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ABSTRACT OF THE DISSERTATION

Patterned Electrical Stimulation of Primate Retina for the
Development of Retinal Prostheses

by

Lauren Hruby Jepson

Doctor of Philosophy in Bioengineering

University of California, San Diego, 2012

Professor Gabriel A. Silva, Chair
Professor E.J. Chichilnisky, Co-Chair

Epiretinal prostheses are designed to restore vision to people blinded by

retinal degenerations, using electrical stimulation with an array of electrodes im-

planted on the surface of the retina to convey artificial visual signals to the brain.

Current clinical prostheses provide limited visual function, in part because the ac-

tivity that they generate is different from natural retinal responses to visual stim-

uli. An ideal retinal prosthesis would stimulate the retinal ganglion cells (RGCs)

in a way that veridically recreates the precise, cell-type dependent spatiotemporal

spiking patterns present in the retina. This requires RGC activation at the native

temporal and spatial resolution of the retina.

We sought to better understand how electrical stimulation with high-density

electrode arrays can be used to control RGC activity using an in vitro retina

preparation to simultaneously stimulate and record from primate RGCs. The five

numerically dominant RGC types, the ON and OFF midget, ON and OFF parasol,

and small bistratified cells, could be activated to fire single, precisely-timed spikes

xiii



using brief current pulses that fell within established safe charge density limits.

Single-cell activation, which would prevent the simultaneous activation of different

RGC types, was possible in roughly half of the tested RGCs.

We further investigated whether simultaneous patterned current injection

through multiple electrodes could be used to improve spatial selectivity. The

majority of RGC responses to simultaneous current injection through multiple

electrodes could be described by a simple model in which currents from different

electrodes combine linearly to produce RGC responses. Observed nonlinearities

could be effectively captured by extending the model to include multiple regions of

stimulus space, in which each region contained a different linear tradeoff between

currents passed through the electrodes. The usefulness of the model for improving

spatial selectivity was examined by using it to predict which combinations of cur-

rents would most selectively activate a cell. The selectivity of the pattern chosen

using the model was much higher than with single-electrode stimulation, and was

nearly identical to that of the optimal pattern. Collectively, these findings sup-

port the feasibility of using epiretinal stimulation to control retinal activity at or

near its native spatial and temporal resolution, and suggest a strategy to improve

spatial resolution beyond what can be achieved using individual electrodes.
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Chapter 1

Introduction

1.1 Introduction to visual prostheses

Visual prostheses are designed to restore vision to patients blinded by dis-

ease or injury by recreating healthy light-driven neural activity in the remaining

portion of the visual system. Typically, visual prostheses attempt to control neural

activity using electrical pulses applied with implanted electrodes, although optoge-

netic (genetic manipulation that allows for control of neuronal activity with light)

[1–3], neurotransmitter-based [4, 5], and photochemical [6, 7] control of retinal

activity have been proposed recently as alternatives to electrical stimulation.

The use of electrical stimulation to produce visual sensations (phosphenes)

was first demonstrated in 1755 by passing current through the eye of a blind

man [8]. Early in the 20th century, a pair of neurosurgeons demonstrated that

phosphenes could also be induced by electrically stimulating the visual cortex [9,

10]. Attempts at restoring vision using a chronic implant began in the 1960s,

when an array of 80 electrodes was implanted onto the surface of a blind patient’s

visual cortex in the first chronic human experiment [11]. Serious limitations to the

cortical approach, including the unpredictability of elicited phosphenes, the risk

of inducing epileptic seizures, and surgical risks such as intracranial infection and

hemorrhage [12], have led to the exploration of additional electrical stimulation

targets in other parts of the visual system.

1
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lateral geniculate
nucleus

primary visual
cortex

optic
nerve
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suprachoroidal

retina
choroid

sclera

Figure 1.1: Anatomical locations being pursued as targets of visual prostheses.
Within the eye, the structure targeted by electrical stimulation is the retina, a
thin sheet of neural tissue that absorbs incoming light and performs initial pro-
cessing of the visual input. Electrodes targeting the retina may be placed on the
inner (epiretinal) or outer (subretinal) surface of the retina, or behind the choroid
(suprachoroidal), the sheet of connective tissue that provides oxygen and nour-
ishment to the outer portion of the retina. Outside of the eye, visual prostheses
may target the optic nerve, which carries visual information from eye to brain;
the lateral geniculate nucleus, the neural relay between the retina and the visual
cortex; or the primary visual cortex, the earliest cortical area in the visual system.
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1.2 Potential locations for visual prostheses

Stimulation sites currently being pursued in visual prosthesis development

include the retina, optic nerve [13–17], lateral geniculate nucleus [18, 19] and visual

cortex [12, 20–22], (Fig. 1.1). Within the retina, multiple electrode configurations

are being investigated, including placement of electrodes between the outer retina

and retinal pigment epithelium (subretinal) [23–25], on the inner surface of the

retina (epiretinal) [26–30], or on the outer surface of the choroid (suprachoroidal)

[31–34](Fig. 1.1). Each of these stimulation targets has inherent benefits and lim-

itations, such as the degree and location of functional loss that can be tolerated

by the prostheses and the complexity of visual encoding at different locations in

the visual system. To allow for a degree of focus, the following discussion will be

limited to epiretinal prostheses.

1.3 Background

1.3.1 Structure and function of the mammalian retina

Vision refers to the process of transforming the light that enters the eye into

neural signals that result in the subjective experience of “seeing.” This process

starts with retina, the thin sheet of neural tissue that lines the back of the eye. An

image of the external world is focused by the optics of the eye onto the retina, where

it is absorbed by the first neurons of the visual system: the photoreceptors (Fig.

1.2). These highly specialized sensory neurons transduce incoming light into neural

signals that can be passed on to the retinal interneurons. The retinal interneurons,

comprised of the horizontal, bipolar and amacrine cells, form the neural circuitry

that processes the visual information captured by the photoreceptors and divides

it into parallel pathways [35]. These processed visual signals are then integrated

by the retinal ganglion cells (RGCs), which generate the retinal output in the form

of patterns of action potentials [36]. The optic nerves, which are made up of the

collection of RGC axons, transmit these spiking patterns from the retina to several

targets in the brain [37], where they are further processed and ultimately lead to



4
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retinal 
ganglion cells

photoreceptorsretinal interneurons
(bipolar, horizontal,
and amacrine cells)

optic nerve

21

3
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Figure 1.2: Overview of retinal anatomy and function. Light passes through the
retina (1) and is absorbed by the photoreceptors (2), which transduce the light into
a neural signal. This neural signal is then passed on to the retinal interneurons
(3), which perform initial processing on the visual input (4). Finally, the processed
visual information is integrated by the RGCs (5) and transmitted from the eye to
the brain through the optic nerve.

visual perception.

1.3.2 Outer retinal degenerations are a target for retinal

prostheses

A number of diseases can lead to complete or partial loss of vision through

the impairment of structures in the visual system. For a visual prosthesis to be

effective, both the neurons targeted by electrical stimulation and the neural struc-

tures that lie downstream in the visual system must retain the ability to transmit

and process visual information. Epiretinal prostheses typically target the RGCs,

although there is evidence that retinal interneurons are also activated by current

clinical prostheses [38]. Therefore, the causes of blindness that are amenable to vi-

sion restoration with an epiretinal prostheses are diseases that primarily affect the

photoreceptors, such as retinitis pigmentosa and age-related macular degeneration.

The cause of blindness in the majority of patients implanted with retinal

prostheses to date is retinitis pigmentosa. Retinitis pigmentosa is actually not

a single disease, but a collection of inherited diseases that are characterized by
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progressive degeneration of photoreceptors. Approximately 1 in 3700 people born

in the United States is affected by retinitis pigmentosa [39]. The most common

form of the disease manifests itself initially as “night blindness,” due to the death of

the rods, the photoreceptor type responsible for vision under low-light conditions.

Later, degeneration of the remaining photoreceptors in the peripheral regions of

the retina lead to complete peripheral vision loss [40]. Finally, vision loss progresses

to the central visual field, resulting in complete blindness.

A second retinal degenerative disease that is amenable to vision restora-

tion with an epiretinal prostheses is age-related macular degeneration (AMD), the

leading cause of new vision loss in the elderly population [41]. Like retinitis pig-

mentosa, this disease primarily affects the photoreceptors. However, because even

patients severely affected by AMD typically retain some visual function in their

peripheral retinas, it is unlikely that retinal prostheses will be used for the treat-

ment of AMD until significant advancements in the quality of the restored vision

have been demonstrated.

Although the retinal cells most severely affected in retinitis pigmentosa

and AMD are the photoreceptors, other retinal cells are also affected. Upon the

death of photoreceptors, significant rewiring of the remaining retinal cells occurs,

including retraction and extension of neuronal processes and neuronal migration

[42]. In addition, a fraction of the retinal interneurons and RGCs are lost. In

retinitis pigmentosa, the percentage of RGCs remaining ranges from 20-75% [43–

45], and in AMD, approximately 50-100% of RGCs remain [46]. Nevertheless,

acute epiretinal stimulation studies and clinical trials of epiretinal prostheses have

shown that the remaining RGCs are sufficient to generate visual perception.

1.4 Clinical epiretinal prostheses

1.4.1 Clinical outcomes to date

Work toward stimulation of the retina for sight restoration began in the

late 1980s with the formation of three independent research teams in the United

States [47]. The first acute tests of electrical stimulation applied by an epiretinal
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electrode were performed in the 1990s and revealed that epiretinal stimulation was

capable of eliciting perception of localized phosphenes in patients blinded by retinal

degeneration [48]. Since then, the field has grown rapidly, spawning a number of

companies, consortia, and research laboratories across the globe dedicated to the

development of retinal prostheses.

The company that has performed the most extensive clinical trials of epireti-

nal prosthesis to date is Second Sight Medical Products, Inc. In 2002, Second Sight

began a clinical trial of their first generation device, the Argus I, which consists of

an epiretinal array of 16 platinum electrodes, spaced 800 µm apart and either 260

or 520 µm in diameter, connected by a cable to electronics encased outside the eye

[49]. An external camera mounted on a pair of glasses captures video of the pa-

tient’s surroundings, which is then converted into a series of electrical stimulation

commands by a portable processing unit and wirelessly transmitted to the implant.

In total, 6 patients with advanced retinal degeneration were chronically implanted

with the Argus I. All patients perceived discrete phosphenes upon injection of cur-

rent pulses through individual electrodes of the implant [50], and patients tested

for performance on simple visual tasks, such as detecting the orientation of a visual

stimulus [51] and discriminating between a set of simple objects [52], performed

better than chance.

