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Abstract

Epiretinal prostheses for the blind bypass diseased photosensitive cells in the retina, directly
stimulating retinal neurons electrically and evoking signals that are relayed to the brain. Current
clinical implants have few electrodes and provide limited visual acuity. Acuity may be improved
by identifying electrode array design features and operational details that enhance or interfere with
visual percept formation. We labeled all retinal ganglion cells in whole mount retina with a
calcium reporter and then measured the number and pattern of cells responding, over a range of
electrode diameters and stimulus durations. Span of the response scaled with electrode diameter
for electrodes 60 m and larger. Short stimulation pulse widths selectively activated cells nearest
the electrode. Our measurements in the salamander retina suggest that the spatial resolution is 150
pwm, which on a human retina is equivalent to 0.55° of human visual field and corresponding
Snellen acuity of 20/660. Reading large print could be possible with such a prosthesis.

Index Terms
Artificial vision; calcium imaging; electrical stimulation; neural stimulation; retina; visual acuity

[. Introduction

Retinitis pigmentosa (RP) is a family of inherited disorders causing blindness from the death
of photoreceptors, with a prevalence of 100 000 in the United States and 1.5 million
worldwide [1]. The genetic causes are heterogeneous, with 47 genetic loci implicated in
retinitis pigmentosa (RetNet, http://www.sph.uth.tmc.edu/RetNet/) thus far. Photoreceptors
are primarily affected, while inner retinal neurons and retinal ganglion cells have been
shown to survive in advanced stages of the disease at rates of 78% and 30%, respectively
[2]. One strategy for restoring sight is to electrically stimulate these surviving neurons in the
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retina. A subject with a 16-channel device was able to discriminate line orientation at spatial
frequencies corresponding to the minimum possible width given the electrode spacing [3].
However, subject performance is highly variable. It is possible that adjacent electrodes
activate overlapping regions of cells, introducing distortion additional to perceptual effects.
The sensation of “light” seen during retinal stimulation, known as a percept or phosphene, is
variable in shape and poorly understood [4], [5]. As implants are developed with more
electrodes, it becomes important to understand how spatial information is conveyed from
electrodes to the retina and how this impacts the acuity of prosthetic vision. Here, we used
calcium imaging to measure spatial properties of activity in a large population of retinal
ganglion cells (RGCs) during electrical stimulation of salamander retina /n vitro (Figs. 1 and
2).

In normal vision, light refracted by the cornea and lens forms an image on the retina.
Photons pass through the neural retina to be absorbed by photopigments in the outer
segments of photoreceptor cells on the rear side of the retina. Following early visual
processing by retinal neurons [6]-[8], the RGCs, as the output neurons of the retina, project
axons over the front surface of the retina, where they converge at the optic disk to form the
optic nerve. Electrical stimulation can excite multiple types of retinal neurons
simultaneously, with an uncertain relationship between this population of cells and the
visual percept.

Electrically-elicited phosphenes have been reported for decades [9], but only recently have
investigations in retinal stimulation considered the possibility of evoking highly focal
percepts using microelectrode arrays (MEAS) with very small electrodes [10]-[12].

Many studies measured electrically-evoked spike trains with high temporal resolution. There
is presently a need for spatial information to relate percept shape [13] to stimulus design.
Besides electrode size, pulse width may be important for controlling the form of the percept
by altering the balance between stimulation of axons, RGC axon initial segment and the
inner retina [14], [15].

Recording activity from many neurons [16] is typically accomplished with MEASs [17], such
as the 512-electrode array [18] used to map receptive field mosaics in the primate retina [6]
in response to optical stimulation. Electrical recordings from MEAs are challenged by
occlusion of the response spike with stimulus artifact. Cell-attached patch electrodes or
limiting the stimulus to short pulse widths (< 200 ws; [10]) can improve spike recordings,
especially with artifact subtraction techniques. In this paper, we report the use of
intracellular calcium imaging [19] in what is essentially the inverse of typical MEA
experiments; we probed optically for “electrical receptive fields” of cells responding to
electrical stimulation. Optical measurements of neuronal spiking allowed us to investigate
parameter space relevant to the epiretinal prosthesis as it is practically implemented: larger
electrodes and imperfect contact with the retinal surface from a monolithic MEA.

