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SUMMARY

Natural vision relies on spatiotemporal patterns of
electrical activity in the retina. We investigated the
feasibility of veridically reproducing such patterns
with epiretinal prostheses. Multielectrode recordings
and visual and electrical stimulation were performed
on populations of identified ganglion cells in isolated
peripheral primate retina. Electrical stimulation pat-
terns were designed to reproduce recorded waves
of activity elicited by a moving visual stimulus. Elec-
trical responses in populations of ON parasol cells
exhibited high spatial and temporal precision,
matching or exceeding the precision of visual re-
sponses measured in the same cells. Computational
readout of electrical and visual responses produced
similar estimates of stimulus speed, confirming the
fidelity of electrical stimulation for biologically rele-
vant visual signals. These results suggest the possi-
bility of producing rich spatiotemporal patterns of
retinal activity with a prosthesis and that temporal
multiplexing may aid in reproducing the neural
code of the retina.

INTRODUCTION

Retinal prostheses are designed to restore visual function to

patients blinded by photoreceptor disease, by electrically stimu-

lating surviving cells in a manner that conveys useful visual

signals to the brain (for review, see Shepherd et al., 2013).

Although present-day prostheses produce only limited visual

function (Dorn et al., 2013; G. Richard et al., 2008, ARVO

abstract; Klauke et al., 2011; Barry and Dagnelie, 2012; Hu-

mayun et al., 2012; da Cruz et al., 2013), experiments in isolated

retina have demonstrated the capacity to electrically stimulate

individual retinal ganglion cells (RGCs) to fire individual spikes

(Jensen et al., 2005; Fried et al., 2006) with high spatial and tem-

poral precision (Fried et al., 2006; Sekirnjak et al., 2006; Sekirnjak

et al., 2008; Hottowy et al., 2012; Jepson et al., 2013). These find-
ings raise the possibility of faithful reproduction of the neural

code of the retina, and thus much more acute artificial vision,

with future prostheses (see Jensen et al., 2009; Fried et al.,

2006; Ryu et al., 2011). However, it is well known that naturalistic

visual experience relies not on the activity of any individual RGC

but on diverse spatiotemporal patterns of activity in multiple

distinct populations of RGCs. Thus, a central problem in produc-

ing high-resolution prostheses is to faithfully recreate spatio-

temporal patterns of population activity in the output of the retina

(Nirenberg and Pandarinath, 2012; Hottowy et al., 2012). Impor-

tantly, because different visual signals are conveyed to different

targets in the brain by roughly 20 distinct types of retinal ganglion

cells (see Dacey, 2004), a faithful reproduction of the retinal

output must also respect the functional role of different cell

types, particularly those that are likely to play an important role

in human vision.

A simple and behaviorally significant example is the pattern of

activity produced by moving objects, an essential feature of

biological vision. Visual motion induces a traveling wave of acti-

vity in populations of RGCs (Chichilnisky and Kalmar, 2003;

Frechette et al., 2005). In primates, these waves drive the activity

of neurons in the brain, which are tuned to visual movement and

are thought to mediate a variety of essential visual behaviors

based on image motion. The dominant retinal signals subserving

motion sensing in human and nonhuman primates are thought to

be those present in the ON and OFF parasol RGC populations

(Perry et al., 1984; Dacey and Petersen, 1992) (see Merigan

andMaunsell, 1990), each of which uniformly tiles the retinal sur-

face and conveys a complete rendition of the visual scene to the

magnocellular visual pathway of the brain. Parasol cells, which

comprise about 16% of the output of the primate retina (Dacey,

2004), have been shown to respond robustly and with high

spatial and temporal precision to electrical stimulation (Sekirnjak

et al., 2008; Jepson et al., 2013). Thus, a natural goal for the

development of future high-precision retinal prostheses is to

activate parasol cells in amanner that mimics responses tomov-

ing visual targets.