Based on the success of these initial implants, Second Sight developed a

second generation implant, the Argus II, increasing the number of electrodes to

60, slightly decreasing the electrode size to 200 µm in diameter and decreasing

the center-to-center electrode spacing to 575 µm [53]. The company launched a

clinical trial in 2006 to test the safety and efficacy of the Argus II, and have since

implanted the prosthesis in 32 patients in several locations in the US, Europe

and Mexico [54, 55]. Results to date have shown significant improvements in the

ability of patients to perform a range of visual tasks, from tracing simple outlines

on a computer screen [26] to walking to a door across a room [54]. Two of the

highest-performing patients were even capable of reading short (4-word) sentences

presented in a large font (4.5 cm) on an LCD screen [56]. In 2011, the Argus II

became the first retinal prosthesis to receive CE Marking, allowing it to be sold in
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Europe as a medical device [57]. Second Sight has plans to create a third-generation

prosthesis with at least 250 electrodes.

Two other groups have launched less extensive clinical trials of epiretinal

prostheses. A 25-electrode prosthesis developed by a group of researchers in Ger-

many, the EPIRET3, was tested in a 4-week clinical trial in 2006. Four of six

patients receiving the EPIRET3 implant consistently reported experiencing visual

sensations upon stimulation with safe levels of current, and three were capable of

distinguishing between simple stimulation patterns, such as simultaneous stimula-

tion with sets of electrodes oriented in different directions [28].

Separately, the German company Intelligent Medical Implants, GmbH, de-

veloped an epiretinal implant with 49 electrode that was implanted in 7 patients.

Informal tests suggested that implant recipients were capable of discriminating

between current pulses injected through different electrodes and between stimu-

lation with different patterns of electrodes [58, 59], although the details of the

discrimination tasks have not been published.

1.4.2 Shortcomings of clinical epiretinal prostheses

While results of early clinical trials confirm that some degree of visual func-

tion may be restored using epiretinal stimulation, the quality of the restored vision

achieved thus far has been relatively rudimentary. Even in the best performing

subjects implanted with the Argus II, the clinical prosthesis with the best results

to date, reading a single 4-letter word displayed in large lettering required 20-40

seconds on average after 2 months of training [56]. In addition, the visual per-

cepts generated by epiretinal stimulation have been highly inconsistent, varying in

shape, color and transience between patients [28, 53]) and even between different

stimulation electrodes in a single patient [60, 61].

The most likely cause of the failure to recreate consistent, high quality

vision is the fact that little attempt is made at mimicking the natural neural

signals that encode visual information in the retina. Most publications describing

the performance of patients on camera-based visual tasks omit information about

how the video is transformed into an electrical stimulus. However, publications
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describing percepts elicited by directly-controlled electrical stimuli suggest that

very simple schemes are used, such as encoding image brightness as variations in

pulse amplitude or frequency [61, 62]. In addition, due to the large size of the

stimulation electrodes in current clinical implants relative to the size and density

of the targeted RGCs, each current pulse is likely to elicit neural responses in

hundreds of RGCs simultaneously, generating a retinal output that is very different

from the complex spatiotemporal spiking patterns that carry visual information

from retina to brain in a healthy visual system (Fig. 1.3, discussed further in

Section 1.5.2).

1.5 Proposal for a high-resolution epiretinal

prosthesis

An ideal retinal prosthesis would be capable of veridically recreating the

natural RGC spiking patterns generated by a healthy retina, replacing the function

of the bypassed photoreceptors and retinal circuitry. Successful transference of

information about a visual scene to a patient’s visual system can be broken down

into two main challenges: translating the visual information captured by a camera

into the native spiking output of healthy retina (encoding), and manipulating the

activity of the patient’s RGCs to mimic this spiking output (transmission).

1.5.1 Encoding

In order to mimic the natural RGC activity elicited by a particular visual

scene, the processing normally provided by the retinal circuitry must be applied

to the captured video before the visual information is transmitted to the RGCs.

Essentially, this involves predicting, given a particular visual scene, the resulting

pattern of RGC spikes of a healthy retina. Several computational models have

been constructed in an attempt to do this [63–70], and some have been shown to

predict healthy RGC responses with high fidelity. However, these models are often

validated on simplistic visual stimuli. Further research is required to establish
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optimal models that perform well for more natural visual stimuli. In addition,

models of retinal processing typically only emulate a subset of the total number of

RGC types that exist in the primate retina, so complete replication of the retinal

output will require the remaining RGC types to be characterized and modeled.

Although the challenge of mimicking the encoding naturally performed by a healthy

retina is critical to recreating natural RGC activity with an epiretinal prosthesis,

it is not the focus of the research presented in this thesis.

1.5.2 Transmission

Once the appropriate RGC activity pattern of the retina has been deter-

mined for a particular visual stimulus, the prosthesis must be able to induce this

activity in the population of RGCs in the patient’s retina. This requires a method

for controlling the activity of RGCs. The standard method for modulating neural

activity with clinical devices is electrical stimulation using implanted electrodes.

Pulses of current delivered through these electrodes alter neural activity by estab-

lishing a local electrical field in the surrounding tissue, which generates currents

within and across the membranes of nearby neurons, causing neural excitation or

suppression [71, 72]. Electrical stimulation has been used successfully for decades

in a variety of neural prostheses such as cochlear implants [73] and deep brain

stimulators [74]. However, no existing neural stimulation devices have achieved

the spatial resolution of neural control that would be required to veridically recre-

ate the natural activity of the retina.

Transmission: spatial resolution

Unlike other neural prostheses, restoration of high-resolution vision will

require an unprecedented level of spatial resolution of neuronal activation. Ide-

ally, the prosthesis would be able to independently control the activity of each

RGC, rather than simultaneously activating hundreds or more neurons, as is likely

the case in other neural prostheses and in current clinical epiretinal prosthesis.

Targeting individual RGCs has the obvious advantage of increasing spatial resolu-

tion of the artificial vision provided by a retinal prosthesis. However, an equally
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important motivation to achieve single-cell activation is the fact that RGCs are

not comprised of a homogenous population of cells, but rather several distinct

spatially-intermixed types. At least 17 morphologically distinct RGC types exist

in the primate retina [37], each encoding different information about a visual scene

[36]. Thus, the activity of the RGCs is not a simple reflection of the visual scene,

but rather several parallel representations, each conveyed to a distinct set of tar-

gets in the brain by a particular RGC type. For example, one RGC type may

primarily encode information about local contrast in the visual scene, whereas a

different RGC type primarily encodes color information.

The fact that the different cell types encode different aspects of visual in-

formation is reflected in their distinct response to the same visual stimulus. Figure

1.3 shows the responses of the four numerically dominant primate RGC types to

repeated application of a simple visual stimulus: step increments and decrements

in light intensity. The ON midget and ON parasol ganglion cells, as their names

suggest, respond preferentially to the light increments, whereas the OFF midget

and OFF parasol ganglion cells responds more strongly to the decrements. The

responses of the different RGC types can be further distinguished by their tran-

sience: the ON and OFF midget ganglion cells exhibit sustained responses to the

light steps, while the ON and OFF parasol ganglion cells respond most vigorously

to the onset of the light steps [75, 76]).

Thus, to reproduce the natural retinal output with a epiretinal prosthesis,

different patterns of activity must be induced in different RGC types. This is par-

ticularly difficult because the RGCs of different types are spatially intermixed in the

retina. Figure 1.4 depicts the triangulated cell body location of each of the RGCs

in the five highest-density cell types in a single piece of primate retina, based on a

single electrophysiological recording, illustrating this spatial intermixing. Simulta-

neous activation of multiple neighboring RGCs with the same electrical stimulus is

likely to generate nearly identical temporal patterns of spikes in the RGCs of many

different types rather than the distinct cell type-specific temporal patterns (Fig.

1.3) present in natural responses. These unnatural electrically-elicited activity

patterns would preclude transmission of distinct aspects of information contained
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Figure 1.3: Distinct responses of different primate RGC types to the same visual
stimulus. Raster plots show the spike times of each example RGC across fifty
repetitions of step increments and decrements in full-field light intensity. Two
example cells from each of the four numerically dominant primate RGC types are
shown. All RGCs were simultaneously recorded using a multi-electrode array.
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Figure 1.4: Approximate cell body location of each RGC within the five highest-
density primate RGC types. Each dot represents a single RGC soma, colored
according to cell type. Open grey circles show position of electrodes of the multi-
electrode array. Dashed circle depicts relative size of a single electrode in the
current generation Second Sight epiretinal prosthesis, the Argus II. Cell body lo-
cations are estimated from the center of mass of the electrodes recording large
somatic voltage fluctuations.

in the visual scene that would normally be encoded by the distinct RGC types.

Therefore, discrimination of any details of the scene beyond general spatial loca-

tion would be difficult using electrodes and stimulation patterns that are unable to

target individual cells, such as those used by current clinical epiretinal prostheses

(Fig. 1.4 dashed outline).

1.6 Thesis scope

The primarily goals of this thesis are to gain a better understanding of

how primate RGCs respond to epiretinal electrical stimulation, and to explore
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the potential of using spatial patterns of current injection to improve the spatial

selectivity of activation. An in vitro preparation of a living patch of primate retina

placed on an array of electrodes was used as a model of the interface between

epiretinal prosthesis and retina. This preparation allowed us to inject various

patterns of current pulses and simultaneously measure the responses of RGCs.

The electrode diameter and pitch of the arrays used in this work were chosen to be

roughly an order of magnitude smaller than those of current clinical prosthesis, in

the anticipation that electrode arrays of this density will be required to approach

the single-cell spatial resolution necessary to veridically recreate the natural retinal

output.

The first aim of this thesis work is to characterize the response properties

of the major cell types in the primate retina. The ON and OFF midget, ON and

OFF parasol, and small bistratified cells, which together comprise roughly 75% of

the total number of primate RGCs [37] were examined in terms of their sensitivity,

response timing, and spatial selectivity. The second aim was to investigate the

potential of using spatial patterns of current injection to improve spatial selectivity

of RGC activation. To this end, responses to current pulses injected through

multiple electrodes in different combinations of pulse amplitude and polarity were

measured, and an empirical model that describes how currents combine to generate

RGC responses was developed and tested.
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Chapter 2

Electrical stimulation of parallel

pathways in the primate retina

Abstract

Electrical stimulation of retinal neurons with an advanced retinal prosthesis

may eventually provide high resolution artificial vision to the blind. However, the

success of future prostheses depends on the ability to activate the major parallel

visual pathways of the human visual system. Electrical stimulation of the five

numerically dominant retinal ganglion cell types was investigated by simultaneous

stimulation and recording of isolated macaque retina, which is highly homologous

to the human retina, using multi-electrode arrays. ON and OFF midget, ON and

OFF parasol, and small bistratified ganglion cells could all be activated directly to

fire a single spike with sub-millisecond latency, using brief pulses of current within

established safety limits. Thresholds for electrical stimulation were similar in all

five cell types. In many cases, a single cell could be specifically activated without

activating neighboring cells of the same type or other types. These findings support

the feasibility of direct electrical stimulation of the major visual pathways at or

near their native spatial and temporal resolution.
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2.1 Introduction

Retinal prostheses have the potential to restore useful visual function to

people blinded by diseases such as retinitis pigmentosa and age-related macular

degeneration. In advanced stages of disease, photoreceptors degenerate but many

other retinal neurons remain, notably a significant fraction of the retinal ganglion

cells (RGCs) that normally transmit visual signals to the brain [1, 2]. Thus,

vision could in principle be restored in these patients by electrically stimulating the

remaining RGCs with an array of electrodes, in a manner that mimics the signals

that a healthy retina would transmit to the brain. Indeed, clinical trials with

prototype epiretinal prostheses have shown that electrical stimulation based on

video captured by an external camera can induce artificial visual percepts and allow

patients to perform simple visual tasks [3]. However, it is still unknown exactly

what retinal activity is evoked by epiretinal stimulation and how this activity can

be harnessed to produce high resolution visual signals in the parallel pathways of

the human visual system.

