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CURRENTLY ACTIVE INTERNATIONAL VISION PROSTHESIS GROUPS

Boston Retinal Implant Project
Boston/Cambridge, Massachusetts

lllinois Institute of qy

Chicago, lllinois LGN Visual Prosthesis

Harvard Medical School/
Massachusetts General Hospital

Stanford University,
Palo Alto, California
(affiliated with Pixium, France)

Second Sight Medical
Products Inc.
Sylmar, California

Arizona State University,
Phoenix, Arizona

CORTIVIS,

Ligon Research Center of Vision
Detroit, Michigan

Neural Rehabilitation
Engineering Laboratory
Brussels, Belgium

3-D Stacked Retinal Prosthesis
Tohoku University, Japan

Alicante, Spain

Nano Bioelectrics and Systems Research Center
Seoul, South Korea

Biohybrid Retinal Implant
Tokyo, Japan

Intelligent Medical Implants (IMI)
Bonn, Germany
with Pixium, France)

Retina Implant GmbH
Tuebingen/Reutling
hi

National Tsing Hua
University,
Taiwan

en, Y
Japanese Artificial
Vision Project
Osaka, Japan
C-Sight:
Chinese
Project for
Okayama University
J Okayama, Japan

&

Monash Vision Group,

Maltoumme A lia Bionic Vision Australia

Melbourne/Sydney/Canberra,
Australia
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Abstract

Transcorneal electrical stimulation (TES) activates retinal neurons leading to visual sensations. How the retinal cells are
activated by TES has not been definitively determined. Investigating the reflectance changes of the retina is an established
technique and has been used to determine the mechanism of retinal activation. The purpose of this study was to evaluate
the reflectance changes elicited by TES in cat eyes. Eight eyes of Eight cats were studied under general anesthesia. Biphasic
electrical pulses were delivered transcornealy. The fundus images observed with near-infrared light (800-880 nm) were
recorded every 25 ms for 26 s. To improve the signal-to-noise ratio, the images of 10 consecutive recordings were averaged.
Two-dimensional topographic maps of the reflective changes were constructed by subtracting images before from those
after the TES. The effects of different stimulus parameters, e.g., current intensity, pulse duration, frequency, and stimulus
duration, on the reflective changes were studied. Our results showed that after TES, the reflective changes appeared on the
retinal vessels and optic disc. The intensity of reflectance changes increased as the current intensity, pulse duration, and
stimulation duration increased (P<<0.05 for all). The maximum intensity of the reflective change was obtained when the
stimulus frequency was 20 Hz. The time course of the reflectance changes was also altered by the stimulation parameters.
The response started earlier and returned to the baseline later with higher current intensities, longer pulse durations, but
the time of the peak of the response was not changed. These results showed that the reflective changes were due to the
activation of retinal neurons by TES and might involve the vascular changes induced by an activation of the retinal neurons.
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Introduction Optical imaging of the intrinsic signals of the retina has also
been extensively studied [20-31], and it has become an established
technique to investigate how the retina is activated by electrical
currents [22,24,27,30]. However, the details of how the electrical
stimuli affect the reflectance changes have not been determined.
Thus, the purpose of this study was to evaluate the retinal
reflectance changes elicited by different stimulation parameters of
the TES in cat eyes. We shall show that the reflectance changes
appeared on the blood vessels and the optic disc, and the intensity
of the reflectance changes was dependent on the parameters of
the electrical stimuli. These reflective changes were due to the
activation of retinal neurons by TES and might involve the
vascular changes induced by an activation of the retinal neurons.

Transcorneal electrical stimulation (TES) activates retinal
neurons and evokes electrical potential changes in the visual
cortex. These changes lead to visual sensations in humans [1-3].
TES is used clinically for the treatment of optic neuropathy and
retinal diseases [4-7] and for the determination of residual retinal
function in patients with advanced retinitis pigmentosa (RP) [8—
11]. Although electrophysiological studies have been performed to
try to determine how TES activates retinal neurons [12,13], it has
not been determined definitively because it is difficult to record
electrically evoked retinal responses because of the artifacts
induced by the electrical stimuli [14].

In situ optical imaging of the intrinsic signals is a well-established
method of studying brain physiology and mapping the functional
architecture of the cerebral cortex [15-17]. The intrinsic signals
are represented by the optical reflectance changes associated with
the activity of neural tissues [15-17]. The reflectance changes of
neural tissues have been attributed to the physiological oximetric
changes [16,17], blood flow changes [16,18], and light-scattering
changes [19].