RESULTS

To test how faithfully retinal motion signals can be reproduced,

we performed multielectrode recordings and electrical and
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Figure 1. Spatiotemporal Visual and Electrical Activation of a Com-

plete Local Population of Retinal Ganglion Cells

(A) Receptive fields of six ON parasol cells measured in a single recording are

shown with ellipses representing the 1 SD contour of a Gaussian fit to the

spatial sensitivity profile (see Experimental Procedures). Cell numbers relate to

(B). Schematic of moving bar stimulus is shown at left. (B) For each cell, spikes

recorded during a single trial of moving bar visual stimulation that was selected

for subsequent replication are shown as black dots in the top traces. Times of

applied current pulses, derived from the spikes recorded in response to visual

stimulation, are shown as arrowheads in the middle traces. Times of spikes

recorded during a single electrical stimulation trial are shown as gray dots in

the bottom traces.
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visual stimulation in isolated peripheral macaque monkey retina.

First, RGC responses to visual stimulation were recorded and

used to identify distinct cell types, each of which formed a

mosaic with receptive fields uniformly tiling the region of retina

recorded (Figure 1A) (Devries and Baylor, 1997; Chichilnisky

and Kalmar, 2002). The ON and OFF parasol cell types were

identified on the basis of their receptive field properties and den-

sity (Chichilnisky and Kalmar, 2002). Encoding of visual stimuli

was then examined by presenting a moving white bar (Figure 1A)

traveling at 6.7 deg/s across a gray photopic background. As ex-

pected from many studies, including previous studies with very

similar stimulation and recording methods (Chichilnisky and Kal-

mar, 2003; Frechette et al., 2005), these stimuli induced activity

sequentially in the ON parasol cells, according to the location of

their receptive fields along the axis of motion (Figure 1B, black

dots). The spatiotemporal pattern of spikes in the collection of
2 Neuron 83, 1–6, July 2, 2014 ª2014 Elsevier Inc.
ON parasol cells reflects the direction and speed of movement

and is thought to be an essential component of motion sensing

in primates.

To assess the potential to recreate the spatiotemporal activity

patterns induced by visual motion, we selected individual elec-

trodes and current amplitudes that would efficiently stimulate

each of the recorded ON parasol cells, based on responses to

pulses delivered independently through individual electrodes

(Jepson et al., 2013) (see Experimental Procedures). Current

pulses (Figure 1B, arrowheads) were then delivered at the times

of the spikes recorded in a single trial of visual stimulation (Fig-

ure 1B, black dots), in an attempt to activate the cells in the

correct pattern. The spikes elicited by electrical stimulation com-

binedwith the spikes attributable to ongoing background activity

(Figure 1B, gray dots) produced a pattern of activity resembling

the pattern evoked by the visual stimulus.