Ideally, an epiretinal prosthesis would recreate the healthy RGC response to

a visual scene at the native spatial and temporal precision of RGCs. A critical first

step is to understand how different types of RGCs respond to electrical stimulation.

This is important because the primate retina contains multiple morphologically

distinct RGC types, each of which sends distinct visual information to a distinct

set of targets in the brain [4]. To date, the only primate RGC types that have

been shown to respond to epiretinal stimulation are the ON and OFF parasol cells

[5], which comprise approximately 16% of the population. Therefore, it is unclear

whether electrical stimulation can be used to create a more complete visual signal in

the output of the retina. In particular, different RGC types could be differentially

sensitive to electrical stimulation, a possibility which is supported by differences

in the sensitivity of distinct rabbit RGC types [6], as well as differences in intrinsic

electrical properties [7, 8] and morphology [9, 10] between RGC types in several

species. In addition to the ON and OFF parasol cells, three cell types of particular

importance in the primate retina are the ON and OFF midget cells, which are

responsible for high-acuity vision and make up roughly half of the total RGC
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population, and the small bistratified cells (SBCs), which encode blue-yellow color

information. A unified understanding of the responses to electrical stimulation of

all five major RGC types, which together make up approximately 75% of primate

RGCs [4], is essential for the design of retinal prostheses capable of mediating

advanced artificial vision.

We probed the properties of the five major cell types by simultaneous

recording and electrical stimulation of isolated primate retina using multi-electrode

arrays. The results reveal that it is possible to directly stimulate ON and OFF

midget, ON and OFF parasol and small bistratified RGCs using approximately

15 µm diameter electrodes with current pulses in a safe charge density range.

RGCs from all five cell types exhibited similar sensitivity to brief current pulses,

responding with a single, precisely timed spike, suggesting that the neural code

of the retina can be reproduced with high fidelity. By recording simultaneously

from midget and parasol cells while targeting midget cells for stimulation, we show

that single-cell specificity in the highest density cell types is achievable in many

cases. Thus, in principle it is possible to safely electrically activate RGCs in the

high-resolution visual pathways at their native spatial and temporal resolution.

2.2 Methods

2.2.1 Experimental setup

Primate retinas were isolated and mounted on an array of electrodes as

described previously [5, 11]. Briefly, eyes were removed from macaque monkeys

(Macaca mulatta) that were terminally anesthetized in the course of other ex-

periments. The vitreous and anterior portion of the eye were removed immedi-

ately in room light and the eye cup was stored in darkness in warm, oxygenated,

bicarbonate-buffered Ames’ solution (Sigma, St. Louis, MO). A 1-2 mm diameter

segment of retina was isolated and placed RGC-side down on a custom multi-

electrode array and held in place with a dialysis membrane positioned against the

photoreceptor side. Data reported in this paper were compiled from 12 retinal

preparations with eccentricities ranging from 7 to 15 mm taken from 11 macaque
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monkeys.

Dissections were performed primarily under infrared illumination, with a

brief period (<5 minutes) of dim red illumination while mounting the array in the

stimulation and recording system. Once mounted, the preparation was continu-

ously superfused with oxygenated, bicarbonate-buffered Ames’ solution maintained

at ∼33◦C, pH 7.4. The mean spike rate of the preparation was allowed to stabilize

before commencing data collection. Voltage was recorded at 20 kHz on all elec-

trodes, bandpass filtered between either 43 and 2000 Hz or 43 and 5000 Hz (-3

dB), and stored for offline analysis.

The electrode arrays used in this study have been described previously

[12, 13]. They consisted of 61 indium tin oxide electrodes on a glass substrate,

arranged in an x-scaled hexagonal lattice with 60-67 µm inter-electrode spacing.

Electrodes were electroplated with platinum black [14] prior to each experiment,

with resulting platinum electrode equivalent circular diameters of ∼11-19 µm.

Light microscope images of electrodes were taken prior to each experiment for

measurement of electrode areas.

2.2.2 Electrical stimulation

A custom 64-channel stimulation and recording system with stimulation

artifact suppression [15] was used to apply the electrical stimuli and record RGC

responses to visual and electrical stimuli. The electrical stimulus consisted of

charge-balanced triphasic current pulses with phase durations of either 50 or 100

µs (150 or 300 µs total pulse duration). The sequence of relative current ampli-

tudes for each phase was 2:-3:1 (anodal:cathodal:anodal). This pulse shape was

chosen to minimize the electrical artifact generated by the stimulus [16], which

in combination with the artifact-suppression circuitry, allowed the recording of

sub-millisecond latency responses on the same electrode that was used for current

injection (Fig. 2.2A). Reported pulse amplitudes correspond to the charge of the

cathodal phase. All current pulses were monopolar, with a platinum wire encircling

the recording chamber serving as the return electrode.

Electrical stimuli used to measure thresholds, selectivity, and response la-
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tencies consisted of pulses applied sequentially through each individual electrode

of the array in a pseudorandom order at 7.5 or 15 ms intervals. The ordering of

stimuli was restricted such that successive stimulation electrodes were at least 120

µm apart to reduce the likelihood of stimulating the same neuron(s) in sequential

pulses. Fifty repetitions were applied to each stimulation electrode at each tested

pulse amplitude, with 10% increments between successive amplitudes. Electrical

stimuli used to check for long-latency responses consisted of pulses applied at 5 Hz

on individual chosen electrodes, and contained either 25 or 50 repetitions at each

pulse amplitude.

2.2.3 Visual stimulation

To measure visual response properties for cell type classification, a dynamic

white noise stimulus was used, in which the color and intensity of each square

stimulus pixel of a lattice was randomly and independently varied. This visual

stimulus has been used [17] to simultaneously measure the spatiotemporal receptive

field of many RGCs. The visual stimulus was optically reduced and focused onto

the photoreceptor outer segments, and neutral density filters were used to maintain

the stimulus at a low photopic intensity. Visual response data were collected for

30 minutes, digitized at 20 kHz and stored for offline analysis.

2.2.4 Spike sorting and cell type classification

Recorded spike waveforms were detected and clustered into groups repre-

senting the spike waveforms of distinct RGCs, as described previously [11, 18]. In

the preparation presented in Fig. 2.1, a modified spike sorting algorithm was used,

in which identified spike waveforms were iteratively subtracted from the recorded

voltage traces as they were identified (Martin Greschner, personal communication).

Once the spikes were identified and clustered, a linear estimate of the spa-

tiotemporal receptive field of each cell was determined by calculating the spike-

triggered average (STA) visual stimulus from the white noise sequence [17]. Cells

were clustered into groups corresponding to distinct cell types based on their STAs
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and spiking statistics, as described previously [11].

In figures, each STA is summarized by the 1.25 SD elliptical boundary of

a Gaussian fit to the spatial profile of the STA. The punctate nature of the SBC

STAs, due to their selective sampling of S cones, resulted in poor Gaussian fits

in some cases. To represent the boundary of the RF for these cells, STAs were

blurred with a Gaussian filter before fitting. The expansion of the fits caused

by this filtering was corrected by scaling the resulting elliptical fits of all SBCs

within the preparation by a common scale factor. The scale factor was selected to

maintain the mean area of STA fits for cells with qualitatively similar fits to the

original and blurred STAs.

2.2.5 Electrophysiologocial image

An electrophysiological image (EI) of the spiking of each cell [18, 19] was

calculated in order to estimate its soma location and to facilitate the matching of

electrically-elicited spikes with cells identified during visual stimulation (see Section

2.2.6). The EI of a cell consisted of the average voltage waveform generated by a

spike in this cell on each electrode of the array. This electrical “footprint” of the

cell typically consisted of high amplitude biphasic voltage waveforms on a cluster of

1-3 electrodes generated by the soma and dendrites, and smaller, triphasic, delayed

waveforms on a series of electrodes extending away from this region, apparently

reflecting action potential propagation along the axon.

2.2.6 Analysis of electrically-elicited responses

RGC responses to electrical stimulation were typically superimposed on

an electrical artifact generated by the electrical stimulus, precluding the use of

simple threshold-based spike-detection algorithms. Instead, spikes were identified

using a combination of automated and manual voltage trace sorting. First, a

custom automated algorithm grouped traces into 2 categories based on the spike

template of the cell being analyzed (taken from the EI) and an initial estimate of

the stimulus artifact: (1) traces that were more similar to the artifact estimate
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alone (failures) and (2) traces that were more similar to the sum of the artifact

estimate and the spike template at one of a range of potential time offsets from

the artifact (successes), based on least-squared error between the observed and

expected voltage trace in each case. Because direct responses consistently occurred

within 1 ms of stimulus onset (see Fig. 2.3), the potential spike range offsets were

typically limited to the first 1.75 ms following stimulus onset. The group of traces

categorized as failures were then used to generate an updated artifact estimate

and the categorization step was repeated. This process was iterated until the

categorization converged.

The results produced by the automated algorithm were visually inspected

for a number of potential errors, and manual corrections were implemented as

necessary. In some cases, poor initial artifact estimates prevented the algorithm

from converging on the correct categorization, necessitating selection of a new

initial artifact estimate. In cases in which other cells with a similar spike waveform

were recorded on the chosen electrode, the automated algorithm often incorrectly

classified spikes from those cells as spikes of the cell being analyzed. Comparison

of the artifact-subtracted signal on neighboring electrodes with the EI waveforms

of the cell being analyzed and other nearby cells typically allowed unambiguous

identification of which cell generated the spike.

Some electrical stimuli elicited spikes in more than one cell. For cases in

which the response curves of these cells were non-overlapping (i.e., cells with well-

separated thresholds) and in which the cell being analyzed had the largest thresh-

old, the waveforms of the cell(s) with lower thresholds were subtracted along with

the artifact estimate. For cases with overlapping response curves, the traces were

categorized into multiple groups: those containing only artifact, those containing

spikes of each cell alone, and those containing spikes of combinations of cells. Only

the traces containing a spike from the cell being analyzed were classified as suc-

cesses for that cell. This was performed either by manual sorting or by running the

automated algorithm using spike waveforms from all activated cells simultaneously.

