoked potential (EEP) from
a rabbit eye. Top: A VEP wave consists of several positive waves. The
implicit time of the first positive wave was 22.0ms. Bortom: An EEP
wave also consists of several positive waves. The implicit time of the
first positive wave was 9.0ms.

space or from the epiretinal side. On group also successfully
developed a method for stimulation of the optic nerve in
front of the chiasma.?® All methods except stimulation of
the retina require intracranial surgery, which has the risk
of severe complications. Our method does not require
intracranial surgery, and the insertion of the electrode into
the suprachoroidal space is thought to be safer than the
methods requiring intracranial surgery.

When the electrodes are placed at the epiretinal lesion
or in the subretinal space, retinal detachment may occur.
Because our method is not dependent upon the attachment
of the array to the retina itself, it is comparatively safer.

Histological analysis in this study showed the separation
of the choroidal tissues and sclera. This separation could
lead to the breaking of the choroidal vessels and hemor-
rhage. Our short-term study showed no distinct hemorrhage
around the top of the electrode array. A long-term study is
required in the future to confirm this result.

The EEP waveforms by transretinal electrical stimula-
tion resembled those of the bright-flash VEP. Implicit time
of the EEP was 9.0 £ 1.0 or 8.7 = 0.9ms for each polarized
biphasic pulse, and was statistically shorter compared with
that of the flash VEP wave (21.7 = 0.6ms). This difference
may be because of the longer time it takes for the flash of
light to reach the photoreceptors and for the generated
signal to travel along the nerves to the ganglion cells. The
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Figure 6. Results of the histological study of the suprachoroidal space
where the flat electrode array was placed. The area around the space
where the electrode array was placed (*) demonstrates no major com-
plications such as retinal detachment or bleeding from the insertion of
the array or after a series of electrical stimulations. Bar = 250 um.

transretinal electrical current can stimulate the ganglion
cells and nerve fibers directly.

It has been reported that the threshold of electrical
density with an epiretinal implant is 1 to 12uClcm?,'® It has
also been demonstrated that the threshold with a subreti-
nal implant is 70uC/cm?’ According to these data, the
threshold in our study is almost as low as that with a sub-
retinal implant. With the subretinal implant, the photore-
ceptors or the bipolar cells are thought to be stimulated.
With the epiretinal implant, the nerve fiber and ganglion
cell layers may be stimulated. Although our device can stim-
ulate each layer in the retina, including the nerve fiber and
ganglion cell layers, with transretinal electrical stimulation,
the choroidal tissues could cause resistance. This is a possi-
ble reason why the threshold in our study is much higher
than that for an epiretinal implant. In contrast, because of
the transretinal electrical stimulation, our device can be
used with patients suffering from diseases involving severe
damage to the photoreceptor layer, such as retinitis
pigmentosa.

We demonstrated the possibility of using this flat elec-
trode array for a visual prosthesis. To utilize this device in
blind people, safety precautions for long-term electrode
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placement in the eyes are required. We believe that this flat
suprachoroidal electrode is a significant step toward realiz-
ing our goal of providing a prosthesis that will definitely
benefit blind patients.
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Transretinal electrical sti
by an intrascleral multichannel
in rabbit eyes

Abstract Background: A new
method of stimulating the retina
electrically, called suprachoroidal
transretinal stimulation (STS), was
shown to be effective in eliciting
electrically evoked cortical potentials
(EEPs) in Royal College of Surgeons
(RCS) rats. Before extending this
technique to patients, it is important to
determine its safety and feasibility in
eliciting EEPs from medium-size an-
imal (rabbits). The purpose of this
study was to determine the safety and
efficacy of the surgical procedures
used fo implant an multichannel
electrode array into a scleral pocket,
and to determine whether the im-
planted electrodes can stimulate the
retina effectively. Methods: These
acute experiments were conducted on
six rabbifs. An array of eight gold
microelectrodes, embedded in poly-
imide, was implanted into a scleral
pocket over the visual streak area.
The size of the microarray was
2x4x0.180 mm. The reference elec-
trode was implanted into the vitreous.
The electrode array and reference
electrodes were connected to a stim-
ulator to deliver monophasic current
pulses. Cortical responses were re-
corded with a stainless steel electrode
implanted into each rabbit’s skull over

ulation
lectrode array

the visual cortex. After the experi-
ment, the eyes and electrodes were
examined histologically. Resulis:
The surgical procedures for electrode
implantation were accomplished
without serious complications. EEPs
were recorded after monophasic elec-
trical pulse stimulation from each
electrode. The mean threshold for
EEPs was 55.0+10.0 nA with a
0.5-ms duration inward current pulse.
The charge delivered at threshold was
about 27.5 nC, and the charge density
was about 56.0 uC/cm?. Histopatho-
logical examination of the retinal
tissue around the area of stimulation
did not show damage at the light
microscope level with the electrical
parameters used. Conclusions: Our
technique for STS with an intrascleral
microelectrode array is safe in rabbit
eyes, and EEPs were elicited by
current densities that did not induce
tissue damage. These results suggest
that STS via infrascleral multichannel
electrodes is a feasible method for
stimulating the retina.
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introduction

Several research groups are currently developing electrode
arrays that can be attached directly to the retina and used
to stimulate the retina in an attempt to restore vision to
patients with retinal degeneration [7, 11, 18]. In general,
there are two types of retinal stimulating prosthesis: an
epiretinal [5, 6, 10, 13, 16] and a subretinal [2, 3, 14, 17]
prosthesis. Epiretinal stimulating prostheses are inserted
into the vitreous cavity and attached to or placed against
the inner retinal surface. The potential risk of this ap-
proach is the possible of a permanent attachment of the
device to the retina. Epiretinal implantation can cause
damage around the area of the retinal plug [10, 15] or may
be unstable without the use of special methods to fix the
electrodes [18]. Subretinal prostheses are placed between
the pigment epithelial layer and the outer layer of the retina.
The stability of this electrode is better but chronic im-
plantation in this space might lead to a proliferation of glial
tissue around the electrode array [17]. Although improve-
ments in the surgical and electronic technologies may solve
some of the problems of implanting retinal stimulating
prostheses, the potential risk of significant damage to the
eve after inserting an electrode intraocularly is significant.

To avoid the risks of damaging the retina by implanting
a stimulating electrode array into the epi- or subretinal
space, we have developed a new method of stimulating the
retina called suprachoroidal transretinal stimulation (STS),
with implantation of a stimulating electrode array in the
suprachoroidal space. This method avoids direct contact of
the electrodes with the retina. We have demonstrated that
STS can elicit field responses at a defined areas of the
superior colliculus which correspond retinotopically to the
retinal region stimulated in both normal and blind Royal
College of Surgeons (RCS) rats [9].

In the present study, we fabricated a multichannel elec-
trode array and developed a surgical technique to insert
the electrodes in a scleral pocket (intrascleral implanting
method) in medium-sized animal (rabbits). The aims of
this study were threefold: to determine the safety of this
surgical technique, to establish the threshold current to
elicit electrically evoked cortical potentials (EEPs), and to
determine the retinal damage induced by the electrodes
and by the electrical currents. '

Materials and methods

Six pigmented rabbits (weighing 1.9-2.2 kg) were initially
anesthetized with an intramuscular injection of ketamine
hydrochloride (50 mg/kg) and xylazine hydrochloride (5 mg/
kg). This amount of anesthetic kept the rabbits under a sur-
gical level of anesthesia for 3 h. One eye was dilated with
0.5% tropicamide and 0.5% phenylephrine hydrochloride.

The procedures used on all animals conformed to the
Institutional Guidelines of Osaka University and the ARVO
Resolution on the Use of Animals in Research.