Materials and Methods

Ethics Statement

All experiments were performed in accordance with the ARVO
Statement for the Use of Animals in Ophthalmic and Vison
Research, and all procedures were approved by the Animal
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Retinal Reflectance Changes by Electric Stimulus

Figure 1. Images of the fundus of the eye of a cat showing reflectance changes in response to transcorneal electrical stimulation
(TES). The reflectance changes appeared on the optic disc (OD) and over the retinal blood vessels after the TES. The reflectance changes began
about 2.0 s after the onset of stimulation (4.0 s after the onset of recording), and the intensity of the reflectance change increased for 7.0 s after the
onset of the recording. It then gradually decreased for 12.0 s. The top left is a fundus photograph of the left eye.

doi:10.1371/journal.pone.0092186.g001

Research Committee of Osaka University graduate school of
medicine.
All efforts were made to minimize suffering.

Animals and Preparation

Eight healthy adult cats between 7 months and 1-year-of-age of
both sexes and weighing 2.5-3.0 kg were studied. These cats were
raised in a breeding colony in the Institute of Laboratory Animals,
Osaka University, Graduate School of Medicine. The cats were
initially anesthetized with an intramuscular injection of ketamine
HCI (25 mg/kg) followed by an intraperitoneal injection of
atropine sulfate (0.1 mg/kg). The anesthesia and paralysis were
maintained with a continuous intravenous infusion of sodium
pentobarbital (1.0 mg/kg/hr), pancuronium bromide (0.2 mg/
kg/hr), glucose (0.1 g/kg/hr) in Ringer’s solution at a rate of
5 ml/hr. The cats were artificially ventilated with a mixture of
NyO/Og (1:1), and the end-tidal COs concentration was kept at
3.5 to 5.0% by altering the frequency and tidal volume of the
ventilation. The intratracheal pressure and electrocardiogram
were also monitored. The body temperature was maintained at
38°C with a heating pad.

Only the left eyes of the cats were studied due to equipment and
space limitations. The pupil was dilated with a solution of 0.5%
tropicamide and 0.5% phenylephrine hydrochloride, and 1%
atropine. A closed ring shaped eyebar made of stainless steel was
used to stimulate the eye. The ring (diameter, 16.5 mm ) of the
eyebar was sutured to the limbus of cornea, and the end of the bar
of the ring was attached to the stereotaxic headholder to minimize
eye movements. To protect the corneal surface, a hard contact
lens (polymethylmethacrylate; base curve, 8.50 mm; diameter,
13.5 mm; power, +1.5 diopters) was placed on the cornea. The
corneas were kept moist with drops of a 0.9% NaCl solution
during the experiment.

PLOS ONE | www.plosone.org

Optical Imaging of Reflectance Changes of Retina

The ocular fundus was viewed with a fundus camera (TRC-
50LX, Topcon, Tokyo, Japan) equipped with a digital CCD
camera (C8484, Hamamatsu Photonics, Hamamatsu, Japan)
[22,31]. The resolution of the camera was 1280x1024 pixels,
but the use of the binning mode of the camera to obtain maximum
light sensitivity reduced the resolution to 320 %256 pixels (12-bit
gray scale). A 12-bit digitizer was used, and 4096 grayscale values
(GSVs) were obtained for each pixel. The exposure time of the
CCD imaging was 20 ms.

A halogen lamp was used to illuminate the posterior fundus, and
a band-pass filter was inserted into the optical path to limit the
wavelength of the fundus monitoring light to 800-880 nm [22,31].
The power of the monitor light was 250 nW, which was much
lower than the safe exposure limit of the American National
Standards Institute.

Fundus images were obtained every 25 ms for 26 s. The images
were recorded 2 s before, 4 s during, and 20 s after the electrical
stimulation. To improve the signal-to-noise ratio, ten images of ten
consecutive measurements were averaged [22,31]. The interval
between sessions was 1 min. A two-dimensional image of the
reflectance changes was obtained by subtracting the images
recorded before the stimulation from those recorded after the
stimulation. A stabilized power supply (PS-150UE-DC, Hayashi
Watch Works, Tateyama, Japan) was used to reduce background
fluctuations of the illuminating light. All experiments were
performed in a dark room after 30 min of dark-adaptation.

Transcorneal Electrical Stimulation

The left eyes were stimulated transcornealy by the sutured
stainless eyebar shaped electrode at the sclerocorneal limbus as
one of the electrodes. The return electrode was placed under the
skin of the head. The TES consisted of rectangular anodic first
(cornea positive) biphasic current pulses obtained from an
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