In some cases, it was impossible to distinguish between traces containing

and not containing a spike from the cell being analyzed. This occurred when
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the SNR was too low to distinguish between clusters of traces, the similarity of

EIs of multiple cells precluded unambiguous determination of which spikes orig-

inated from the cell being analyzed, or when amplifier saturation masked part

of the recording. Typically this only occurred when analyzing cells with very

low-amplitude EI signals or at high pulse amplitudes. In these cases, response

probabilities could not be determined and therefore were not used in the fitting of

response curves.

To ensure that the manual correction was not influenced by the individual

performing the analysis, the response curves of 10 total test cells, one “easy” cell

and one “difficult” cell for each of the 5 cell types, were independently analyzed

by two additional individuals. The mean percent difference in resulting threshold

across the 10 response curves in comparison to the author’s analysis was 0.55%

and 0.65% for the two individuals, with a maximum threshold difference of 3.94%

for any single response curve.

2.2.7 Latency measurements and fits

Latencies were measured as the time between stimulus pulse onset and

the negative peak of the somatic spike signal. To generate post-stimulus time

histograms (PSTHs), spike latencies were binned into 25 µs intervals. Only data

from the two stimulus amplitudes whose response probabilities were closest to

0.5 were used (number of spikes per PSTH ranged from 26 to 72). To quantify

spike latency precision, a function describing the impulse response of a cascade of

low-pass filters was fit to each PSTH:

f(t) = α

(
t− t0
τ

)n

e−n( t−t0τ −1) (2.1)

where n represents the number of filters, τ epresents the filter time constant, t0

represents the filter latency and α the response amplitude. The functional form

resulting from n = 3 provided an accurate fit to the PSTHs and was used for all

cells. The values of τ , α and t0 were constrained to be positive. The full width at

half maximum was determined for each fit, and mean and standard error across
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all cells are reported.

2.2.8 Threshold measurement

Threshold values were extracted by fitting a cumulative Gaussian distribu-

tion to a set of response probabilities measured over a range of pulse amplitudes.

The maximum likelihood curve parameters were determined using a standard non-

linear minimization algorithm (Nelder-Mead simplex direct search). Because spon-

taneous spikes that occurred in the first 1.5 ms following stimulus onset were not

distinguished from electrically-elicited spikes, nonzero response rates often were

measured for stimuli far below threshold, influencing the likelihood of the fits. To

reduce the influence of spontaneous activity on the curve fits, the fit was performed

iteratively, using only data from the range of pulse amplitudes that corresponded

to between 0.1 and 0.9 response probability of the curve fit. In cases in which this

iterative fitting failed to converge to a single range of tested pulse amplitudes, (i.e.,

oscillation between two or more ranges of amplitudes), the union of these ranges

was used.

In some cases, response probabilities could not be determined over the entire

pulse amplitude range required to capture the full response curve, either because

it was not possible to distinguish between traces containing versus not containing

a response for all pulse charge amplitudes (see Section 2.2.6) or because only

part of the response curve fell within the tested pulse amplitude range. To limit

the error induced by incomplete measurements, target cells that did not reach a

response probability of at least 0.4 for at least one analyzed pulse amplitude were

not included as stimulated target cells in the threshold and selectivity analyses.

Note that this requirement was not imposed on non-target cells investigated in the

selectivity analysis.

2.2.9 Selection of target cells and stimulation electrodes

For the analysis of activation thresholds and selectivity, an attempt was

made to only target cells with somas positioned over the array. Because soma
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positions were not directly measured, the EI of each cell was used to estimate

which of the cells detected in a given recording had somas positioned over the array.

Cells that likely did not lie over the array appeared in the recording as either pure

axonal signals, characterized by small triphasic voltage waveforms [18, 19], or as

small signals recorded by electrodes on the edge of the array. The cell was classified

as lying over the array if one of two criteria were met: the maximum somatic signal

either (1) was detected on a non-edge electrode or (2) had an amplitude that was

greater than 50% of the mean peak signal amplitude of all of the cells that met

the first criterion within the same cell type in the same preparation. Note that

non-target cells analyzed for potential activation in the selectivity analysis were

not limited to cells classified as “over the array”.

Many cells could be activated by more than one stimulation electrode. To

address this, a search was performed for each cell to locate the stimulation elec-

trode that resulted in the lowest local activation threshold. All reported threshold

and selectivity results correspond to stimulation with this electrode. The search

initially included the electrode with the highest amplitude EI signal (approximate

soma location) and the 6 (or fewer for electrodes on the edge of the array) nearest-

neighboring electrodes. If the lowest detectible threshold was in response to one of

the neighboring electrodes, all electrodes neighboring this new “center” stimulation

electrode were also investigated. When a neighboring electrode could not be ana-

lyzed through the pulse amplitude necessary to determine whether it resulted in a

lower threshold than the center, all electrodes neighboring this additional electrode

were also investigated for potential lower activation thresholds. This search was

continued until a local minimum threshold was found. The stimulation electrodes

located using this search method were typically very close to the estimated soma

position or slightly displaced along the direction of the axon. In over half (62.1%)

of the cases, the resulting stimulation electrode was the same as the electrode with

the peak EI signal, and the mean distance between the stimulation electrode and

the electrode with the peak EI signal was 28.97 µm.

While reported thresholds are based on stimulation with electrodes located

as close as possible to the region of peak sensitivity of each cell, stimulation elec-
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trode position was limited to the 60 µm grid of electrodes on the electrode array.

As a result, the precise region of peak sensitivity of each RGC occupied a particu-

lar uncontrolled physical location in relation to the stimulation electrode. Because

of this lack of control over stimulation electrode position, and the fact that data

for some stimulation electrodes could not be analyzed over the entire tested pulse

amplitude range, the thresholds reported in Fig. 2.5 should be considered an upper

bound on the threshold achievable using electrodes of this diameter. Therefore,

no statistical summary or comparison of thresholds in different cell types was at-

tempted; instead all measurements are reported.

2.2.10 Selectivity analysis

Stimulation selectivity was assessed rigorously in two preparations. In one

preparation, complete or nearly complete mosaics of ON and OFF midget and

ON and OFF parasol cells were recorded. In a second preparation, only the ON

midget and ON parasol cell types contained complete mosaics, so the analysis

was limited to these cell types. In both preparations, an attempt was made to

selectively activate each recorded midget ganglion cell lying over the array (see

Section 2.2.9). For each target midget cell, the stimulation electrode resulting in

the lowest measurable threshold was first determined (see Section 2.2.9). Every

other recorded midget and parasol cell was then checked for activation by this

stimulation electrode over the range of pulse amplitudes required to activate the

target midget cell. The range of pulse amplitudes for which analysis of all non-

target cells was possible in each case is marked in grey in Fig. 2.7. For two of

the target cells, this analyzable range was not large enough to contain any portion

of the target cell activation range (i.e., the target cell did not reach 0.2 response

probability in the fully analyzable amplitude range); these two cells were excluded

from Fig. 2.7.

Response probabilities plotted in Fig. 2.6A,C,E are based on direct mea-

surement of the fraction of trials containing a spike within 1.5 ms from stimulus

onset in all cases except one: response probability of the activated ON parasol cell

in Fig. 2.6E is based on the response curve fit because a direct measurement could



32

not be made at this current amplitude. All nonzero response probabilities for cells

depicted in Fig. 2.6A,C,E without corresponding response curves in Fig. 2.6B,D,F

likely reflected spontaneous spiking, based on the fact that they did not exhibit

the characteristic time-locking to the stimulus pulse of direct electrical activation

(see Fig. 2.2, 2.3).

2.3 Results

To test the effectiveness of electrical stimulation in the major RGC types,

we recorded and stimulated ganglion cells in isolated primate retina using multi-

electrode arrays. First we identified the distinct cell types based on their light

response properties, then we applied current pulses through the electrodes while

recording the elicited activity.

2.3.1 Cell type classification

Distinct RGC types were identified based on their visual response proper-

ties and spike train temporal structure as described previously [11]. Briefly, in all

recordings, most of the recorded cells were classified as belonging to one of five

functionally distinct groups. The receptive fields of each group tiled the region of

retina recorded (Fig. 2.1), indicating that each group corresponded to a morpho-

logically distinct cell type. The five most commonly observed types were identified

as ON and OFF midget, ON and OFF parasol, and small bistratified based on cell

density and visual response properties. These cell types comprise approximately

75% of the visual signal transmitted to the brain. Occasionally, spiking amacrine

cells and ganglion cells of unknown type were encountered, but these were not

studied further.

2.3.2 Responses to electrical stimulation

RGCs of each of the five major types were directly activated by brief, low-

amplitude current pulses delivered through individual electrodes. The responses
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Figure 2.1: Classification of major RGC types in primate retina. Center: light
response time course (STA) and receptive field (RF) size were used to cluster
cells recorded in a single preparation into distinct groups. Surrounding: Receptive
fields of cells within each cell type tile visual space. Ellipses depict the 1.25 SD
boundaries of Gaussian fits to the spatial component of each cell’s STA. For SBCs,
STA blurring was performed prior to fitting to improve fit stability (see Section
2.2.4). Hexagons show position of the electrode array.
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Figure 2.2: Spike detection, response timing, response curves and selectivity of
one example RGC from each of the five major types. (A) Overlaid raw (inset) and
artifact-subtracted voltage traces (main axes) recorded during and immediately
after 50 stimulation trials, with successes (traces containing a spike) in red and
failures (traces containing only stimulus artifact) in solid black. Black dashed
traces show the spike template of each cell, taken from the EI (see Section 2.2.5).
Voltage traces were recorded by the electrode used for stimulation in all examples
except the OFF parasol, in which voltage traces were recorded by a neighboring
electrode. Inset scale bars correspond to 0.5 ms and 100 µV. (B) Raster plots of
responses shown in 1st row, with spike time defined as the negative peak of the spike
waveform. (C) Response probabilities measured over a range of pulse amplitudes,
fit by a cumulative Gaussian curve. For each cell, open circle indicates pulse charge
amplitude applied in A and B, and x symbol indicates amplitude applied in D. (D)
Selective activation of the example cell among neighboring cells of the same type.
Each cell is represented by an elliptical fit to its receptive field, and the color of
the fit indicates the fraction of trials in which the current pulse elicited a response.
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elicited in one sample cell of each type are summarized in Fig. 2.2. The collection of

voltage traces recorded during and immediately after 50 applications of a triphasic

current pulse were typically separated into two distinct groups based on waveform

(see Section 2.2.6, Fig. 2.2A). These two groups corresponded to trials in which

the cell fired a spike in response to the pulse (successes), and trials in which it

did not (failures). The electrical recording artifact produced by the current pulse

was removed from all traces by subtracting the mean of the traces identified as

failures. In each case, the resulting response waveform in each trial identified as a

success closely matched the waveform of the spikes of a specific cell recorded during

visual stimulation (Fig 2.2A, dashed waveforms). The artifact-reduction circuitry

built into the stimulation and recording system [15] and the triphasic current pulse

shape [16] reduced the artifact size significantly, avoiding amplifier saturation and

revealing RGC spikes as early as 50 µs after current injection on the electrode used

to apply the current pulse as well as on other electrodes.