Stimulating electrodes

A photograph of the surface of the electrode array displaying
the configuration of the electrodes is shown in Fig. 1. Eight
dome-shaped microelectrodes (fabricated by NIDEK Co.,
Gamagori, Japan) were mounted in a polyimide strip, and
the array was 2 mm wide, 4 mm long, and 180 um thick. The
dimensions of each electrode were as follows: height above
the surface, 120-130 pum; diameter, 250 pm. The distance
between electrodes was 500 um. The impedance of the
electrodes in saline is 10 k2 at 1 kHz. The electrode array
was connected to an external stimulator unit with insulated
copper wires. Each electrode was coated with gold and was
able to be activated separately.

Surgical method

The rabbit’s eye was proptosed from the eye socket and
draped with sterile rubberized cloth. After cutting the in-
ferior half of the conjunctiva around the limbus, and cut-
ting the inferior rectus and the inferior oblique muscles,
the bare sclera was exposed. A scleral pocket (3x5 mm)
was created just over the area of the visual streak, which
was about 12 mm posterior to the limbus.

The multichannel electrode array was then implanted
into the scleral pocket and sutured with 5-0 Dacron onto
the sclera just above the pocket. The bundle of insulated
leads from the microarray was also sutured at the limbus
with 5-0 Dacron (Fig. 2). The surgical procedures took
about 30 min.

An electronic stimulator (SEN-7203, Nihon Kohden,
Shinjyuku, Japan) was then connected through an isolator
(A-395R, World Precision Instruments, Sarasota, FL, USA)
to the microelectrode array. The reference electrode was
a platinum (Pt) wire coated with polyurethane resin and
exposed at the tip. It was inserted 4 mm into the vitreous
cavity and was fixed 2 mm from the limbus with 5-0 Dacron
sutures.

Fig. 1 Photograph of the electrode array. (Scale bar 1 mm). Eight
gold electrodes (a—*) are mounted in a polyimide strip. Each elec-
trode had the following dimension: height, 120-130 wm; diameter,
250 um; impedance, 10 kQ at 1 kHz. The distance between elec-
trodes was 500 pm
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Fig. 2 a A photograph of an a
enucleated rabbit eye which has

the microelectrode array im-

planted into the scleral pocket.

b A schematic diagram of the

electrode array that is inserted

into a 3x5-mm scleral pocket

over the visual streak. ¢ A

schematic diagram of transret-

inal electrical stimulation

. optic nerve head
1

visual streak line

Recording electrode

After exposing the skull, a stainless steel recording electrode
was screwed into the skull bone above the visual cortex. The
position of the electrode was 8 mm rostral to the lambda
suture and 7 mm lateral to the midline [1, 8]. The reference
needle stainless steel electrode was then placed between the
skin and skull near the ear.

To confirm that the recording electrode was placed over
the visual cortex, visual evoked potentials (VEPs) elicited
by photic stimuli (1.2 J, 15 cm from the cornea) were re-
corded. The EEPs were elicited by monophasic electrical
pulses of 0.5 ms duration, and 50 responses were averaged.
A bandpass filter of 5 Hz to 1 kIHz was used.

Electrical threshold current

The electric current was changed from 10 pA to 700 pA,
and the direction of the current was first set for inward-
flowing currents (electrode array positive and reference
electrode negative), then the polarity was reversed for out-
ward-flowing currents (electrode array negative and refer-
ence electrode positive).

For the purpose of finding the threshold current, the
amplitudes of the EEPs elicited by a current of 500 pA
delivered by each of the eight electrodes were compared.
The electrode which elicited the largest EEP was selected
to determine the threshold current. With this electrode, the
electric current was decreased in steps, and the minimum
electric current that elicited the first or second positive
peak of the EEP (P, or P,) was defined as the threshold
current. The threshold current was also determined by
reversing the polarity of the stimulating current.

electrode array

Histology

At the completion of the experiment, the rabbit was killed
by an overdose of barbiturate (100 mg/kg), and the eye was
enucleated for histological examination. The eyes were
embedded in paraffin, and 10-pum sections were cut and
stained with hematoxylin and eosin (HE staining). Light
microscopy was used to evaluate tissue damage. The elec-
trode array used for stimulation was examined after the
experiment with a scanning electron microscope.

Results

The electrode arrays were inserted and positioned without
complications, and the placement of the recording elec-
trode into the rabbit’s skull was also completed without
complications. Although the overall experiment time was
only 3—4 h, early adverse effects were not detected in the
eyes and brains surrounding the stimulating and recording
electrodes.

The VEPs consisted of three large positive waves
(Fig. 3a). The mean implicit time of the first positive peak
(Py1) was 23.8+1.2 ms, the second peak (Py,) was 41.0+
3.0 ms, and the third peak (P,3) was 58.2+2.1 ms (mean+
SEM; n=6).

EEPs were also recorded in all rabbits. The mean im-
plicit times of the EEP with an inward current (amplitude
500 pA; duration 0.5 ms) were 15.7+2.0 ms for P;;, 27.3+
0.6 ms for Py, and 41.2+0.9 ms for P;3 (Fig. 3b). The im-
plicit time of P;; was significantly shorter than that for P,.

The waveform of EEPs with outward current with the
same stimulus parameters consisted of four peaks, which
were slightly different from that evoked by inward cur-
rents. The implicit times were 19.3+0.7 ms for P,,, 30.1+
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Fig. 3 Typical waveforms of VEP and EEPs. a VEP consisis of
three large positive components. The first positive peak (P,;) had an
implicit time of 24 ms, the second positive peak (P,7) had an implicit
time of 41 ms, and the third positive peak (P,;) had an implicit time
of 58 ms. b EEP with inward cwrrent (sclera+/vitreous—) shows an
upward artifact at the onset of the stimulation. The first positive peak
(P;7) had an implicit time of 16 ms, a second positive peak (P;;) had
an implicit time of 27 ms, and a third positive peak (P;3) had an
implicit time of 41 ms. ¢ EEP with outward current (sclera—/vitreous
+) shows a negative downward artifact at the time of stimulation.
The first positive peak (P,;) had an implicit time of 19 ms, the
second positive peak (P,7) had an implicit time of 30 ms, a third
positive peak (P,;) had an implicit tme of 42 ms, and a fourth
positive peak (P,4) had an implicit time of 59 ms

0.8 ms for Py, 41.6£0.9 ms for Pys, and 59.0+0.7 ms for Pys
(Fig. 3c¢). The implicit times of P,,; and P, were slightly
longer than Py and Py, but that of P,; was not significant-
ly different from that of P,.

The mean amplitude of the EEPs elicited by 500 pA
inward current was 19026 wV, while that for 500 pA
outward current was 150422 pV (#n=6). Because the in-
ward current elicited significantly larger EEPs, we selected
the inward current for determining the thresholds.

The EEPs elicited by stimulating with each of the eight
elecirodes are compared in Fig. 4. Although the overall
shape was similar for each of the electrodes, the peak am-
plitude of the second positive component (Pp) was differ-
ent. The largest amplitude was elicited by stimulating with
electrode ¢, and it was used for determining the threshold
currents.

The EEPs elicited with decreasing inward currents are
shown in Fig. 5. For the second (P,) and third (P3) peaks,
the minimum stimulation current to elicit these peaks was
obtained with 50 uA. For the negative components, the
first negative peak (N;) and the second negative peak (IN2)
were obtained until 100 wA. The mean threshold current
that elicited a small EEP was 55.0+10.0 pA for the six
rabbits (27.545.0 nC).