To quantify how accurately the neural code for visual motion

was reproduced, we measured the variability of neural re-

sponses across trials, for both visual and electrical stimulation,

in the same collection of identified RGCs. Moving visual stimuli

elicited a reproducible pattern across trials (Figure 2A), similar

to that seen in previous work in which the effective temporal res-

olution of the motion signal was �10 ms (Chichilnisky and Kal-

mar, 2003; Frechette et al., 2005). Electrical stimulation, howev-

er, produced much more precise spike timing (Figure 2B, spikes

precisely aligned across trials), with �0.1 ms variability in the

time of elicited spikes, consistent with previous studies (Fried

et al., 2006; Sekirnjak et al., 2006; Sekirnjak et al., 2008; Hottowy

et al., 2012; Jepson et al., 2013). These electrically elicited spikes

were superimposed on more variable patterns of spontaneous

activity (Figure 2B, spikes not aligned across trials). No unin-

tended activation of nontargeted ON parasol cells was observed

(Jepson et al., 2013; Sekirnjak et al., 2008), as evidenced by the

lack of time locking of responses in different cells, while individ-

ual cells were highly time locked across trials. Also, consistent

with previous findings (Jepson et al., 2013), minimal crosstalk

was observed with OFF parasol cells examined in one prepara-

tion (the preparation of Figure 3B, right): of the six OFF parasol

cells recorded and forming a local mosaic over the same region

as the ON parasol cells, only one cell exhibited electrical activa-

tion, on less than 14% of trials (data not shown). Thus, electrical

stimulation reproduced the essential spatiotemporal patterns of

activity in the targeted population of cells, and the patterns were

far more reproducible across trials than the patterns induced by

visual stimulation. Note, however, that periods of reduced firing

at certain phases of the visual stimulus (e.g., 0.7–0.9 s in the bot-

tom raster of Figure 2A) were apparently not accurately repro-

duced in electrical stimulation (e.g., same cell and time range

in Figure 2B). Some reduction in firing was observed, probably

attributable to refractoriness after high-frequency firing (Sekirn-

jak et al., 2006).

To evaluate the fidelity of the behaviorally relevant visual signal

produced by electrical stimulation, we used the spiking activity

of the recorded cells to extract an estimate of stimulus speed.

This was accomplished using a computational algorithm based

on standard models of motion sensing in the central visual sys-

tem (Adelson and Bergen, 1985; Simoncelli and Heeger, 1998;

Chichilnisky and Kalmar, 2003; Frechette et al., 2005). The
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Figure 2. Responses to Repeated Presenta-

tions of Visual and Electrical Stimuli

(A) Spike trains elicited by a moving bar visual

stimulus are shown for the same cells as in Fig-

ure 1, in raster format, with each tick representing

the time of a spike, and each row representing

a single trial. Coarse vertical band structure for

each cell reveals reproducibility of visual re-

sponses across trials. (B) Spike trains obtained

during electrical stimulation trials with no visual

stimulus are shown in the same format as (A).

Electrical stimuli (arrowheads above rasters) were

delivered at the times of spikes recorded in a single

visual stimulation trial (see Figure 1). Precise ver-

tical band structure reflects electrically elicited

spikes occurring at a reproducible time in many or

all trials.
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algorithm exploits the temporal sequence of activation of cells in

each trial, by correlating spikes trains in space and time (Chi-

chilnisky and Kalmar, 2003; Frechette et al., 2005). For each trial

of visual stimulation, this computation produced a net motion

signal as a function of putative speed (Figure 3A, black traces),

which can be interpreted as the strength of evidence in the spike

trains for motion at that speed. This function exhibited a clear

peak near the actual speed of bar movement (dashed line), indi-

cating that accurate readout of motion was possible with data

from a single trial. For electrical stimulation, the strength of the

motion signal as a function of putative stimulus speed was

similar (Figure 3A, gray traces), indicating that electrically elicited

signals carried roughly the same information about stimulus

speed as visually elicited signals.

To compare quantitatively the fidelity of the real and artificial

visual motion signals, the variability of speed estimates obtained

from spike trains across trials was examined, for both visual and

electrical stimulation. This quantity captures the precision of

speed estimates that can be obtained from the spike trains in

the recorded cells, a summary of motion sensing fidelity (Frech-

ette et al., 2005). Speed estimate precision, indicated by the

width of the distribution of speed estimates across trials, was

similar for visually and electrically elicited spike trains, in three

preparations (Figure 3B, black and gray histograms), and resem-

bled results obtained across a range of visual stimulus speeds in

previouswork (Frechette et al., 2005). Thus, electrical stimulation

elicited responses in ON parasol cells that carried similar behav-

iorally relevant information about visual motion as the visually eli-
Neuron
cited responses. Although other stimulus

speeds were not tested, the high tempo-

ral precision of electrically elicited spikes

would be expected to be particularly use-

ful in conveying accurate estimates of

speed for higher stimulus speeds.

DISCUSSION

Focal electrical stimulation reproduced

the patterns of spiking elicited by moving

stimuli, cell-by-cell and spike-by-spike, in
complete local populations of ON parasol ganglion cells in the

primate retina. The electrically induced activity exhibited higher

temporal precision than light-evoked activity and produced a

representation of motion with a fidelity comparable to that of

the normal visual signal.