At sufficiently high pulse amplitudes, nearly all examined cells of each type

could be stimulated reliably and with high temporal precision (Fig. 2.2B, also

see below). Decreases in pulse amplitude resulted in a sigmoidal decline in the

fraction of trials in which the cell responded (Fig. 2.2C) as observed in previous

work [5, 6, 20]. In many cases, cells could be activated with high spatial selectivity:

a particular pulse amplitude reliably activated one cell without activating any of

the neighboring cells of that type (Fig. 2.2D) [5]. Selectivity is treated more

extensively below.

Responses to electrical stimulation always occurred within 1 ms of stimulus

onset, similar to previous results for electrical stimulation of ON and OFF parasol

RGCs reported in Sekirnjak et al. 2008 [5] (note the difference in spike time def-

inition). Latencies from stimulus onset for all cells successfully activated in this

study are summarized in Fig. 2.3. For each cell, the mean latency was always

below 1 ms, and the typical variability in latency was very low; the mean width

at half maximum value was 76±4 µs. These short and reproducible latencies were

previously found to reflect direct electrical activation of RGCs rather than indirect

activation via retinal interneurons, and suggest that electrical stimulation has the
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Figure 2.3: Latency and temporal precision of RGC activation. The PSTH of a
representative cell from each cell type is shown with corresponding fit in black (see
Section 2.2.7). Fits for all other cells are in grey. Spike times are defined by the
negative peak of the spike waveform (rather than onset of spike waveform, as was
used in Sekirnjak et al. 2008 [5]).
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capacity to faithfully reproduce the temporal code of RGCs [13, 21] (see Section

2.4.1).

To investigate the possibility of additional indirect, longer-latency responses

due to electrical activation of interneurons, RGC activity was examined over a

period of 100 ms following pulse onset for three cells of each type over a range of

stimulus amplitudes, including those high enough to directly activate each cell with

greater than 0.99 probability. Of the fifteen cells investigated, only one showed any

sign of activation at latencies >1 ms. For this cell, a small fraction (<20%) of the

initial (<1 ms latency) spikes were followed by a second spike roughly 2 ms later.

These second spikes were most likely a consequence of the intrinsic membrane

dynamics of the cell, as has been observed previously [13], rather than indirect

activation via retinal interneurons. This conclusion is based on two observations.

First, these longer-latency spikes did not occur above chance in trials that did

not also contain a short-latency spike, suggesting that the first spike was required

to elicit the second spike. In addition, the timing of the second spike relative to

the first spike closely matched a peak in the autocorrelation function of the cell

obtained during responses to visual stimulation, indicating that similar spike pairs

frequently occurred in the absence of electrical stimulation (data not shown).

2.3.3 Comparison of thresholds in different cell types

To determine whether different RGC types exhibit different sensitivity to

electrical stimulation, the thresholds for electrical activation of cells of each type

were compared in four preparations. In each preparation, a subset of the five major

cell types was examined; cell types with partial mosaics of receptive fields were not

analyzed to avoid potential sampling bias. Threshold was defined as the pulse

charge amplitude required to elicit spikes in 50% of trials.

Initial examination of the responses of ON and OFF midget and ON and

OFF parasol cells in a single retinal preparation indicates that these cell types have

similar sensitivity to electrical stimulation. Responses of a representative cell of

each of these types are shown in Fig. 2.4. The threshold pulse charge amplitudes

of these cells all fell within a two-fold range. Comparison of thresholds within a
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preparation eliminated the potential influence of differences in health or physical

placement of different retinal preparations.

The results of stimulation of all ON and OFF midget and ON and OFF

parasol cells in this preparation are summarized in Fig. 2.5A. Nearly all of the cells

(38 of 42) were successfully activated within the tested pulse amplitude range,

and the range of measured activation thresholds for the different cell types was

largely overlapping. The examined cells represent essentially all of the ON and

OFF midget and ON and OFF parasol cells in this retinal region, as indicated

by the even tiling of receptive fields of each cell type (Fig. 2.4). An attempt was

made to find the electrode that resulted in the minimum threshold for each cell;

however, the actual minimum achievable threshold may be slightly lower due to

limitations in the precise location of stimulation electrodes relative to the region of

peak sensitivity of each cell (see Section 2.2.9). ON and OFF midget ganglion cells

exhibited a slightly broader distribution of thresholds than ON and OFF parasol

cells.

Similar to the first preparation, the measured activation thresholds of midget

and parasol cells in the second preparation overlapped significantly, with a slightly

wider spread of midget thresholds than parasol thresholds (Fig. 2.5B). A smaller

fraction of the ON midget ganglion cells in this preparation had measurable re-

sponses to electrical stimulation than in the first preparation. This is likely at-

tributable to the fact that a smaller range of pulse charge amplitudes was applied

in this preparation (Fig. 2.5 grey regions signify untested pulse amplitudes). This

explanation is supported by the observation that the fraction of ON midget gan-

glion cells with thresholds falling below the maximum charge amplitude applied

in the second preparation was similar in the first and second preparations (55.6%

and 64.5%, respectively).

To determine whether the sensitivity of SBCs to electrical stimulation is

comparable to that of other cell types, two additional preparations with nearly

complete mosaics of SBCs were analyzed. In these preparations, analysis was lim-

ited to the ON parasols and the SBCs, using the ON parasol cells as a benchmark.

The range of SBC thresholds was similar to the range of ON parasol thresholds in
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each preparation. Grey regions indicate untested pulse charge amplitude ranges.
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these preparations (Fig. 2.5C,D). The fact that the ON parasol and SBC thresh-

olds measured in the fourth preparation were slightly higher than the thresholds in

the other three preparations highlights the importance of within-preparation com-

parisons. The overlap between SBC and ON parasol threshold ranges within these

two preparations suggests that the sensitivity of SBCs to electrical stimulation is

similar to the other 4 cell types examined in this study.

A common concern regarding the use of small-diameter electrodes for elec-

trical stimulation is the safety of the charge densities required to activate cells.

In this study, all measured activation thresholds fell well within the commonly

cited platinum charge density limit of 0.3-0.35 µA/cm2 [22], and the majority of

thresholds fell within the more conservative 0.1 mC/cm2 platinum charge density

limit (Fig. 2.5 dashed lines) [23]. Furthermore, these activation threshold charge

densities are likely to be significantly overestimated (see Section 2.4.3).

2.3.4 Spatial selectivity

While previous work has shown that individual ON and OFF parasol cells

can be selectively activated without activating neighboring parasol cells [5], it is

unclear whether this level of spatial specificity is achievable when the much higher-

density ON and OFF midget ganglion cells are considered simultaneously. Simi-

larly, in the results presented in Fig. 2.2D, although it was possible to selectively

activate single cells of each type without activating neighboring cells of the same

type, activation of nearby cells of different types was not addressed.

As a more stringent test of spatial selectivity, every individual midget cell

lying over the array in two preparations was probed to determine whether it could

be activated without also activating any other cells of the same type or other types.

A range of selectivity across cells was revealed by this analysis. Three example

target cells illustrating this range are shown in Fig. 2.6. The first (Fig. 2.6A,B) is

an example of complete selectivity. The response probabilities of the target OFF

midget cell, along with all other ON and OFF midget and parasol cells recorded in

this preparation, are shown for a stimulation electrode and pulse amplitude that

reliably activated the target cell. While the target cell was activated in essentially
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Figure 2.6: Example target cells illustrating different degrees of selectivity. (A,C,E)
Response probability of each cell for a specific stimulation electrode and pulse
amplitude. Cells are represented by elliptical fits to their visual receptive fields, and
each target cell is marked with an arrow. Fill colors indicate response probabilities.
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in A,C,E for cells not represented in B,D,F were ≤0.08 and were consistent with
spontaneous activity.
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all of the trials, none of the other ON or OFF midget or ON or OFF parasol cells

in the region responded to the current pulse.

The second example (Fig. 2.6C,D) illustrates a case of partial selectivity. In

this example, the target ON midget cell was activated at lower pulse amplitudes

than any other midget or parasol cell. However, one non-target cell (OFF midget)

was activated by this stimulation electrode, although its response curve overlapped

only slightly with that of the target cell (Fig 2.6D). At a pulse amplitude sufficient

to reliably activate the target cell, the non-target cell responded in only a small

fraction of the trials (Fig. 2.6C).

The final example target cell could not be selectively activated (Fig. 2.6E,F).

In this case, two non-target cells (ON parasol, OFF midget) were activated at lower

pulse amplitudes than the target cell, and a third non-target cell (OFF parasol),

was activated at slightly higher but still largely overlapping pulse amplitudes (Fig.

2.6F). The response probability for each of these cells, along with all other ON

and OFF midget and parasol cells recorded in this preparation, are shown for

a stimulus amplitude near the threshold of the target cell (Fig. 2.6E). The non-

target ON parasol and OFF midget cell were more strongly activated than the

target ON midget cell at this amplitude, and the non-target OFF parasol was

weakly activated.

The fact that the activated non-target cells in these examples had receptive

fields positioned close to the target cell receptive field suggests that the somas of

the non-target cells were located near the stimulation electrode. This was verified

by examining the putative soma location of each activated non-target cell, based

on the location of peak voltage deflection of the electrophysiological image of the

cell (data not shown), a proxy for soma location. However, in some examples of

poor selectivity, one or more of the activated non-target cell(s) were distant from

the target cell. All cases of distant cell activation appeared to be due to axon

stimulation, a conclusion based on proximity of the stimulation electrode to the

axon of the activated non-target cell inferred from the electrophysiological image

(data not shown). In total, axonal stimulation, classified as activation in which the

stimulation electrode was >150 µm from the peak somatic signal of the non-target
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cell, accounted for roughly half of the total number of cases of non-target activation

in this study. It is expected that many additional axons, originating from distant

RGCs not recorded in these preparations, were present and potentially activated

(see Section 2.4.4).

The selectivity results for all of the ON and OFF midget cells in this prepa-

ration are summarized in Fig. 2.7A. Data from each cell are summarized by the

cell’s activation range: the range of pulse amplitudes corresponding to 0.2-0.8 re-

sponse probability for that cell and stimulation electrode. Half (16) of the total

number of midget ganglion cells positioned over the array in this preparation could

be activated with high selectivity: specifically, high target cell activation probabil-

ity (>0.8) without significant activation probability (<0.2) of any non-target cells.

The overall selectivity achievable when targeting ON midget cells was qualitatively

similar to the selectivity achievable for OFF midget target cells.