The relationship between the averaged peak-to-peak am-
plitude (P, to IN,) of the EEPs and the inward current was

a_‘!aﬁ\p N
[ 100 ey
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Fig. 4 EEPs elicited by inward electrical pulses from each of the
eight electrodes. The amplitude of second positive peak (P,) varies
with the different electrodes. Because electrode ¢ elicited the largest
amplitude (¥), electrode ¢ was used for determining the threshold
electrical current

P2 P3
./‘\/l "
500
Ny g T
N1
N
300
TRy e
150 e SN
100 WIL/—M_/\/’X\U“&M‘M
50 e/ e R WL WP

40 W%w—-ww e

!1000(&;

30msec”

(=) &

Rig. 5 Changes of the EEP waveforms with decreasing inward
electrical currents for stimulation. The second and third positive
peaks (P, P;) were detectable with stimulus intensity <50 pA. The
negative peaks (N;, N;) were detectable with stimmlus intensity
<100 pA

examined in the six rabbits (Fig. 6). The regression curve
showed that the EEP amplitude increased almost linearly
with the lower stimulus currents and tended to be saturated
with higher stimulus currents.

Histology

Examination of the histological sections surrounding the
implanted electrode showed no obvious damage to the
retina, choroid, and sclera at the light-microscopic level.
Although a fissure was observed in the sclera which cor-
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Fig. 6 Averaged peak-to-peak
(from P, to Ny) amplitude
(ordinate) of retinal response
elicited by increasing inward
current stimulation (abscissa).
The regression curve shows a
slow increase of EEP amplitude
with stimulus current amplitude.
The increase in the response
amplitude is approximately lin-
ear with low stimulus current
and tended to be saturated with
greater stimulus currents

Amplitude @ V)

y = -0.0002x+ 0.3831 x+ 33933
R =08625 .

Fig. 7 aHistology of the retina and sclera around the electrode. The
retina shows no significant damage around the area attached to the
array. Degeneration and vacuolization cannot be seen in the sclera
and retina. The arrow shows the edge of the scleral pocket. R Retina,
C choroids, S sclera. HE staining, x200. b A photograph of elec-
trode array surface by scanning electron microscopy. The arrow-
heads point to the electrode surface. There is no deterioration such
as cracks on the electrode, only dried crystals (arrow) of tissue fluids
beside the electrode

responded with the scleral pocket, no significant tissue
damage was observed in the sclera (Fig. 7a).

Scanning electron microscopic examination of the elec-
trode also showed no evidence of electrode deterioration
such as cracks on the electrode surface but only dried crys-
tals of tissue fluids beside the electrode (Fig. 7b).

Discussion

In this study, we implanted a multichannel electrode array
into the sclera. The implantation of electrodes intrasclerally
was not difficult, and neither retinal hemorrhage nor retinal

400 800

Current (cA)

600
(n=6)

detachment was observed during or after the surgery, which
suggests the safety of the surgical procedures.

The rabbit retina could be stimulated by STS using elec-
trical currents from multichannel electrodes. The threshold
charge for eliciting EEP was 27.5 nC, which is equivalent to
a charge density of 56.0 uC/cm?. Hurnayun et al. reported
that a charge density of 8.92—11.9 uC/cm? was required to
elicit EEPs from rabbits with epiretinal electrodes [6]. In
experiments on cats, Dawson and Radtke found a threshold
charge density of 30.5 uC/em? [4]. Chow and Chow im-
planted their electrodes subretinally in rabblts and reported
a threshold charge density of 2.8 nC/cm? to elicit EEPs [2].
Although the distance from the electrodes to the retina
was farther for our transscleral electrodes than for epi- or
subretinal electrodes, the threshold charge density to elicit
EEPs was comparable with the other electrode placements.

After changing the polarity to outward currents, the mean
threshold was elevated to 75.0 A (37.5 nC), which was
higher than that for inward currents. This finding is con-
sistent with our previous reports that the threshold of in-
ward currents was lower than that of outward currents to
elicit EEPs in rats [9].

McCreery et al. reported that the electric charge which can
elicit EEPs without damaging the neural tlssue was 50 nC or
an electrical charge density of 10 puC/cm? [12]. This is
thought to be the borderline for chronic clinical stimulation;
thus, it was recommended that the stimulating electrical
current be kept below this charge density. For our system,
the electrical charge current was at the upper limit of this
borderline, but the charge density exceeded the borderline.
Our stimulation method was not a direct stimulation of
neural tissue, but an indirect transretinal stimulation. There-
fore, the limit of electrical charge density may be expected to
be higher than that with direct retinal stimulation.

The retinal origin of EEPs evoked by STS is still un-
known. Our previous report [9] showed that STS elicited
EEPs without photoreceptors in RCS rat, suggesting that



174

STS can stimulate the inner retinal neurons. In this study,
paying attention to the implicit time of the first EEP peak
(Py) was shorter than that of the first VEP peak (P,;),
which suggested that the neuronal processes underlying
EEPs by our method were faster than those involved in
light stimulation. This shorter implicit time suggests again
that STS had elicited EEP by stimulating the inner layers
of normal rabbit retina,

The EEP waveforms elicited by intrascleral stimulation
were similar to the EEPs elicited by subretinal stimulation
[2, 14] or by epiretinal stimulation [13, 16]. They all had
several fast wavelets followed by a large slow wave with
a latency around 100 ms. Thus, we conclude that we can
stimulate the same neural components by intrascleral trans-
retinal stimulation as by epi- or subretinal stimulation.

Gur histopathological examinaticns showed that no ob-
vious damage occurred at the light-microscopic level in
the retinal and scleral tissues with the electrical currents
used in these acute experiments. Scanning electron micros-
copy showed no deterioration such as cracks on the used
electrode surface. These results showed that the threshold
of electric current was low enough to preserve the retinal
tissue, and that our stimulating method was also safe.

Although some researchers have reported that the epi-
retinal [15] and subretinal [3] methods are safe for the retinal
tissue, subretinal implantation can cause damage to the outer
segments of photoreceptors [14] and induce glial prolifer-
ation when chronically implanted [17]. Epiretinal implanta-
tion can cause damage around the area of the retinal plug [ 10,
15], or may be unstable without the use of special devices to
fix the electrodes [18]. Our method, on the other hand,
requires only scleral surgery and there is no direct invasion
of retinal tissue. This simplicity makes the intrascleral elec-
trode insertion a safe and promising method.

In conclusion, our novel surgical procedure, an intra-
scleral implantation method for STS, represents a safe
method for implanting an electrode array in rabbit eyes.
EEPs were elicited from the visual cortex with a low elec-
trical current, and the tissue damage was minimal around
the electrode. In the future, this method has a potential of
increasing the number of electrodes. However, additional
studies are necessary to determine the spatial resolution and
the long-term effects on the surrounding tissues.
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Transcorneal Electrical Stimulation Rescues M@%@M@ﬁ
Retinal Ganglion Cells by Activating Endogenous

Retinal IGF-1 System

Takeshi Morimoto,"** Tomomiisu Miyoshi,* Satoshi Maisuda,® Yasuo Tano,?

Takashi Fujikado,> and Yutaka Fukuda

Purrose. To investigate the effect of transcorneal electrical
stimulation (TES) on the survival of axotomized RGCs and the
mechanism underlying the TES-induced neuroprotection in
vivo.

Meraops. Adult male Wistar rats received TES after optic nerve
(ON) transection. Seven days after the ON transection, the
density of the surviving RGCs was determined, to evaluate the
neuroprotective effect of TES. The levels of the mRNA and
protein of insulin-like growth factor (JGF)-1 in the retina after
TES were determined by RT-PCR and Northern and Western
blot analyses. The localization of IGF-1 protein in the retina was
examined by immunohistochemistry.

Resurrs. TES after ON transection increased the survival of
axotomized RGCs in vivo, and the degree of rescue depended
on the strength of the electric charge. RT-PCR and Northern
and Western blot analyses revealed a gradual upregulation of
intrinsic IGF-1 in the retina after TES. Immunohistochermical
analysis showed that IGF-1 immunoreactivity was localized
initially in the endfeet of Miiller cells and then diffused into the
inner retina.