We found that the shape of the field of excited cells could be controlled by pulse width,
where shorter pulses evoked a more focal response. Distancing the MEA from the retina
raised stimulation threshold but had a modest impact on response area. In our evaluation of a
range of electrode sizes we found a lower limit to the size of the response area refractory to
reduction in the electrode diameter below 60 pm.
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[l. Materials and Methods

A. Imaging

Eyecups from larval tiger salamanders were retrograde-stained with the calcium indicator
Oregon-Green-BAPTA-1-dextran and imaged, as described previously [19]. Total
fluorescence from each cell was convolved with a difference filter; a defined threshold level
was set to detect events of rapid increase in intracellular calcium. Animals were handled in
accordance with protocols approved by the Institutional Animal Care and Use Committee at
the University of Southern California. The stained retina was mounted onto a porous
membrane (# JVWP01300, Millipore, Billerica, MA) held taut over a titanium ring and
placed ganglion-cell-side down on an MEA designed and fabricated by the authors (Fig. 1).
Transparent MEA electrodes and traces were patterned from indium-tin—oxide film (sheet
resistance of 10 Ohms/square) on glass substrates (22 x 26 x 0.13-mm thick), similar to
those used for other /n vitro studies [20]. Traces were insulated with a 1- to 2-um thick layer
of silicon nitride. All 10-m and some larger electrodes were electroplated with platinum/
iridium by cyclic voltammetry from —0.7 to 0.8 V at 50 mV/s versus Ag/AgClI reference
electrode.

B. Threshold Measurement

Stimulus pulse trains of cathodic-first biphasic pulses were applied to single electrodes to
measure threshold for the cells in the vicinity of the stimulation site (Fig. 2). Amplitude and
pulse width values are all stated for the cathodic phase. Each stimulus consisted of a 40-
pulse burst at 333 Hz. Burst stimuli were repeated 25 times on 2-s intervals. The fraction of
the 25 stimuli eliciting a response (dose-response curve) over ten stimulation amplitudes
was fitted by a sigmoidal function; individual fits were performed for each cell in the image.
Threshold was defined as the stimulation amplitude yielding a 50% response. Data from
multiple experiments in the same parameter space were pooled by binning cells in a grid
according to spatial location relative to the stimulating electrode and optic disk. Threshold
maps in Figs. 3 and 5 were generated from the mean threshold of each grid point. The
location of the response relative to the electrode was calculated by fitting a paraboloid,
G(x,)) to the map thresholds, 7{x,}), minimizing the sum squared error of & GX) — g T(xy)

G (x,y) =Tin (1 +k &)

(x — x0)? o= ¥0)? D .
Ay /ly

In (1), 7min is the minimum threshold, 4 is the factor increase in threshold where the
response is defined to be bounded (set to 0.5), the coordinates (x,)p) are the center of the
response area and A yand A, are the elliptical extents of the response area. The fitting was
performed for grid intervals from 5 to 30 wm and the resulting values averaged. This process
provided robust calculations of response location, but not always of extents. The size of the
response was then calculated from the threshold profile (threshold as a function of cell
distance from the center of the response). The radius of the excitation extents was the point
where threshold was 1.5 times its minimum value.

The response was classified as a streak (Table 1) if the threshold of distant peripheral cells
was not significantly (p < 0.05) higher than 120% of the mean threshold within 100 pm of
the response location. Cells farther than 150 pm from the response center, on the side of the
electrode far from the optic disk were classified as antidromically-stimulated cells.
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C. Spacer Gels

In vitro measurements of threshold with saline spacer gels were accomplished by depositing
a thin layer of liquid agarose to the MEA. The MEA was mounted onto a variable speed
spinning platform and held stationary while 0.5 mL of liquid agarose (1% in superfusion
medium without calcium chloride) was pipetted into the recording chamber of the MEA.
Spin speed was immediately ramped to 500 revolutions per minute (RPM). This step formed
the adhesion layer of gel (10 um). The speed was then raised to and maintained at 1800
RPM while pipetting 0.1-mL liquid agarose on 30-s intervals to build up the gel thickness.
At all times the liquid agarose solution and pipette tip were maintained at 45 °C while the
MEA was held at room temperature. After gel was applied, the MEA was chilled to 4 °C for
30 min. Gel on the perimeter of the chamber was trimmed away, the MEA warmed to room
temperature and finally the retina was applied onto the gel-coated surface.