In the second preparation, a smaller proportion of the midget cells posi-

tioned over the array could be verifiably activated with high selectivity (11 of 31).

This is most likely due to the fact that the maximum charge amplitude applied in

this preparation was only about half of the maximum charge amplitude applied in

the first preparation. As a result, roughly one third of the midget cells were not

activated above threshold (see Section 2.3.3). In addition, four cells with measur-

able thresholds could potentially have been activated with full selectivity at higher

charge amplitudes but could not be investigated through their entire activation

range (Fig. 2.7B, bottom 4 target cells). When considering only the target cells

that could be analyzed through their entire activation range, the proportion of

selectively activated cells in the first and second preparations was similar (16 of 26

and 11 of 17 respectively).

2.4 Discussion

The five highest-density primate RGC types were activated by brief epireti-

nal current pulses applied with a high-density multielectrode array. All stimu-

lated cells exhibited precisely timed spiking responses characteristic of direct RGC
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activation. In general, the activation thresholds fell within conservative charge

density limits for platinum electrodes. Within-preparation comparisons of thresh-

olds revealed similar sensitivity to electrical stimulation in the different cell types.

Selective activation of a single RGC without activation of its neighbors was possi-

ble in some cases, while in other cases neighboring somas and/or axons were also

activated.

2.4.1 Direct RGC activation

The precisely timed, sub-millisecond latency single spike responses observed

in this study are characteristic of direct RGC activation by the electrical stimulus

rather than indirect activation mediated by presynaptic retinal cells [13, 20, 21].

In some stimulation paradigms, epiretinal stimulation can elicit RGC activity via

activation of presynaptic cells. Such activity is typically characterized by one or

more bursts of activity at latencies ≥3 ms [24, 25]. There was no evidence for

indirect excitation of RGCs in the 15 cells examined for responses over a 100 ms

period following the stimulus. One cell responded to electrical stimulation with a

pair of spikes in a fraction of the trials; this was likely a result of intrinsic membrane

dynamics (see Section 2.3.2).

The absence of indirect responses is not surprising, given the short pulse

widths (50 or 100 µs/phase) and small electrodes (∼15 µm diameter) used in this

study. It has been well established that shorter current pulses preferentially elicit

direct RGC responses in comparison to longer pulse widths [21, 25–27]. In addition,

the small electrodes used in this study are expected to generate relatively focal

electrical fields, whereas the electric field generated by a larger diameter planar

electrode at the same voltage is expected to extend deeper into the retinal tissue

[28], more effectively activating interneurons in addition to RGCs.

2.4.2 Activation thresholds

Because different RGC types convey distinct visual information to different

regions of the brain [4, 29], an understanding of how each specific cell type responds
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to electrical stimulation is crucial to the development of effective retinal prosthe-

ses. In addition, it may be possible to exploit particular differences in response

properties, if they exist, in order to preferentially activate certain cell types. A

number of cell type-specific characteristics could potentially influence sensitivity

to electrical stimulation. Different RGC types have been shown to have distinct

intrinsic membrane properties [7, 8] which are likely mediated in part by differen-

tial expression of ion channels [30, 31]. Cell-type specific differences in the length

of the high sodium channel density region of initial segments, the region thought

to be most sensitive to electrical stimulation, have been observed in rabbit [6].

Because most of these cell type specific characteristics have not been measured

directly in primates, it is difficult to know what effect they might have on the

response properties of the RGC types examined here.

Previous data on direct activation thresholds of different RGC types have

been inconsistent. A recent study reporting the thresholds of three rabbit RGC

types [6] showed significant differences in threshold between types. Another study

found an inverse correlation between soma size and stimulation threshold in mouse

[32], suggesting a possible correlation between RGC type and stimulation threshold

in this species. In contrast, other studies report no significant differences in direct

stimulation threshold between putative cell types in rabbit [20] or mouse [33],

although the reported groupings (ON, OFF, ON-OFF) probably represent groups

of cell types, potentially masking sensitivity differences between the true individual

cell types. Finally, a study comparing ON and OFF parasol RGCs in primate found

no significant difference in direct activation threshold [5].

In the current study, no clear differences in direct activation thresholds be-

tween cell types were observed. There are at least two possible explanations for

the difference between the current results and those reported in Fried et al. 2009

[6]. First, at least two of the three cell types examined in the Fried study (ON-

OFF direction selective, local edge detector) are, based on their light response

properties, unlikely to be homologous to the primate cell types examined in this

study. Therefore, the different result may simply reflect the fact that certain RGC

types have distinct thresholds while others have similar thresholds. Second, the
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distance between the stimulation electrode and the region of highest sensitivity of

each RGC was less controllable in this study; the potential stimulation electrode

positions were constrained to a fixed grid with 60 µm spacing, whereas the Fried

et al. 2009 study searched for the lowest threshold using 10µm steps. This ex-

perimental difference probably underlies the greater range of thresholds measured

within individual cell types in this study. Still, any differences in sensitivity to

electrical stimulation of these five cell types would have to be small to be masked

by this variability. Furthermore, it is unclear whether future clinical prostheses will

have the spatial resolution required to exploit such subtle differences in stimulation

thresholds.

Midget ganglion cells exhibited a greater range of measured thresholds than

parasol ganglion cells. There are a couple of potential explanations for this obser-

vation. First, because the precise location of the stimulation electrode relative to

each RGC could not be controlled, the measured thresholds correspond to a range

of distances between stimulation electrode and location of maximum sensitivity. A

recent study found the size of the region of high sensitivity to be cell-type depen-

dent [6]. Thus, greater threshold variability in midget ganglion cells may reflect

a more localized region of high sensitivity. Alternatively, some aspects of midget

ganglion cell morphology or membrane properties may simply be more variable

than parasol ganglion cells, resulting in a larger variability in sensitivity to extra-

cellular stimulation. Future studies examining the spatial spread of parasol and

midget ganglion cell sensitivity, similar to those performed previously for non-

primate RGCs [6, 34], must be performed in order to determine the underlying

cause of these differences.

2.4.3 Stimulation safety

The use of small electrodes in neural prosthetics can be damaging to both

electrodes and neural tissue if the charge densities required to activate cells are

high enough to generate irreversible electrochemical reactions at the electrode sur-

face [35]. In this study, the majority of cells examined had activation thresholds

that fell within the conservative platinum charge density limit of 0.1 mC/cm2 de-
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termined by Rose and Robblee [23], based on geometric electrode area. However,

the electrodes used in the Rose and Robblee study had much lower roughness

factors (ratio of actual area to geometric area) (1-5x) than the estimated rough-

ness factor (100x) of the fractal-like platinum electrode surfaces generated by the

electroplating process used in this study [36]. As a result, the actual charge den-

sities at the activation thresholds measured in the this study likely fell well below

the actual charge densities near the safety limits determined by Rose and Rob-

blee. In addition, the 0.1 mC/cm2 charge density limit is relatively conservative;

other studies examining the charge density necessary to generate significant ad-

verse electrochemical reactions at the surface of platinum electrodes have suggested

that densities of up to 0.30-0.35 mC/cm2 are safe [22], and a recent study of high-

frequency stimulation in rat retina with platinum electrodes found no significant

histological changes to the retina at all tested charge densities, up to 0.68 mC/cm2,

[37]. Finally, other electrode materials such as iridium oxide may be used in place

of platinum to extend the range of charge densities that can be injected without

inducing unwanted electrochemical reactions at the electrode surface [38, 39].

In addition to adverse electrochemical reactions occurring at the electrode

surface, stimulation-induced tissue damage may occur as a result of excessive neural

activation [35]. This “mass action theory” mechanism of tissue damage is highly

unlikely when using electrodes and pulse charge amplitudes on the scale of those

used in this study, due to the highly focal nature of the excitation. This assertion

is supported by findings that much higher charge densities can be applied with

smaller electrodes before observable neural damage occurs [40].

2.4.4 Spatial selectivity

An ideal retinal prosthesis would be able to veridically recreate the natural

spatiotemporal RGC activity patterns generated in a healthy retina in response

to a visual scene. This would require precise control over the timing of spikes

in individual RGCs. Highly precise temporal control over the spike timing has

been demonstrated in this study and in previous studies [5, 21], but it is less clear

whether single-cell spatial resolution is possible, even with much higher density
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electrode arrays than those used in current clinical prostheses. Studies examining

the relationship between stimulation electrode position and direct RGC activation

using electrodes similar in size to those used in this study have shown that the area

of highest sensitivity of direct RGC activation is a localized region near the axon

initial segment [6], with cathodal stimulation thresholds increasing as a power-

law function of lateral distance with exponents of ∼2.5-3.2 for distances >50 µm

[34]. Sekirnjak et al. [13] noted that thresholds increased by an average of ∼300%

when stimulating with an electrode 60 µm from the electrode yielding the lowest

threshold. However, single-cell activation may still be difficult due to the large

cell-to-cell variability in direct stimulation threshold and the high density of RGCs

in the primate retina.

Few attempts have been made to directly record the RGCs that are acti-

vated by focal epiretinal stimulation. A recent study in salamander found that

even small stimulation electrodes (10 µm) simultaneously activated many RGCs

over a relatively large retinal region. However, the pulse widths used for these

measurements (≥ 400 µs) were shown to activate RGCs through a combination of

direct and indirect stimulation [41]. A study in rat [13] found no direct activation

of cells further than 60 µm from the stimulation electrode when using stimuli with

amplitudes slightly above the mean threshold (∼0.1 mC/cm2). However, no at-

tempt was made to measure the proportion of total RGCs that were recorded, and

unrecorded cells may have been activated. A more recent study [5] found that ON

and OFF parasol cells could be individually activated. In this study, the presence

of clear mosaics of receptive fields within each cell type was used to confirm that

all parasol cells in the region were successfully recorded. However, the parasol cells

only make up a fraction (∼16%) [4] of the total number of primate retinal ganglion

cells, so it is possible that RGCs of other cell types that were not examined were

activated.

The ON and OFF midget ganglion cells, which are the two most numerous

cell types in the primate retina and are thought to mediate high-acuity vision,

provide a more stringent test of single-cell selectivity. Together with the ON and

OFF parasol cells, these cell types constitute nearly 70% of the total number of
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retinal ganglion cells [4]. The successful recording of complete or nearly complete

populations of the examined cell types was confirmed in the current study based

on receptive field tiling. In the two preparations examined in this study, selective

activation was achievable in roughly half of midget cells with detectible thresholds.

Putative axon stimulation accounted for roughly half of the cells that were

inadvertently activated when targeting a particular RGC. If axonal activation

thresholds are relatively constant along their length as they course towards the

optic nerve, it is likely that many additional axons, originating from distant RGCs

not recorded in these preparations, were activated in at least a portion of the se-

lective activation attempts. As a result, the proportion of cells that can be truly

selectively activated in a full retina would probably be lower than these measure-

ments suggest. In addition, these experiments were performed on peripheral retina

(9-9.5 mm), where RGC density is relatively low. Selective activation would be

more difficult to achieve in the central retina, where retinal prostheses are typically

located, and where RGC density is significantly higher.