Concuusions. TES can rescue the axotomized RGCs by increas-
ing the level of IGF-1 production by Miiller cells. These findings
provide a new therapeutic approach to prevent or delay the
degeneration of retinal neurons without the administration of
exogenous neurotrophic factors. (Invest Ophthalimol Vis Sci.
2005;46:2147-2155) DOL:10.1167/i0vs.04-1339

Enjury to retinal ganglion cells (RGCs) causes functional loss
of vision that is irreversible because of the limited axonal
regeneration of RGCs." Although much research has been
performed on the effect of injuries to neurons of the central
nervous system (CNE) and on potential therapeutic strategies
to promote axonal regeneration, a complete functional recov-
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ery has not been achieved and remains a major goal of this area
of research.?

Axotomy of RGCs has been widely used as an experimental
method to investigate whether different agents can protect the
RGCs from apoptosis. In rats, axotomy of the RGCs by optic
nerve (OIN) transection induces apoptosis and results in rapid
loss (within 2 weeks) of 85% of the RGC population.®* To
protect RGCs from this death, many attempts have been made
to administer drugs or genes expressing various neurotrophic
factors.®!! These trials, however, have had limited success,
and many obstacles and negative side effects have arisen that
have prevent widespread clinical application of these methods.
Thus, it is necessary to devise other treatments using new
therapeutic strategies to find a better method to protect dam-
aged RGCs.

Recently, we discovered that direct electrical stimulation of
the transected ON increases the survival of axotomized RGCs
in vivo.'* The protective effect of ON electrical stimulation
(ONES) suggests that electrical stimulation of neural tissues
may be a strategic approach to treat injured axons in the visual
pathway. ONES is, however, too invasive to be clinically appli-
cable, and so we tried transcorneal electrical stimulation (TES),
which is known to activate inner retinal neurons and to evoke
light sensations or phosphenes, in human®® and animal'®3
eyes. Its neuroprotective effect, however, has not been examined.

The purpose of this study was to evaluate the effect of TES
on the survival of axotomized RGCs in vivo and to determine
the mechanism of how TES protects axotomized RGCs. Be-
cause it has been reported that the expression of neurotrophic
factors can be altered by electrical or physiological stimuli in
vivo, ¢ 1° we hypothesized that TES upregulates some neuro-
trophic factors and/or their receptors in the retina. The results
show that the level of insulinlike growth factor (IGF)-1 in-
creased in the retina after TES and identified Miiller cells as the
source of IGF-1.

Marteriars anp MEerTsODS

Experimental Animals

Adult male Wistar rats (230 -270 g) were obtained from SLC Japan, Inc.
(Shizucka, Japan). All experimental procedures were performed in
accordance with the ARVO Statement for the Use of Animals in Oph-
thalmic and Vision Research and were approved by the Animal Re-
scarch Committee, Osaka University Medical School. The animals were
anesthetized with intraperitoneal pentobarbital (50 mg/kg body
weight) for all surgical procedures.

Retrograde Labeling of RGCs

To identify RGCs from other retinal cells, they were retrogradely labeled
with a fluorescent tracer (Fluorogold [FG]; Fluorochrome Inc., Engle-
wood, CO). A small sponge soaked in 2% FG (in 0.9% NaCl containing 10%
dimethyl sulfoxide) was placed on the surface of both superior colliculi
after opening the skull dorsal to the lambda fissure.>71?
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ON Transection

Seven days after retrograde labeling, the left ON was transected as
described in detail elsewhere >%!? Briefly, a skin incision was made
through the left eyelid close to the superior orbital rim, and the orbit
was opened. After the superior extraocular muscles were spread, the
ON was exposed by a longitudinal incision of the orbital retractor
muscle and perineurium. The ON was transected approximately 3 mm
from the posterior pole of the eye, with care taken not to damage the
retinal blood circulation.

Transcorneal Electrical Stimulation

For electrical stimulation, a noninvasive bipolar contact lens electrode
with an inner and outer ring that served as the stimulating electrodes
(Kyoto Contact, Kyoto, Japan) was used. Under corneal surface anes-
thesia by 0.4% oxybuprocaine HCl in addition to systemic anesthesia,
the contact lens electrode was placed on the cornea of the eye in
which the ON had been transected. Hydroxyethylcellulose gel (1.3%)
was applied for corneal protection and for tight adhesion of the
electrode to the cornea.

The electrical stimuli consisted of 20 Hz, biphasic rectangular
current pulses (100 pa) that were delivered from an isolated constant-
current stimulator (Stimulator, SEN-7203; Nihon Kohden, Tokyo, Ja-
pan; Isolator, A395R; World Precision Instruments, Sarasota, FL). The
electrical stimulation lasted for 1 hour. To evaluate the neuroprotective
effect of TES, the pulse duration of electric current was varied from 0
(sham stimulation) to 3 ms/phase. TES was commenced immediately
after ON transection.

Quantification of RGC Density

Seven days after ON transection, rats received an overdose of pento-
barbital and were perfused transcardially with saline followed by 4%
paraformaldehyde (PFA) in 0.1 M phosphate buffer (PB). Both eyes
were enucleated, and the retinas were isolated and flatmounted on
glass slides. The retinas were examined under a flnorescence micro-
scope (Axioskop; Carl Zeiss, Oberkochen, Germany) with a UY filter
(365 nm). The number of FG-labeled neurons was counted in 12 arcas
(0.5 mum? each) at distances of 1, 2, and 3 mm from the optic disc along
the nasotemporal and dorsoventral midlines (upper, lower, nasal, and
temporal direction). The density of surviving RGCs was calculated
from the number of FG-labeled neurons counted in the 12 areas. The
data are reported as the mean * standard deviation.

The statistical significance of differences was determined by one-
way ANQVA followed by the Tukey test. Statistical significance was sct
at £ < 0.05.

RNA Exiraction, RT-PCR, and Northern
Blot Analysis

Eyes without ON transection underwent TES for 1 hour, and were
removed at different selected time points from 1 hour to 10 days. The
retinas were dissected from the eyes in a shallow bath of cold phos-
phate buffered saline (PBS) and were stored at —80°C until use. Total
RNA was then extracted (RNeasy Mini Kit; Qiagen, Hilden, Germany)
from pooled retinas and quantified (Gene Quant II; Amersham Phar-
macia Biotech, Piscataway, NJ), as previously described.*®

RT-PCR and Northern blot analysis were performed as previously
described.?* For RT-PCR, 5 ug of total RNA was reverse transcribed
using oligo (dT) reverse transcriptase (Ready-To-Go You-Prime First-
strand Beads; Amersham Biosciences). The ¢DNAs were amplified for
25 to 30 cycles of 30 seconds at 95°C, 30 seconds at 55°C, and 60
seconds at 72°C. The sequences of the primers used were: IGF-1
forward, 5 "-TGGACGCTCTTCAGTTCGTG-3', reverse, 5'-GTTTCCTG-
CACTTCCTCTAG3'; IGF-1R forward, 5-CAGCTGCAACCACGAGG
CTG-3', reverse, 5-GGTTCACAGAGGCGTACAGC3'; BDNF forward,
5 AGAGCTGCTGGATGAGGACC3', reverse, 5-CCAGTGCCTTTTIGTC-
TATCG-3"; TrkB forward, 5'-CTTGGAGAAGGAGCCTTTGG-3', reverse,
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5 .CAACCCGGTAGTAGTCGGTG-3'; bFGF forward, 5-CGGCAGCAT-
CACTTCGCTTCY, reverse, 5-CAGTATGGCCTTCTGTCCAG3'; FGFR-1
forward, 5-ACCTGATCTCGGAGATGGAG-3', reverse, 5 -TGGTGGGT-
GTAGATCCGGTC3'; CNTF forward, 5-TGAGGCAGAGCGACTCCA-
AG-3, reverse, 5'-GCTCTCAAGTGCTGAGATTC3'; CNTFR forward,
5" TTGGGTCACAACACCACGGCS', reverse, 5'-CCAAGGAGCTGGTG-
GTGCTG-3"; and Bactin forward, 5-TGCCCATCTATGAGGGTTA-
CG3', reverse, 5 TAGAAGCATTTGCGGTGCGGTGCACG-3 .