Although the combination of cell-type specificity, spatial and

temporal precision, and completeness of electrically elicited

activity exceeded the scope of previous work (Nirenberg and

Pandarinath, 2012; Jensen et al., 2009; Hottowy et al., 2012;

Fried et al., 2006; Ryu et al., 2011), additional work would be

required to fully understand the generality and impact of these

findings for future epiretinal prostheses, for several reasons.

(1) Although focal activation of individual cells is clearly

possible among the dominant RGC types in the primate

retina (Sekirnjak et al., 2008; Jepson et al., 2013), and

was achieved here in small collections of ON parasol

cells, the reliability of activation of one cell without activa-

tion of any cells of other types has yet to be fully docu-

mented. This issue is particularly serious in more central

retina where cell density is higher and near the fovea

where RGCs form several cell layers. In addition, the

spatial extent of the stimulation region will play a major

role in useful artificial vision.

(2) In a prosthesis, identification of cell types for stimulation

could potentially be accomplished by recording with the

electrodes of the device, but in a blind patient the accom-

panying light stimulation would not be possible. Thus, cell
83, 1–6, July 2, 2014 ª2014 Elsevier Inc. 3
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Figure 3. Inferring Stimulus Speed from Recorded Spike Trains

Amotion-decoding algorithm (Frechette et al., 2005) based on known features

of motion sensing in the primate visual system was used to infer the speed of

the moving stimulus from recorded spike trains. This decoding was performed

by computing the strength of a motion signal as a function of putative stimulus

speed and then identifying the speed that yielded the strongest motion signal.

(A) For each recorded trial of visual and electrical stimulation (100 or 50 trials,

respectively), the strength of the motion signal extracted from retinal spike

trains is shown as a function of putative speed. Vertical line indicates true

speed of the visual stimulus. Each black curve was obtained from a single trial

of visual stimulation, each gray curve from a single trial of electrical stimulation,

from the same six cells as Figures 1 and 2. The white curve represents data

from the visual stimulus trial selected for reproduction with electrical stimu-

lation. (B) Variability of speed estimates for visual and electrical stimulation.

Histograms in the left panel indicate the speed estimates obtained by identi-

fying the peaks of the curves shown in (A). Top (black) histogram indicates

estimates from visual stimulation, bottom (gray) from electrical stimulation.

White arrowheads indicate speed estimates of visual stimulus trials chosen for

reproduction. Speed estimates were near the true stimulus speed for both

kinds of stimulation. Two additional data sets are shown, in the middle (eight

cells) and right (six cells) histograms, eachwith 100 trials of visual and electrical

stimulation. In each case, the SDs of speed estimates obtained from visual

stimulation (0.058, 0.063, and 0.044 mm/s across preparations) and electrical

stimulation (0.050, 0.049, and 0.079 mm/s) were similar.
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type identification would likely be based on intrinsic

properties of the cells recorded, such as spike train tem-

poral structure (Devries and Baylor, 1997; Field et al.,

2007) and axon conduction velocity.

(3) The possibility of unwanted activation of axons must be

tested with larger electrode arrays, particularly in light of

elongated, arc-like phosphenes reported by epiretinal

implant patients (J. Weiland, personal communication),

as well as previous work on isolated retina (Jensen

et al., 2005).

(4) Generalization across visual stimuli was not tested; for

example, a range of speeds would be needed to yield

useful artificial vision. Previous results (Frechette et al.,

2005; Chichilnisky and Kalmar, 2002) indicate that similar

patterns of activity are elicited by moving visual stimuli

over a range of speeds and that the temporal resolution

of electrically elicited spikes (�0.1 ms; Sekirnjak et al.,
Neuron 83, 1–6, July 2, 2014 ª2014 Elsevier Inc.
2008) is much finer than that of visual motion signals

(�10 ms; Frechette et al., 2005), suggesting that the

results will generalize. In a prosthesis, a visual encoding

model for RGC populations would likely be used to deter-

mine the pattern of electrical stimulation (Pillow et al.,

2008; Nirenberg and Pandarinath, 2012).