[1l. Results

A. Pulse Width

Stimulation pulse width affected several properties of the response. Long pulses led to
spikes in a streak-shaped pattern of cells having axons that crossed the electrode, but short
pulses evoked spikes in a cluster of cells near the electrode (Fig. 3). Although a streak can
be seen at each pulse width, the threshold for this result was higher at shorter pulse widths.
The mean threshold of the streak was higher than the local response mean threshold by 92%
(p<0.0001, student #test), 60% (p < 0.0001), and 37% (p < 0.0001) for pulse widths of 60,
400, and 1000 ps (cathodic phase), respectively. Cells at any given location vary greatly in
threshold, so we quantify the difference in threshold distributions as the number of standard
deviations in threshold between local cells and axon bundles. Selectivity of 200-pum
electrodes was 1.9, 1.1, and 0.95 standard deviations, for 60-, 400-, and 1000-s pulses,
respectively. Therefore, minimizing pulse width and amplitude may be a strategy to spatially
confine the response.

B. Targeted Cells

Ganglion cells and other cells contributed to the response at different pulse widths. The
responding RGCs were located over the side of the electrode peripheral to (away from) the
optic disk for short pulses, but centered over the electrode at 1000 ps (Table I, A values).
The lateral offset in response at short pulses was consistent with other evidence that the axon
initial segment near the soma is the site of stimulation in RGCs [21], [22], not the soma
itself. Therefore we hypothesized that long pulses, having no response offset, stimulated a
cell type other than RGCs. Pharmacologically isolating RGCs from bipolar cell input [23]
with the ionotropic glutamate receptor blocker kynurenic acid (1 mM) caused threshold to
increase and the response area to shift to the periphery by 23 um (p < 0.05, n= 54 cells,
Kolmogorov-Smirnov test on threshold profile) at 1000 ps. Thresholds in individual RGCs
with kynurenic acid (Fig. 4) were effectively unaltered (+2.9% = 38 cells p < 0.006) for
60-s pulses, moderately increased by 42% (7= 175p < 0.0001) at 400 ps and increased by
92% (n=150p < 0.0001) at 1000 ps. Therefore, short pulses directly stimulated RGCs
whereas longer pulses (1000 ps) did not. Moreover, directly-stimulated RGCs were
positioned tens of micrometers from the electrode with the axon initial segment over the
electrode. Pulses of 1000 ps activated RGCs through the presynaptic network at about 1/2 of
the threshold with kynurenic acid for direct stimulation of their axon initial segment.

C. Limitations of Small Electrodes

Electrodes smaller than 200 uwm in diameter had highly variable thresholds and evoked
streak-like responses characteristic of axon bundle stimulation (Fig. 5). Assuming that axon
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bundles can be avoided (e.g., by short pulses), the minimal span (perpendicular to the path
of axons) of the response was still not less than about 150 wm (Fig. 5), even for 10-pm
electrodes. Response area decreased with decreasing electrode size down to 60 pm but no
further (Table I). Further reduction in electrode size is unlikely to improve visual acuity and
would unnecessarily raise electrochemical charge density on the electrode surface. These
results indicate that electrodes for retinal prostheses should have widths of at least 60 pm to
keep charge density (Coulombs/cm?2) low for the electrochemical safety of the device [24],
[25]. Our finding of a minimal response area larger than the electrode points to the
possibility of a mechanism for current to spread to distant cells.

D. Separating the MEA From the Retina

In vivothe MEA does not make perfect contact with the retina, being separated from the
surface in extreme cases by as much as 1000 pm [26]. The surgical process of tacking the
MEA to the retina results in good contact near the tacking point and, sometimes, poor
contact away from the tack. Such separation of the electrode raises threshold and may affect
percepts. Therefore, saline spacer gels 30- or 50-um thick were applied between the retina
and MEA by spin deposition of conductive liquid agarose gel to replicate imperfect contact
in vitro. A gap between the MEA and the retina caused threshold to rise, but with very little
detriment to spatial resolution (Table I). For example, in 200-pum electrodes and 1000-ps
pulses the response width was about 400 pm regardless of separation. However, at 400-j.s
pulses the response area did widen by a factor of 1.5 upon separation. Sensitivity to
separation was greater at shorter pulses.