For Northern blot analysis, total RNA (10 ug) was isolated from the
retina at each time point by electrophoresis on 1.0% agarose-formal-
dehyde gels and transferred overnight onto polyvinylidene difluoride
(PVDF) membranes (Millipore Corp., Bedford, MA). The membranc
was prehybridized for 1 hour at 65°C in hybridization buffer (0.9 M
NaCl, 90 mM sodium citrate [pH 7.0]) containing 5X Denhardt’s
solution, $DS (0.3%), and hecat-denatured salmon sperm DNA (100
ng/mL). The cDNA probe was radiolabeled with [32P]dCTP (NZ522;
PerkinElmer Life and Analytical Sciences, Boston, MA, with the Ran-
dom Primer DNA Labeling Kit, ver. 2; Takara Bio, Shiga, Japan). After
hybridization overnight at 65°C in hybridization buffer containing
radiolabeled cDNA probe (5 ng/ml), filters were washed twice with
2X §8C, 0.5% SDS and 0.2X $5C, 0.5% SDS for 60 minutes at 65°C,
exposed to xray film (Fuji Film, Kanagawa, Japan), and subjected t0
autoradiography. Autoradiograms were quantified by image analysis
(Scion Image; Scion Corp., Frederick, MD). The relative expression
levels of IGF-1 mRNA in the retinas after TES were compared with the
expression in the control retina, which was normalized to 1.0. Dara
from three independent experiments are given as the mean = 8D.

Western Blot Analysis

Total retinal proteins were extracted from eyes at each time point after
TES and were assessed by Western blot analysis, as previously de-
scribed.?®?® Total protein was extracted with lysis buffer (50 mM
Tris-HCI [pH 7.4]); 0.5% deoxycholate, 1% Triton X-100, 1% NP-40, 10
mM NaF, 150 mM NaCl, 20 pg/ml aprotinin, 20 pg/mL leupeptin, 20
ug/ml pepstatin, 0.5 mM phenylmethylsulfonyl fluoride [PMSF], 1 mM
Na;VOy,, 1 mM dithiothreitol, and 10% SDS) on ice for 30 minutes and
centrifuged at 15,000 rpm for 15 minutes at 4°C. The supernatants
were collected, and the protein concentration was determined by the
Bradford protein assay with bovine serum albumin as a standard (Bio-
Rad, Hercules, CA). Total protein (10 pg) was separated by SDS-PAGE
(16% Tris-tricine gel; Invitrogen, Carlsbad, CA) and transferred to a
PVDF membrane (Millipore Corp.).

Membranes were preblocked in 5% noafat milk at room tempera-
ture (RT) for 1 hour and then incubated with primary antibodies of
mouse anti-human IGF-1 (Upstate Biotechnology, Waltham, MA) at a
dilution of 1:1000 in TBS and 0.1% Tween 20 (TBS-T) with 5% nonfat
milk at 4°C overnight. Membranes were washed in TBS-T and incu-
bated with HRP-conjugated goat 1gG secondary antibody against mouse
(Jackson ImmunoResearch, West Grove, PA; 1:1000 dilution in TBST
with 5% nonfat milk) at RT for 1 hour. Labeled proteins were detected
by chemiluminescence (ECL; Amersham, Arlington Heights, IL), and
the chemiluminescence signals were captured on film (Kodak scien-
tific imaging film; Eastman Kodak, Rochester, NY). Densitometric anal-
yses were then performed (Scion Image; Scion Corp.). First, the rela-
tive expression levels of IGF-1 protein were compared with the
expression levels of Bactin in the same retinas. Then the values were
compared with that of the control retina which was normalized to 1.0.
The mean * SD of three independent experiments was used for the
analyses. Experiments for RT-PCR and Northern and Western blot
analyses were performed on specimens collected {rom three animals at
each time point, and the resulits were repeated three times.

Immunohistochemistry

On days 1, 4, 7, or 14 after TES without ON transection, the rats
received an overdose of pentobarbital and were perfused transcardially
with saline, followed by 4% PFA in 0.1 M PB and the eyes immediately
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enucleated. The anterior segment and the lens were removed, and the
remaining eyecup was immersed in the same fixative for 30 minutes at
4°C. The eyecups including the ON were cryoprotected in 10% to 20%
sucrose in PBS for 2 days, embedded in OCT compound (Tissue-Tek;
Ted Pella, Inc., Redding, CA) by snap freezing in liquid nitrogen, and
then sectioned (10 pm). The sections were mounted on slides and
incubated with blocking buffer (PBS containing 5% goat serum, 5%
BSA, and 0.2% Triton X-100) at RT for 1 hour. After three washes in 0.1
M PBS, the sections were incubated overnight at 4°C with a mouse
monoclonal antibody against IGF-1 (1:300 dilution; Upstate Biotech-
nology) and/or a rabbit polyclonal antibody against glutamine syn-
thetase (1:300; Santa Cruz Biotechnology, Santa Cruz, CA) diluted in
PBS containing 0.2% Triton X-100, 5% goat serum, and 5% BSA. The
sections were then rinsed three times in 0.1 M PBS and incubated with
Cy3- and fluorescein isothiocyanate (FITC)-conjugated goat IgG sec-
ondary antibodies (1:200; Jackson ImmunoResearch) at RT for 1 hour,
followed by three rinses with 0.1 M PBS. The sections were mounted
with antifade mounting medium (Vectashield; Vector Laboratories,
Burlingame, CA) and examined with a confocal laser microscope
(LSM510; Carl Zeiss Meditec).

Administration of IGF-1R Antagonist

JB-3, a selective antagonist for IGF-1R, is a cyclic D-amino acid peptide
analogue of the D domain of IGF-1 (CYAAPSAYLKPC).?42% JB-3 was
synthesized nonbiologically by Sigma Genosys Japan (Hokkaido, Ja-
pan). A subcutaneous injection of JB-3 has been shown to inhibit the
activity of retinal IGF-1 action in a retinal neovascularization model.?4

After ON transection, 200 pL of JB-3 solution was dissolved in 0.1
M PBS and was injected intraperitoneally every day for 1 week. For the
control, PBS alone was injected. The dose of JB-3 was obtained from
the protocol described by Smith et al.>* This dosage schedule achieved
a systemic dose of JB-3 of 10 ug/kg or 100 ug/kg per day, for 6 days.

REesvuLTS

TES and the Survival of Axotomized RGCs In Vivo

Seven days after the retrograde labeling of the RGCs with FG,
the left ON was transected, and TES was immediately applied
for 1 hour. The rats were killed 7 days later, and the effect of
the TES on the survival of axotomized RGCs was examined in
flatmounts of the retina (Fig. 1). In intact control retinas,
FG-labeled RGCs were recognized by the fine spots of fluores-
cence in the perinuclear cytoplasm and proximal dendrites
(Fig. 1A). The mean RGC density in the intact control retinas
was 2346 + 175 cells/mm? (mean * SD; n = 12; Fig. 2).

Seven days after ON transection and without TES, the num-
ber of FG-abeled RGCs was markedly reduced; they were
irregularly shaped, and debris of dead RGCs were present (Fig.
1B). The mean RGC density had decreased to 54% of normal (n
= 8).