(5) Gaps in firing induced by visual stimulation were not re-

produced by electrical stimulation; tackling this problem

will require entirely different techniques. In the present

conditions, the quality of the visual signal was not sub-

stantially affected (Figure 3B).

With these caveats, the present results suggest two principal

conclusions. First, the spatial and temporal precision possible

with epiretinal stimulation using high-density arrays of small

electrodes, suggested by previous single-cell work (Sekirnjak

et al., 2006; Sekirnjak et al., 2008; Jepson et al., 2013) (and

see Jensen and Rizzo, 2006; Jensen et al., 2009), has the poten-

tial to be exploited to reproduce patterns of electrical activity in

complete neural populations (Hottowy et al., 2012). This implies

that at the spatial and temporal intervals tested, interactions

between cells over space and time in response to electrical stim-

ulation play a minimal role in shaping population responses.

Furthermore, any subthreshold activation of nontargeted cells,

which in principle could affect subsequent responses to electri-

cal stimulation, had minimal impact on the behaviorally relevant

visual signal. These observations are promising for the design of

future high-resolution prostheses, because natural vision relies

on the spatiotemporal patterns of activity transmitted from the

retina to the brain. The net signal about visual movement

communicated by electrically elicited retinal activity was precise

enough to yield veridical estimates of stimulus speed based on

current understanding of visual motion readout in the brain

(Chichilnisky and Kalmar, 2003; Frechette et al., 2005; Adelson

and Bergen, 1985; Simoncelli and Heeger, 1998). This suggests

that behavioral motion sensingwith a prosthesis could be as pre-

cise as with natural vision, at least with the ON parasol cells, at

the retinal eccentricities tested.

Second, the high temporal precision of electrically elicited

spikes relative to visually elicited spikes raises the possibility of

focal patterned stimulation with temporal multiplexing, which

could be important for prostheses directed at the central retina

where RGC density is high. Specifically, recent work has shown

that spatial patterns of current across multiple electrodes have

the possibility of improving spatial resolution of stimulation, by

targeting a single cell while minimizing activation of other cells

(Jepson et al., 2014). However, developing tailored stimulation

patterns optimized for stimulating multiple cells simultaneously

is likely to be complex and constrained. Stimulating only one

cell at each moment in time instead would greatly simplify the

problem. Given that the temporal resolution of elicited spikes is

much finer than that of visual responses in the conditions

described here (Figure 3), an effective artificial neural code could

be constructed by always stimulating cells asynchronously, pro-

ducing a spatiotemporal pattern that in some cases differs from

the normal pattern (which normally includes synchronous

spikes), but by an amount that is lower than the intrinsic temporal

variability of visual responses and thus is presumably
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insignificant for visual behavior. This reasoning relies on minimal

disruption of the normal retinal code by the omission of synchro-

nized spikes in nearby cells, a condition which has direct empir-

ical support in the case of visual motion signals (Frechette et al.,

2005) but should be tested with other stimuli. If this time-multi-

plexing strategy is viable, it has the potential to significantly

extend the range of conditions in which artificial vision with a

retinal prosthesis can subserve naturalistic visual behavior.
EXPERIMENTAL PROCEDURES

Multielectrode recording and electrical and visual stimulation were performed

in a preparation of isolated primate retina as described previously (Chichilnisky

and Kalmar, 2002; Field et al., 2007; Sekirnjak et al., 2008; Jepson et al., 2013).

Briefly, the eyes of terminally anesthetized macaque monkeys (Macaca sp.,

male or female) were removed and immediately hemisected in room light. After

removing the anterior portion of the eye and the vitreous humor, the posterior

portion of the eye was maintained in darkness in oxygenated bicarbonate-

buffered Ames solution (Sigma). Under infrared illumination, patches of intact

retina were isolated and held RGC-side down on a custom multielectrode

array (MEA). The retina was superfused with Ames solution at �33�C. Data
were collected from three preparations at temporal equivalent eccentricities

of 34�, 41�, and 46� (Drasdo and Fowler, 1974; Chichilnisky and Kalmar, 2002).