V. Discussion

The formation of patterned percepts from many electrodes depends at least in part upon our
ability to evoke distinct pixel-like activation patterns over each electrode on the array. At
short pulses, RGCs near the electrode were directly stimulated at a point tens of micrometers
distal to the soma (Table I). Similarly, Fried et a/. found direction-sensitive cells in rabbit
retina [22] to be stimulated at the tapered segment of the axon, 40 wm from the soma, where
a high sodium channel density was found. Primate parasol cells [11] have been most
effectively stimulated ~ 13 um from the soma. Stimulation of the axon initial segment at
short pulses is conducive to pattern stimulation because the cells are proximal to the
electrode regardless of the small displacement, in contrast to stimulation of axons bundles
connected to distant cells.

The proximity of electrodes to axons on the vitreal surface of the retina presents a challenge
to selective epiretinal stimulation of cell bodies local the electrode. We observed response
patterns indicating stimulation of axon bundles, axon initial segments and presynaptic cells.
Using 60-.s pulses improved selective stimulation of local RGCs, as found in Section I111-A.
Other investigations in rabbit retina found axon threshold to be higher than somatic
threshold by 88% at 100 s [27] and 400%-500% for pulses less than 1000 s [14].
Targeted stimulation of RGC axon initial segments at short pulse widths could be one
strategy to maximize visual acuity.

Alternately, one could target presynaptic neurons with 1000-us pulses, but these also
stimulate axon bundles, as described in Results and Fig. 3. Pulse shape could be modified to
remove the frequency components that axon bundles preferentially respond to. Sinusoids
have been investigated to selectively stimulate RGC and bipolar populations of retinal
neurons [28].

The methods in this study did not permit identification of the presynaptic cells that were
activated under long-pulse stimulation. Contributions from photoreceptors or inner retinal
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circuits are possible in our experiment with a healthy retina that would differ from a
degenerated human retina. We have attempted to minimize the influence of presynaptic cells
on our measurements by applying stimuli at 333 Hz, which is above the 10 Hz rate known to
inhibit inner retinal circuits [10], [29].

Electrode edge effects were not observed in the threshold maps. Current density entering
homogeneous isotropic medium from a disk electrode is known to be concentrated on the
perimeter [30], which could result in annular activation pattern of neurons. However, the
retinal prosthesis operates under less idealized conditions. The nonuniformity of current
density decays rapidly with time [31] and distance from the electrode surface [32]. The
retina's laminar structure makes its conductivity inhomogeneous [33]. Additionally, the
nerve fiber layer may contribute to anisotropy due to its morphology. In the retina, we
observe that threshold is highly uniform over the surface of the electrode (Fig. 3).

The area of activated neurons scales with electrode size for large electrodes. In rabbit retina
[14], RGC response regions (extents bounded by 50% increase in threshold) were 100 pm
and 600 pm for electrodes 125 wm and 500 pm in diameter, respectively. In cat retina [34],
cortical areas were equivalent to retinal areas 240 m and 140 wm wide for electrodes 100
pm wide and conical tipped 80 wm x 30 wm, respectively. Conceptually it seems possible to
stimulate individual ganglion cells with a dense array of very small electrodes. However two
factors appear to limit the spatial resolution of the retinal prosthesis. First, we report that
larger electrodes stimulated more cells, but electrodes as small as 10 wm did not reduce the
response area to span less than about 150 pm. Second, axon bundle stimulation may place a
fundamental limit on retinotopic, patterned stimulation. Nevertheless, our findings suggest
that short pulse width is the best tool to localize stimulation to cells near the electrode.

Reducing electrode size to achieve higher spatial resolution is constrained by the
electrochemical charge injection limit. A very conservative safety limit for platinum is 0.1
mC/cm? geometric area [35]. Using this value, a 60-um electrode should not exceed 2800
pC, or 47 A % 60 ps. Observed threshold on 60-pum electrodes at 60 s was 21.7 pA.
Adding a 30-pum saline layer raised threshold to 41.9 wA. Further increase in distance from
the retinal surface is expected to raise threshold above the safety limit for small electrodes
such as the ones evaluated in this study.