The mean RGC density in the sham electrical stimulation
was 53% (n = 6) of the control retinas. This reduction was not
significantly different from that in the eyes with ON transection
and without TES. In contrast, retinas that had received TES had
many more surviving RGCs than those without electrical stim-
ulation (Fig. 1C). The increase in the densities of RGCs de-
pended on the pulse duration of electric current. TES of 0.5-
ms/phase pulse duration significantly increased the number of
RGCs (70% of the normal density; # = 6, P < 0.05). In addition,
TES of 1- and 3-ms/phase pulse duration further increased the
density up to 85% and 83%, respectively, of normal (z = G,
each; Fig. 2). The shapes of surviving RGCs were similar to
those of the RGCs in the intact retinas. During the course of
these experiments, cataracts or corneal opacities were not
developed under surgical microscope in all rats. Fundus exam-
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FIGURE 1.

Representative photomicrographs of retrogradely-labeled
RGCs in corresponding regions (approximately 1 mm from the optic
disc) of flat-mounted retinas. (A) FG-labeled RGCs in intact control
retina. (B) RGCs in the retina 7 days after ON transection without TES.
(C) RGCs after ON transection with TES (1 ms/phase). More regularly
shaped RGCs were scen in the retina after TES than in those without
TES. Scale bar, 25 pm.

ination was performed at the end of TES, but neither retinal
detachment nor vitreous hemorrhage occurred in all rats.

Increase in Level of IGF-1 after TES

We hypothesized that the neuroprotective effect of TES results
from increasing the level of some neurotrophic factors or their
receptors in the retina. To test this hypothesis, we examined
which genes of the principal neurotrophic factors and their
receptors were upregulated after TES (100 pA, 1 ms/phase, 20
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FiGure 2. The neuroproteciive effects of TES on the axotomized
RGCs 7 days after ON transection depended on the pulse duration. The
density of the FG-labeled RGCs per square millimeter is given as the
mean * SD. Seven days after ON transection, the density of the RGCs
decreased to 54% of the control (Cut group). In the sham-treated
animals (no electrical stimulation after ON transection), the density
decreased to 53% of that of the intact control retina (Sham group). The
RGC density in all three groups with TES (0.5, 1, and 3 ms/phase pulse
duration) was significantly increased compared with that in the sham
group. Statistical analysis was made by one-way ANOVA followed by
the Tukey test (P < 0.01, *P < 0.05 compared with sham).

Hz, 1 hour) without ON transection. RT-PCR was used to
survey the changes in the mRNA expressions of the following
neurotrophic factors and receptors: BDNF and its receptor
TrkB; CNTF and CNTF receptor-o (CNTFRa); bFGF and FGF
receptor-1 (FGFR-1); and IGF-1 and IGF-1 receptor (IGF-1R).

RT-PCR analysis showed that the expression level increased
for only the mRNA of IGF-1, and the expression of the mRNA
of the other neurotrophic factors and receptors did not change
significantly (Fig. 3A). RT-PCR of IGF-1 mRNA also showed that
its level of expression depended on the pulse duration of the
TES (Fig. 3B). The expression of IGF-1 mRNA in the retina with
1-ms/phase pulses of TES was higher than that with 0.5-ms/
phase on day 2 after TES, and this difference was maintained
for at least 7 days.

A quantitative analysis of the changes of IGF-1 mRNA ex-
pression was also performed by Northern blot analysis at dif-
ferent times, ranging from 1 hour to 10 days after TES. North-
ern blot analysis showed that the level of mRNA of IGF-1 in the
retina gradually increased from day 1 and reached a peak at day
7 (203% of the level of the intact control retina) and remained
elevated even at day 10 after TES (Figs. 3C, 3D).

Western blot analysis was also used to determine the level
of IGF-1 protein from day 1 to day 14. The level of IGF-1
protein was already increased on day 1 and reached its peak of
189% of the intact control on day 7. The elevated level was still
present on day 10, confirming the results obtained from North-

P
>

FiGURE 3. Expression of IGF-1 mRNA in the retina after TES. (A)
RT-PCR analyses for four kinds of neurotrophic factors and receptors at
different times ranging from 1 hour to 7 days after TES without ON
transection. The data labeled “C” are from intact control retina. (B)
Electrical current pulse duration-dependent upregulation of IGF-1
mRNA expression by RT-PCR analysis. RT-PCR for B-actin mRNA con-
firmed that equivalent amounts of RNA were used. (C) Northern blot
analysis of IGF-1 mRNA in the retina (¢op). RNA loading was measured
by gel staining with ethidium bromide (bottom). (D) Relative expres-
sion level of IGF-1 mRNA in retinas after TES compared with the
control retinas (normalized to 1.0). The mean * SD of data from three
independent experiments is shown.
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FIGURE 4. Expression of IGF-1 protein. (A) Western blot analysis of
IGF-1 protein in the retina (top). B) Relative expression of IGF-1
protein in retinas after TES compared with the contralateral control
retinas (normalized to 1.0). Data from three independent experiments
were averaged and are presented relative to that in the control retinas
(mean * SD).

ermn blot analysis. However, the IGF-1 protein level then de-
creased on day 14 (Fig. 4).

Immunolocalization of IGF-1 in the Retina
after TES

Immunohistochemical studies were performed with IGF-1 an-
tibody, to determine the distribution of IGF-1 protein in the
retina from day 1 to day 14 after TES without ON transection.
In the intact control retina, IGF-1 immunoreactivity was very
weak and restricted primarily to the inner limiting membrane
(LM) and the nerve fiber layer (NFL; Fig. 5A). On day 1 after
TES, intense immunoreactivity for IGF-1 appeared from the ILM
to the ganglion cell layer (GCL). A weak, but detectable, pos-
itive staining was also observed in the inner plexiform layer
(PL) and the inner nuclear layer (INL; Fig. 5B). On day 4, IGF-1
immunoreactivity further expanded, and the radial elements
extending from the ILM to the IPL were stained (Fig. 5C). On
day 7, the staining for IGF-1 was strongest within the inner
retina, and intense staining for IGF-1 was seen in the radial
processes of the ILM through the INL (Fig. 5D). On day 14, the
immunoreactivity for IGF-1 in the inner retina decreased but
IGF-1 signals in the radial processes remained within the NFL
and GCL (Fig. 5E).

IGF-1 in Miiller Cells

To determine whether Miiller cells express IGF-1, additional
immunohistochemical studies were performed on the retina
with antibodies to IGF-1 and glutamine synthetase (GS), a
specific marker for Miiller cells. Miiller cell bodies lie in a
narrow band in the middle of the INL, and their processes span
all cellular and plexiform layers of the retina.?® The coimmu-
nolocalization of IGF-1 (Fig. 5F) and GS (Fig. 5G) was not
strong in the Miiller cells of the intact retina. This indicates that
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IGF-1 was located mainly in the basal endfeet of the Miiller cells
in the intact retina (Fig. SH). On day 7 after TES, IGF-1 immu-
noreactivity appeared in the Miiller cell processes that extend
from the ILM to the OLM and also in the space surrounding
them within the IPL and INL (Figs. 51-K). There was no differ-
ence in GS immunoreactivity between the control retina and
the retina on day 7 after TES. Examination of the retinas at
higher magnification on day 7 after TES showed that strong
immunoreactivity of IGF-1 appeared in the endfeet of the
Miiller cells which surrounded the cells in the GCL (Fig. 5L-N).

We also performed immunohistochemical analysis for glial
fibrillary acidic protein (GFAP) which is expressed in Miiller
cells whenever the retinal neurons are damaged.?”~3° We did
not observe immunoreactivity for GFAP throughout the exper-
imental period, suggesting that TES does not damage the retinal
tissue (data are not shown). In agreement with the results from
Western blot analysis, these results indicated that the IGF-1 is
secreted from Miiller cells and spreads throughout the inner
retina and that TES increases the level of secretion.