A custom 64-channel multichannel electrical stimulation system (Hottowy

et al., 2008, 2012) was used in conjunction with electrode arrays to electrically

stimulate and record. The arrays consisted of 61 approximately hexagonally

packed indium tin oxide electrodes (60 mmspacing) on a glass substrate, elec-

troplated with platinum black (Litke, 1998; Sekirnjak et al., 2006; Jepson et al.,

2013). Recordings were band-pass filtered between 43 and 5,000 Hz (–3 dB)

and were amplified and digitized at 20 kHz for offline analysis. Spike wave-

forms recorded during visual stimulation were detected and clustered into

groups of spikes generated by individual RGCs (Litke et al., 2004).

Visual stimuli were displayed on a cathode ray tube computer monitor, opti-

cally reduced, and focused through a microscope objective onto the photore-

ceptor outer segments (Chichilnisky and Kalmar, 2002). The stimulus was

maintained at low photopic intensity with neutral density filters. A spatiotem-

poral white noise stimulus was used to measure light response properties of

RGCs (Chichilnisky, 2001). Functionally distinct RGC types were identified

based on visual response properties, electrical properties, and density (Chi-

chilnisky and Kalmar, 2002; Field et al., 2007). Receptive fields of cells (Fig-

ure 1) were summarized with the 1 SD boundary of an elliptical Gaussian fit

to the spatial sensitivity profile obtained from the spike-triggered average stim-

ulus during spatiotemporal noise stimulation (Chichilnisky and Kalmar, 2002).

Current pulses (150–300 ms total duration, triphasic, charge balanced [Hott-

owy et al., 2012; Jepson et al., 2013]) were injected with custom circuitry that

permitted independent timing control on each electrode, as well as artifact

reduction for recording and stimulating from the same electrode (Hottowy

et al., 2008). Spikes recorded during electrical stimulation were analyzed

with custom semiautomated procedures (Jepson et al., 2013). Briefly, re-

corded waveforms consisting of a mixture of spikes and electrical artifact

were segregated automatically, then inspected for errors and manually cor-

rected when necessary. Elicited spikes were consistent with direct activation

of RGCs, based on the observed submillisecond response latency (Sekirnjak

et al., 2006; Sekirnjak et al., 2008; Jepson et al., 2013).

ON parasol cells were selected for replication of visual responses with elec-

trical stimulation. An initial scan was performed in which ON parasol cell

responses to electrical stimulation were first measured for every electrode

separately. The initial scan was used to identify a set of amplitudes required

to elicit responses with probability �0.9–1.0 in each cell. Moving bar stimuli

(width 0.90�, speed 6.71 deg/s, 96% incremental contrast) were presented

drifting across a uniform field of the samemean intensity as the spatiotemporal

noise stimulus (see above). A single trial of the recorded responses to the

moving bar visual stimulus was then selected to be reproduced with electrical

stimulation. The trial was selected to minimize the summed difference be-

tween the spike trains recorded on that trial and spike trains recorded on all
other trials, based on a spike distance metric (Victor and Purpura, 1997)

normalized by the number of spikes. The timing of the current pulses for elec-

trical stimulation was given by the timing of the spikes recorded in the selected

visual stimulus trial, rounded to the nearest millisecond. The amplitudes of

current pulses were varied systematically over a range of �0.5–1.5 times the

amplitudes identified in the initial scan, while keeping the current amplitudes

on different electrodes in a fixed ratio. Data in Figures 2 and 3 were obtained

with a set of stimulus amplitudes that yielded consistent activation across cells

while minimizing current amplitude and resulting electrical artifacts and activa-

tion of nontargeted cells. Recorded responses to the electrical stimulation

pattern were then compared to those elicited by the visual stimulus.
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