The difficulty in selectively activating some of the individual RGCs under

these conditions suggests that simple single-electrode stimulation with an electrode

array of 60 µm or larger spacing will not be sufficient to veridically recreate natural

RGC activity patterns on a cell-by-cell basis. Single-cell selectivity of all RGCs

will require either higher density electrode arrays, novel electrode geometries or

more sophisticated stimulation patterns [42, 43] (see Chapter 3).

2.4.5 Retinal degeneration

Due to the lack of primate models of outer retinal degeneration, only healthy

retinal tissue was used in this study. Outer retinal degeneration results in extensive

remodeling of the retinal circuitry [44]. However, RGC morphology and intrin-

sic membrane dynamics appear to be largely preserved [45, 46], suggesting that

thresholds and kinetics of direct RGC activation may be relatively stable during

degeneration. On the other hand, physiological recordings in animal models of

retinal degeneration have uncovered aberrant synaptic inputs to RGCs which have

been shown to underly rhythmic firing and contribute to elevated spontaneous fir-
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ing rates [47–50]. The resulting changes in RGC resting membrane state, along

with intrinsic elevation of hyperactivity observed in a subset of RGCs [49, 50], may

alter their sensitivity to electrical stimuli.

Several studies have found that outer retinal degeneration can increase RGC

activation thresholds to electrical stimulation; however, the majority of these stud-

ies examined indirect activation [51–57], or activation that couldn’t be definitively

classified as direct or indirect [58–61]. The studies examining direct RGC response

thresholds have had inconsistent results. One study of epiretinal stimulation in

a mouse model of rapid degeneration found significantly elevated thresholds, al-

though this elevation appeared to be at least partially due to complications with

the dissection of the fragile degenerate retinas [33]. Studies investigating rat models

of retinal degeneration found similar direct activation thresholds at moderate [53]

and advanced [62] stages of degeneration, in comparison to healthy retinas. Mea-

surements of activity in the superior colliculus [63] and visual cortex [64] that likely

reflected direct RGC activation found significantly elevated thresholds, although

activity in these central structures may have required simultaneous activation of

multiple RGCs, so increased thresholds may have been a reflection of decreased

RGC density [63] rather than decreased sensitivity of individual RGCs. It remains

to be determined whether the response properties of primate RGCs to direct elec-

trical activation will be altered in the course of outer retinal degeneration.
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Chapter 3

Spatially patterned electrical

stimulation for improved spatial

selectivity of retinal activation

Abstract

Current clinical retinal prostheses suffer from a lack of spatial specificity,

resulting in indiscriminate stimulation of many distinct retinal ganglion cell (RGC)

types over a large region of the retina. Re-creation of the complex natural spa-

tiotemporal activity patterns of RGCs requires single-cell spatial resolution, be-

cause neighboring RGCs of different types often have very distinct responses to a

visual stimulus. Single-cell resolution is difficult to achieve with monopolar stimu-

lation, even using high-density electrode arrays. Here we investigate the potential

of simultaneous current injection with spatial patterns of electrodes for improving

spatial specificity, using an in vitro model of the epiretinal interface. We found that

current injection through pairs and triplets of neighboring electrodes modulated

RGC activation thresholds, and that this modulation could be described by a sim-

ple empirical model. We demonstrated that spatial patterns of current injection

could improve selectivity of activation in comparison to single-electrode stimula-

tion, using the model to accurately predict which among a set of tested spatial

60



61

patterns provided the greatest selectivity. Thus, simultaneous current injection

through patterns of electrodes may be useful for improving the selectivity achiev-

able with epiretinal prostheses, allowing for more accurate recreation of natural

RGC activity patterns.

3.1 Introduction

Retinal prostheses have the potential to restore visual function to patients

with photoreceptor degenerations, such as retinitis pigmentosa and age-related

macular degeneration. In a healthy retina, the photoreceptors perform the ini-

tial transduction of incoming light into neural signals [1]. These signals are then

processed by the retinal interneurons and finally transmitted to the brain by the

retinal ganglion cells (RGCs). Epiretinal prostheses are designed to provide an

alternative to light-driven input in retinas with degenerated photoreceptors by

electrically activating the remaining inner retinal cells with an array of electrodes

implanted on the inner surface of the retina [2].

Current epiretinal prostheses designed for clinical use have relatively large

electrodes (100-520 µm in diameter) that are coarsely spaced (300-800 µm center-

to-center) [3–6]. These electrode densities are vastly lower than the density of

the RGCs. As a result, each electrode is likely to stimulate hundreds of RGCs

indiscriminately. Indiscriminate activation of groups of neighboring RGCs not

only decreases the spatial resolution of the visual information transmitted from

the prosthesis to the visual system, but also generates highly unnatural patterns

of activity in the RGCs. In a healthy human retina, RGCs that are physically

located near each other in the retina often respond very differently to a visual

stimulus. This is because different aspects of visual information are transmitted

by ∼20 different RGC types [7], and these RGC types are spatially intermixed in

the retina (see Section 1.5.2). Therefore, it is not surprising that patients with

current clinical implants, which are likely to simultaneously activate a mixture of

several different RGC types with each stimulus pulse, experience variable percepts

[3, 4, 8, 9] and can only perform relatively simple visual tasks [4, 10–14].
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To improve the quality of the artificial visual signal provided by an epireti-

nal prosthesis, electrical stimulation should faithfully reproduce the complex spa-

tiotemporal activity patterns that occur naturally in RGCs. An ideal prosthesis

would be capable of independently stimulating each RGC with high temporal pre-

cision, allowing for recreation of arbitrary activity patterns in the population of

RGCs. Our examination of the responses of the highest-density primate RGC

types suggest that single-cell selectivity is only sometimes possible using individ-

ual electrodes with a distant return (monopolar stimulation), even when using

much higher density MEAs than current clinical prostheses, and in the peripheral

retina where RGC density is relatively low (see Section 2.3.4). Although advances

in array fabrication that lead to higher density clinical MEAs may improve the

selectivity of monopolar stimulation, approaching the density of RGCs near the

fovea is likely to be a challenge, so other methods to improve the spatial resolution

of stimulation will always be valuable.

Therefore, we explored the potential of using more complex electrical stim-

uli to improve the selectivity of RGC activation. Specifically, we examined whether

current passed through multiple electrodes simultaneously in particular spatial pat-

terns and current ratios could modulate the responses of RGCs in predictable ways

that could potentially be used to improve selectivity. This approach, sometimes

referred to as “current steering” or “current focusing” has been used successfully

at coarser scales in other neural stimulation devices, such as cochlear prostheses

[15, 16] and deep brain stimulation [17, 18], to more precisely control the region

of neural tissue activated by electrical stimulation. It is currently unclear, how-

ever, whether this approach would still be useful for improving spatial selectivity

when using electrodes sizes and densities that approach the size and density of the

targeted neurons.

Here, we demonstrate that current passed simultaneously through spatial

patterns of electrodes spaced 30 or 60 µm apart can be used to modulate the

activation thresholds of individual RGCs. We propose a simple empirical model

to describe threshold modulation by current injection with electrode pairs, and

show that the measured modulatory effects of electrode pairs accurately predict
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responses to more complex spatial patterns of electrodes. We then investigated

the relationship of the model parameters to axon orientation and to the signal

generated by spikes of the target RGC on each electrode of the array. Finally,

we demonstrate the utility of spatial patterns of current injection for improving

selectivity in comparison to monopolar stimulation by showing that the empirical

model can be used to accurately predict spatial patterns that optimize selectivity

for a particular RGC.

3.2 Methods

3.2.1 Experimental setup

Isolated primate retina patches were mounted on a multielectrode array

(MEA), as described previously [19, 20] (see Section 2.2.1). Briefly, the eyes of

terminally anesthetized macaque monkeys (Macaca mulatta) were removed and

immediately hemisected in room light. After removing the vitreous, the posterior

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

Ames’ solution (Sigma, St. Louis, MO). Under infrared illumination, 1-2 mm

diameter patches of intact retina were isolated and placed RGC-side down on a

custom MEA. A dialysis membrane placed on the photoreceptor side of the retina

membrane held the retina in place against the MEA. Dim red illumination was

used briefly while mounting the MEA in the electrical stimulation and recording

system. Throughout the experiment, the retina was superfused with ∼ 33◦C Ames’

solution. In total, data 15 RGCs recorded in 10 preparations from 10 monkeys were

collected and analyzed.

3.2.2 Electrical stimulation and recording

A custom multichannel electrical stimulation system [21] was used in con-

junction with MEAs to electrically stimulate and record from the isolated retina.

The MEAs consist of 61 hexagonally-packed indium tin oxide electrodes on a glass

substrate, electroplated with platinum black [22–24]. Final platinum electrode
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Figure 3.1: In vitro retinal preparation schematic and analysis of responses to
electrical stimulation. RGC spikes were recorded (C) with a 61-electrode MEA
while either electrical (B) or visual (A) stimuli were applied. (G) Triphasic current
pulse waveform with relative phase amplitudes. (E) Raw voltage traces recorded
on the stimulus electrode during and after 100 stimulation trials in which a single
current pulse (D) is applied. Red traces denote successes and black traces denote
failures. (F) The same 100 trials, after subtracting the average electrical artifact
trace. Dashed black line shows the spike waveform of the RGC, based on spikes
recording during visual stimulation. (H) Response curve, showing the measured
response probabilities over a range of current pulse amplitudes and the cumulative
Gaussian fit. Open circle denotes stimulus amplitude applied in E and F. c©IEEE
2011.
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diameters ranged from ∼10-20 µm, and were spaced either 30-33.5 or 60-67 µm

apart. The stimulation and recording system was used to independently control

the current injected through each electrode, while simultaneously recording from

all electrodes. Artifact-reduction circuitry prevented saturation of recorded volt-

ages during pulse application, permitting detection of low-latency (<1 ms) RGC

responses on all electrodes including the electrode used for stimulation. Charge-

balanced triphasic current pulses with 50 or 100 µs phase widths were chosen to

further minimize electrical artifacts (Fig. 3.1G) [25]. All reported pulse amplitudes

reflect the amplitude of the second phase. A ring of platinum wire around the edge

of the recording chamber served as a distant ground. MEA recordings were band-

pass filtered between 43 and 2000 Hz or 43 and 5000 Hz (-3 dB), amplified and

digitized at 20 kHz for offline analysis.

3.2.3 Visual stimulation

As described previously [26] (Section 2.2.3), a randomly flickering checker-

board stimulus was used to elicit RGC responses for RGC identification and mea-

surement of visual response properties. The stimulus, which was displayed on a

cathode ray tube computer monitor, was optically reduced and focused through

a microscope objective onto the photoreceptor outer segments. The stimulus was

maintained at low photopic intensity with neutral density filters.