Effect of Upregulation of IGF-1 on TES-Induced
Neuroprotection of Axotomized RGCs

IGF-1 is one of the trophic factors that promote the survival of
axotomized RGCs in vivo.’! To determine whether IGF-1 is
involved in the TES-induced neuroprotection, we counted the
number of RGCs that survived after a combined treatment of
TES and JB-3, an IGF-1 receptor antagonist.?*253! JB3 is a
long-acting antagonistic peptide that inhibits interaction be-
tween IGF-1 and IGF-1R and prevents activation of tyrosine
kinase of IGF-1R in a dose-dependent manner.?>>! Daily injec-
tions of low-dose JB-3 (10 pg/kg per day) did not block the
neuroprotective effects of TES, since the mean RGC density at
day 7 after ON transection was 79% in the intact retina (n =4,
which was not significantly different from that after TES and
PBS injection (86%; # = 4; Figs. GA, GB, 7).

However, a high dose of JB-3 (100 pg/kg per day) signifi-
cantly inhibited the neuroprotective effects of TES, as the
number of RGC was reduced to 59% of that in the control
retina (n = 4; Figs. 6C, 7). With JB-3 alone, the number of
surviving RGCs after ON transection (52%; # = 4), was similar
to that with the ON transection without JB-3 (z = §; Fig. 7).
These data showed that the IGF-1 induced by TES plays a key
role in TES-induced neuroprotection of axotomized RGCs.

Discussion

Our results demonstrate that TES markedly increased the num-
ber of surviving axotomized RGCs in vivo, and the degree of
protection was dependent on the strength of the electrical
charge. Our results also show that the mRNA and protein of
IGF-1 gradually increased in the retina during the 7 days after
TES. Immunohistochemical analyses showed that the IGF-1
was located in the endfeet of the Miiller cells, and TES led to a
spread of IGF-1 in the intact retina. Thus, TES activated the
Miiller cells to produce more IGF-1 and release it into the inner
retina. A blocking of the IGF-1R by JB-3 reduced the degree of
neuroprotection by TES on the axotomized RGCs. Thus, TES
activates an intrinsic retinal IGF-1 system that then rescues the
axotomized RGCs.

IGF-1 as a Key Molecule for
TES-Induced Neuroprotection

The upregulation of IGF-1 by the TES proved to be a crucial
factor in neuroprotection. To the best of our knowledge, this
is the first in vivo demonstration that a neurotrophic factor can
be upregulated by electrical stimulation and can then lead to
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neuroprotection. Until now, it has been reported that electrical stimulation has been shown to upregulate BDNF and TrkB
or natural stimulation can modify the expression of neurotro- ~ mRNA in various neurons.*®*” The mRNA levels of BDNF or
phic factors or their receptors in neural tissue. Thus, electrical TikB in the rat visual cortex were increased by light stimula-



JOVS, June 2005, Vol. 46, No. 6

tion.'®'® In addition, it has been demonstrated that light-
induced damage or mechanical injury to the retina elevates the
expression of bFGF and CNTF.*”*® Because various neurotro-
phic factors and their receptors are known to exist in the
retina,>**73 all of them can be upregulated in the retina by
different types of stimuli. However, IGF-1 was specifically up-
regulated in the retina by TES.

We have shown an upregulation of IGF-1 by Northern and
Western blot analyses and immunohistochemistry. We
screened for BDNF, CNTF, and bFGF and their receptors in
addition to IGF-1 and IGF-1R by RT-PCR, but other neurotro-
phic factors or receptors may also have contributed to the

FIGURE 6. Effect of the IGF-1 receptor antagonist JB-3 on neuropro-
tection by TES. FG-labeled RGCs in the retina 7 days after ON transec-
tion. (A) Combined treatment with TES and injection of PBS. Com-
bined treatment with TES and daily intraperitoneal injection of (B) 10
ug/kg or (C) 100 pg/kg JB-3. Scale bar, 25 pm.
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Ficure 7. Quantitative analysis of the density of surviving RGCs after
daily intraperitoneal injections of JB-3 (dose, in micrograms per kilo-
gram per day, shown in parentheses) 7 days after ON transection (72 =
4 for each group). Although daily injection of 10 pg/kg JB-3 with TES
did not alter the number of surviving RGCs when compared with the
treatment combining TES with daily injection of PBS, daily injection of
100 pg/kg JB-3 significantly decreased the number of RGCs. Daily
injection of 100 ug/kg without TES, however, did not alter the number
of RGCs, compared with ON transection without injection of JB-3 (ON
cut). *Statistical significance compared with PBS (P < 0.05; one-way
ANOVA followed by the Tukey test).

neuroprotective effects of TES. In addition to the possible
upregulation of neurotrophic factors and/or receptors, TES can
depolarize the RGCs directly. It has been reported that the
neural activity of RGCs increases their sensitivity to peptidic
neurotrophic factors.*®>” We observed that TES of 100 A at 1
ms/phase, which had been shown to rescue the axotomized
RGCs, was also able to evoke electrical responses in the supe-
rior colliculus (data not shown). Thus, we cannot rule out the
possibility that the electrical activation of the RGCs may have
contributed to the effect of IGF-1. However, the systemic
administration of JB-3 almost completely inhibited the TES-
induced neuroprotection. This clearly shows that IGF-1 is es-
sential for TES-induced neuroprotection, even though some
other mechanisms may contribute to the effect of IGF-1.

We have demonstrated that electrical stimulation of the
stump of the transected ON promoted the survival of axoto-
mized RGCs,'? and the present study showed that TES, which
is less invasive than stimulation of the transected ON, also
protects axotomized RGCs from apoptosis. The effect of TES is
comparable to that of electrical stimulation to the transected
ON.'? The extent of the neuroprotective effect of TES is also
similar to that of intravitreal application of neurotrophic fac-
tors.®7 The strong effect of TES can be explained by the fact
that it upregulated the expression of IGF-1 in the retina for
more than 7 days.

Intrinsic Retinal IGF-1 System

IGF-1 has been reported to promote the survival, differentia-
tion, and proliferation of retinal neurons.>® More specifically,
IGF-1 has been reported to promote the survival of injured
RGCs, both in vivo'! and in vitro.>¢ In this study, we showed
that IGF-1 was recruited from Miiller cells by TES and was
released to rescue the axotomized RGCs near the Miiller cells.

Autocrine-paracrine IGF-1 systems have been reported to
exist in the retina.?>?°~%? IGF-1 mRNA was shown to be
localized in the GCL in the intact rat retina by in situ hybrid-
ization analysis.>® In contrast, Miiller cells express IGF-1 mRNA
in vitro.*> What retinal cells produce and how IGF-1 moves in
vivo have not been determined. In the present study, immu-
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nohistochemical analyses showed that Miiller cells contained
small amounts of IGF-1 in their endfeet before TES and that,
after TES, Miiller cells were activated to increase the level of
IGF-1. Our study provides in vivo evidence that the intrinsic
IGF-1 paracrine system is in the Miiller cells.

The mechanism of the activation of production of IGF-1 by
TES has not been determined. It was reported that the regula-
tion of the expression of trophic factors in neurons is clearly
linked to their electrical activity. Activation of Ltype voltage
sensitive Ca®" channels or the non-/V-methyl-p-aspartate
(NMDA) subtype of glutamate receptor leads to an enhance-
ment of BDNF mRNA levels in hippocampal neurons***5 and
in cortical neurons.**” Similarly, the mechanism for the in-
creased levels of IGF-1 in this study may be related to the
electrical activity of retinal neurons and/or glial cells. Further
experiments are needed to elucidate this mechanism in detail
so that techniques can be designed to stimulate the control
glial cells to produce more neurotrophic factors by electrical
stimulation.