The minimum RGC response area in our experiments was roughly 150 wm in diameter. If
this same response area were generated in humans, then the visual acuity possible would be
20/660, since 150 um is equal to 0.55° in human visual field [36]. This visual acuity would
enable a person to read text printed in 76-point font from 35 cm [37], assuming the
prosthesis optics are of equivalent magnification to the human eye. A user-controlled zoom
lens could enhance the ability to read smaller print. Considering these practical resolution
limits, the optimal MEA design for a human device is a grid of electrodes 60-100.m in
diameter, spaced by roughly 150 m center to center. 260 electrodes could be placed in the
central 10° of visual field, critical for reading [38]. A5 x 5 — mm? grid could contain > 1000
electrodes for mobility tasks in addition to reading. Current epiretinal implants have large
electrodes, so it is not possible to verify these predictions in humans, however, achieving
visual acuity will likely require interface technology that penetrates the retina or in some
other way promotes selective coupling between electrodes and individual cells.

Stimulation thresholds (reviewed in [10]) are very low /n vitro, but higher in vivo. Imperfect
contact with the retina or stimulation of both ON-cells and OFF-cells could contribute to
higher clinical thresholds. It may be beneficial to apply a burst of pulses encoding visual
data [39] to drive RGCs to spike in a natural fashion [29] that the brain expects, for the
purpose of reducing perceptual threshold. Change in higher visual centers after prolonged
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blindness [40] may be another factor contributing to higher thresholds. Reducing human
perceptual thresholds to /n vitro excitation thresholds will help to avoid stimulation of axon
bundles to enable high-resolution pattern stimulation.
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Fig. 1.

Calcium imaging and electrical stimulation were performed on the microscope stage. The
retina was placed ganglion-cell-side-down on a transparent multielectrode array within the
recording chamber show here. A porous membrane held the retina in place beneath the
superfusion medium. Current pulses were applied to transparent or opaque electrodes, one

electrode at a time. Diagram not to scale.
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Fig. 2.

Fluorescence images were collected in real time during electrical stimulation. In the
micrograph shown (scale bar 50 m), the electrode encircled in light blue was stimulated.
Fluorescence traces from the calcium indicator dye in several ganglion cells are shown with
increasing stimulus amplitude. Traces are averages of 25 repetitions.
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Threshold maps for 200-pm electrodes (black circle) at three different pulse widths: A: 60-,
B: 400-, C: 1000-ps. Colored dots represent the threshold current to stimulate cells at those
locations. Small, medium and large dots contain 1-3, 4-5, 6+ cells. Blue oval marks the
extent of the response where threshold rises 50% above the minimum value. Maps have

been oriented such that the optic disk lies to the left of the image, with axons running

horizontally toward their originating somata to the right. Faint open circles mark locations
where observed cells did not respond to the highest stimulation amplitude. Scale bar 100

pm.

IEEE Trans Neural Syst Rehabil Eng. Author manuscript; available in PMC 2012 May 20.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Behrend et al.

Page 15

(o))
o

e
o

pulse width

")
o

v6Ous
=400 us
1000 us

Kynurenic Acid Threshold (i A)

20 40 60
Threshold (1 A)

o
o

Fig. 4.

Stimulation from a 200-pum electrode targets different cells in a pulse width dependent
manner. RGC thresholds at short pulse widths remain the same when isolated from bipolar
cell input by kynurenic acid, indicative of direct stimulation. Threshold for the RGC
response rose for long pulse widths when bipolar cell input was blocked.
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Fig. 5.

Threshold maps for three electrode sizes (A: 10-, B: 30-, C: 60-iwm electrode diameters).
Pulse width was 400 ms. Small, medium, and large dots contain 1-3, 4-5, 6+ cells. Blue
oval marks the extent of the response where threshold rises 50% above the minimum value.
Response regions local to the electrode could not be accurately calculated in A and B due to
the streak-like form of the response. Scale bar 50-pum.
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