TES as a New Clinical Technique

Our findings allow us to propose electrical stimulation as a new
therapy that activates the intrinsic neuroprotective system.
Until now, intravitreal injection or gene transfer of exogenous
neurotrophic factors have been used to rescue degenerating
retinal neurons®™'* to provide sustained trophic support. With
these methods, however, it is still difficult to deliver exogenous
neuroprotective agents chronically into retinal neurons in pa-
tients. In addition, intravitreal injection of such neuroprotec-
tive agents may cause ocular side effects such as cataract or
endophthalmitis. In contrast, TES can control the synthesis of
IGF-1, one of the endogenous neurotrophic factors that can
then have a neuroprotective effect. This electrical stimulation
therapy is simple and less invasive, and ocular side effects were
not observed after TES during the course of the study. TES may
also have therapeutic or preventive potential in progressive
diseases of RGCs, including glaucomatous optic neuropathy.
We are now designing a clinical trial using TES for optic
neuropathies that are difficult to treat by present methods.

In conclusion, our results showed that TES leads to the
upregulation and release of IGF-1 in Miiller cells and, conse-
quently, protects the RGCs from secondary cell death after ON
transection. Miiller cells play an important role in neuropro-
tection, as well as a housekeeping role that maintains the
integrity and the normal function of the retina.
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Abstract

Background To determine the efficient parameters to evoke
electrical phosphenes is essential for the development of a
retinal prosthesis. We studied the efficient parameters in
normal subjects and investigated if suprachoroidal-transretinal
stimulation (8T8) is effective in patients with advanced
retinitis pigmentosa (RP) using these efficient parameters.
Methods The amplitude of pupillary reflex (PR) evoked by
transcorneal electrical stimulation (TcES) was determined at
different frequencies in eight normal subjects. The relation-
ship between localized phosphenes elicited by transscleral
electrical stimulation (TsES) and the pulse parameters was
also examined in six normal subjects. The phosphencs
evoked by STS were examined in two patients with RP
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with bare light perception. Biphasic pulses (cathodic first,
duration: 0.5 or 1.0 ms, frequency: 20 Hz) were applied
through selected channel(s). The size and shape of the
phosphenes perceived by the patients were recorded.
Results The maximum PR was evoked by TcES with a
frequency of 20 Hz. The brightest phosphene was elicited
by TsES with a pulse train of more than 10 pulses, duration
of 0.5-1.0 ms and a frequency of 20 to 50 Hz In RP
patients, localized phosphenes were elicited with a current
of 0.3~0.5 mA (0.5 ms) in patient 1 and 0.4 mA (1.0 ms) in
patient 2. Two isolated or dumbbell-shaped phosphenes
were perceived when the stimulus was delivered through
two adjacent channels.

Conclusion Biphasic pulse trains (=10 pulses) with a
duration of 0.5-1.0 ms and a frequency of 20-50 Hz were
efficient for evoking phosphenes by localized extraocular
stimulation in normal subjects. With these parameters, STS
is a feasible method to use with a retinal prosthesis even in
advanced stages of RPs.

Keywords Artificial retina - Retinitis pigmentosa -
Phosphene - Pupillary reflex - Suprachoroidal-transretinal
stimulation

Introduction

Retinitis pigmentosa (RP) is one of the leading causes of
blindness in developed countries and is characterized by a
progressive degeneration of photoreceptors [15, 20]. In the
advanced stage, RP patients have little or no functional
vision. To restore some vision of these patients, the strategy
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of stimulating the residual retinal neurons by a retinal
prosthesis is being extensively studied [14, 31]. Various
types of retinal or optic nerve prostheses have been
developed, and these have been tested in animals [I, 4, 8,
10, 13, 25, 29, 30] and patients [2, 3, 7, 23]. A typical
retinal prosthesis consists of an array of electrodes that is
implanted above or beneath the retina and is used to deliver
electrical stimulation to the retina to evoke a light sensation
called phosphenes.

We have developed a new approach for stimulating the
retina called suprachoroidal-transretinal stimulation (STS)
[10, 19]. In this method, the retinal prosthesis is placed in a
scleral pocket and the reference electrode is inserted into
the vitreous. Although the distance between electrodes and
the retina is not close compared with other types of artificial
retinas, the transretinal currents can stimulate the retina
effectively, and the threshold current to evoke electrically
evoked potentials by STS is comparable to that by other
electrodes [19].

The success of retinal prosthesis to restore vision
depends on the presence of physiologically intact retinal
ganglion cells (RGCs) that can transmit visual signals to the
brain. Morphometric studies of the retinas in RP patients
have shown that some of the RGCs are surviving [5, 24,
27]. Postmortem studies of RP eyes have shown that the
number of RGC was approximately 30% of that in normal
age-matched eyes in the macular area, but only 20% in
extramacular regions [5, 24].

Several groups, [16, 21] including our laboratory, have
used transcorneal electrical stimulation (TcES) to estimate
the residual function of RGCs by the threshold current to
evoke phosphenes in RP patients, and our studies have
shown that the threshold current to elicit phosphenes was
significantly higher in a group of RP patients than in
normal subjects [17]. .

Before investigating the effectiveness of using the STS
method to stimulate the retina of RP patients, the efficient
parameters to evoke phosphenes by electrical pulses should
be determined in normal subjects. This was necessary
because it might be difficult to determine the most efficient
parameters and retinal loci that would respond to the STS
stimulation in RP patients under the acute circumstances of
acute experiment. Although the population of retinal
neurons that are activated by electrical stimulation could
be different between normal subjects and RP patients, the
evaluation of efficient parameters in normal subjects should
be valuable as a preclinical experiment.

For this, we first studied the effect of the frequency of
the TcES stimuli on the pupillary constriction in normal
subjects. From this, the efficient frequency to stimulate the
retina was determined objectively.

Next, we investigated the effect of localized transscleral
electrical stimulation (TSES) on eliciting phosphenes in
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normal subjects to determine the efficient parameters for
localized transretinal stimulation. Finally, using these
efficient parameters, we investigated the effectiveness of
the STS method to elicit phosphenes in two legally blind
patients with RP.

Subjects and methods
Normal subjects and retinitis pigmentosa patients

Eight volunteers (34+6 years; mean age = SD) with no
ocular disorders were enrolled in the TcES study, and six
other volunteers (4249 years) with no ocular disorders
were enrolled in the TSES study.

Two patients (both 65 years old) with RP were studied.
The diagnosis was confirmed by independent ophthalmo-
logical and ERG examinations.

All subjects and patients gave an informed consent afler a
full explanation of the purpose of this study and the procedures
to be used. They were free to withdraw at any time. This study
adhered to the Declaration of Helsinki and was approved by
the Ethics Committee of Osaka University Hospital.

Transcorneal electrical stimulation

Before the TcES, the cornea was anesthetized with 0.4%
oxyburocaine hydrochloride, and the cornea was covered
with 3% hyaluronic acid and 4% chondroitin sulfate
(Viscoat, Alcon Japan Ltd., Tokyo, Japan) to protect it
from mechanical injury by the contact lens electrode. After
a dark-adaptation period of 15 min, a concentric, bipolar
contact lens electrode (Burian-Allen; Hansen Ophthalmic
Laboratories, lowa City, IA) was placed on the cornea, and
electric current pulses (20 pulses) were delivered from a
stimulator SEN-7203 (Nihonkoden, Tokyo, Japan) and
stimulus isolator unit A395 (WPL, Sarasota, FL) through
the two electrodes embedded in the contact lens (Fig. 1a).

The electrical stimuli were rectangular, with a train of 20
biphasic (anodic first) pulses of 10 ms duration without an
interpulse delay (Fig. la). These parameters that elicited
phophenes effectively were chosen based on the results of
psychophysical experiments on normal volunteers (Matsushita
K et al., ARVO abstract 2003). The current intensity ranged
from 25 pA to 250 pA, and the frequency ranged from 5 Hz
to 50 Hz.

Recording pupillary constriction

An infrared pupillometer, the IRISCORDER C7364
(HAMAMATSU, Hamamatsu, Japan), was used to record
the pupillary responses evoked by light stimuli and by
TcES. The subjects wore a goggle equipped with an