3.2.4 Spike sorting

Spike waveforms of individual RGCs were extracted from recordings of re-

sponses to visual stimulation, as described previously [19]. Briefly, potential RGC

spikes recorded during visual stimulation were detected by thresholding the voltage

trace at 4 times the root mean square of the noise on each electrode. Waveform

vectors for each potential spike were generated by extracting the voltage recorded

on the electrode that recorded the threshold-crossing event and the 6 nearest-

neighboring electrodes within a brief time window around the threshold crossing.

Waveform vectors were projected onto the first five principal components and clus-
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tered by fitting a mixture of Gaussians model using expectation maximization.

The clusters of threshold-crossing events that contained no or few refractory pe-

riod violations and that exceeded a minimum spike rate were interpreted as spikes

generated by individual RGCs.

3.2.5 Electrophysiological image

An electrophysiological image (EI), the average voltage waveforms generated

on the electrodes of the MEA each time a particular RGC spikes, was calculated

from the visual response data, as described previously [27] (section 2.2.5). The EI

of each RGC was used to estimate the soma location and axon orientation. The EI

waveforms on electrodes in the vicinity of the soma of an RGC were characterized

by a biphasic shape and large amplitude (Fig. 3.2). Signals recorded by electrodes

near the axon of an RGC had a distinct initial positive deflection, characteristic of

axonal signals, and were displaced in time relative to the somatic signal as a result

of spike propagation down the axon [28].

3.2.6 Analysis of electrically-evoked responses

RGC responses to electrical stimuli were determined by clustering trials of

each stimulus pattern and amplitude according to voltage waveform (Fig. 3.1E)

into trials containing only stimulus artifact (“failures” Fig. 3.1E black traces) and

trials containing a spike from the target RGC in addition to the stimulus artifact

(“successes” Fig. 3.1E red traces). This clustering was performed using a com-

bination of automated and manual spike-sorting, as described previously (section

2.2.6). Briefly, a custom automated algorithm was used to classify traces based on

an initial estimate of the artifact waveform and the spike waveform taken from the

of the targeted cell. All clustering results were visually inspected for errors and

manually corrected when necessary. Following clustering, the electrical artifact,

calculated as the mean of the voltage traces not containing a spike, was subtracted

from all voltage traces, revealing the uncontaminated spike waveform (Fig. 3.1F

red traces). This uncontaminated waveform was then compared to the spike wave-
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Figure 3.2: Estimation of soma position and axon orientation from the EI. (A)
The amplitude (absolute value) of the EI waveform on each electrode of the MEA,
represented as the diameter of the black circle at each electrode position. The
large amplitude signal on electrode 1 corresponds with the soma location, and the
smaller signals on electrodes extending down and to the right correspond with the
axon location. (B) EI voltage waveforms of the 4 electrodes labeled in (A), showing
the signature biphasic somatic signal (1) and triphasic axon signals (2-4) at time
delays that increase with distance from the soma as a result of action potential
propagation. Voltages have been scaled to have equal amplitude. (C) An example
of an estimated axon orientation, fit by eye (dashed line). Shading depicts contours
based on the EI waveform amplitude on each electrode.
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form of the targeted RGC (Fig. 3.1F black dashed line) to confirm the identity of

the responding RGC.

3.2.7 Threshold measurement

After measuring the response probability of a target RGC to a particular

stimulus pattern over a range of pulse amplitudes, a cumulative Gaussian dis-

tribution was fit to the data (Fig. 3.1H), as described previously (section 3.2.7).

The threshold current amplitude, defined as the current amplitude required to

elicit a response with 0.5 probability, was extracted from the curve fit. Activation

ranges depicted as shaded regions in Fig. 3.3, 3.4 and 3.5 correspond to stimulus

amplitudes of the fit cumulative Gaussian lying between 0.16 and 0.84 response

probability.

3.2.8 Stimulus patterns

Electrical stimuli consisted of current pulses applied through a single elec-

trode or simultaneously through 2-3 electrodes in chosen amplitude ratios (spatial

patterns). For each targeted RGC, a “primary” electrode was chosen. With one

exception (see below), the primary electrode was the electrode that resulted in the

lowest activation threshold, as identified by analyzing the responses of the RGC

to single-electrode stimulation with electrodes near the estimated soma position

(see Section 2.2.9). In one case, two RGCs were activated by the same primary

electrode, and one of these two RGCs was activated with lower threshold by a

neighboring electrode. Spatial patterns of current amplitudes using this primary

electrode and one or more of the nearest-neighboring (“secondary”) electrodes were

then generated. Each spatial pattern was defined by relative current amplitudes

on a set of 2-3 stimulus electrodes, in which the secondary electrode amplitudes

were defined relative to the primary electrode amplitude. Spatial patterns were

applied over a chosen range of primary electrode pulse amplitudes (“base” ampli-

tudes) in 10% increments. The amplitude of a particular secondary electrode in

the pattern was the product of this base amplitude and the relative amplitude of
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that secondary electrode.

At each base amplitude, the entire set of spatial patterns was applied in

random order for 50 or 100 repetitions. Sequential spatial patterns associated with

a particular primary electrode were applied in 30 ms intervals. When more than

one primary electrode was used to generate spatial patterns in a single preparation,

the patterns associated with each primary electrode were interleaved, with either

15 ms (2 primary electrodes) or 10 ms (3 primary electrodes) between sequential

patterns.

3.2.9 Linear model fitting (single region)

The linear model parameters λi and f−1(0.5) (see Eqn. 3.5) were determined

for each secondary electrode by fitting a line to the thresholds measured in response

to the set of tested current combinations. The line was fit by minimizing the

sum of the squared distances from each measured threshold to the line, where

distances were measured perpendicular to the line, using a standard nonlinear

search algorithm (Nelder-Mead simplex direct search). The linear fits for each

set of 6 secondary electrodes were constrained to intersect the axis defined by 0

secondary current at the same location (i.e., f−1(0.5) of Eqn. 3.5 was constrained

to be equal for all secondary electrodes).

3.2.10 Nonlinearity index

A nonlinearity index was calculated to assess the quality of the linear fit

for each secondary electrode. This value was defined as the sum of the squared

distance of each measured threshold from the fit line (used as the objective function

for fitting the linear model, see Section 3.2.9), normalized by (1) the number of

measured thresholds being fit and (2) the squared diagonal distance of stimulus

space containing measured thresholds (the sum of the squared range of the set of

threshold primary current amplitudes and the squared range of the set of threshold

secondary current amplitudes):



70

1

NR2

N∑
j

D (I0j, Iij)
2 (3.1)

where R represents the diagonal distance of the stimulus space (see Eqn. 3.2), N

indicates the number of measured thresholds, i is the secondary electrode index,

and D(I0j, Ii,j) is the perpendicular distance from the measured threshold of the

jth tested current ratio to the fit line.

R2 =

[(
max

j
({I0j})−min

j
({I0j})

)2

+
(

max
j

({Iij})−min
j

({Iij})
)2
]

(3.2)

Here, minj(I0j) and maxj(I0j) are the minimum and maximum of the set of thresh-

old primary electrode current amplitudes and minj(Iij) and maxj(Iij) are the mini-

mum and maximum of the set of threshold secondary electrode current amplitudes.

3.2.11 Piecewise linear model fitting

A piecewise linear model was fit to a subset of the paired electrode data

to account for observed large nonlinearities. To avoid overfitting, only secondary

electrodes with a nonlinearity index greater than 2x10−4 were considered for fitting

with a piecewise linear model. For secondary electrodes that met this criterion, if

a measurable threshold (minimum observed response probability of 0.4 for at least

one stimulus amplitude) existed for stimulation with the secondary electrode alone

within the range of tested current values (for either pulse polarity), an additional

linear model was added for the region of stimulus space containing this threshold.

If the cell did not have a measurable threshold to stimulation with the secondary

electrode alone, it was excluded from the piecewise linear model fitting. The

full piecewise linear model was then fit based on the sum of squared minimum

distance objective function described above (Section 3.2.9), with each measured

threshold assigned to one of the regions of stimulus space according to which set

of assignments yielded the minimum value of the objective function. If any region

of the resulting fits contained only one threshold, resulting in an underconstrained
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linear model for the region, the linear model for the region was removed and

the fitting repeated using only the remaining linear models. Of the 6 secondary

electrodes that both exceeded the threshold nonlinearity index and contained at

least one measured threshold to stimulation with the secondary electrode alone,

5 were successfully fit with a piecewise linear model. Attempts at fitting the

remaining RGC resulted in an underconstrained linear model region.

3.2.12 Analysis of electrode triplet patterns

Responses to electrode triplet patterns were assessed by comparing mea-

sured activation thresholds to those predicted by the full linear model, using the

model parameters (f−1(0.5), λ1, λ2, . . . λ6) extracted from the linear fits to paired-

electrode responses. Values plotted in Fig. 3.7 are normalized to f−1(0.5), which

corresponds to the model prediction for the threshold to stimulation using the pri-

mary electrode alone. For RGCs requiring piecewise linear fitting of paired elec-

trode responses, the triplet pattern analysis was restricted to patterns for which

both relative secondary electrode amplitudes (Ii/I0) fell within the region of stim-

ulus space containing the primary-alone stimulus (blue regions in Fig. 3.7).

3.2.13 Axon orientation analysis

A mean axon orientation was calculated for each retinal preparation. First,

a set of 3-12 RGCs with clear axonal signals was chosen. A line were then hand-

fit to the set of electrodes with the highest-amplitude axonal EI signals for each

RGC (Fig. 3.2C) and the mean orientation of the hand-fit lines over the chosen

RGCs in a given preparation was calculated. This mean axon orientation was used

to determine the relative angle between pairs of stimulation electrodes and axon

angle. The angle of each pair of electrodes was defined as the angle of the vector

starting from the primary electrode location and ending at the secondary electrode

location. Relative angles were constrained to the interval [0, 180◦] by reflecting all

angles > 180◦ across the axis defined by 0◦ (x-axis in Fig 3.11A,C).

To quantify the nonuniformity of modulatory effects across relative axon
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angles, the measured λ values (Eqn. 3.3) of all secondary electrodes for a given

electrode spacing were binned into one of three bins according to relative axon

angle (0◦-60◦, 60◦-120◦, or 120◦-180◦). An anisotropy index, defined as the sum of

the squared differences between the mean lambda value in each bin and the mean

lambda value over all bins (Eqn. 3.6), was calculated. Because the relationship

between axon angle and modulatory effect could depend on the region of the RGC

that is being activated, data from the one cell for which the primary electrode in the

stimulation pattern did not yield the lowest threshold (i.e., the primary electrode

was not located at the region of highest sensitivity to electrical stimulation) were

excluded. Anisotropy indices were calculated separately for 30 and 60 µm electrode

spacings.

A “random rotation analysis” was performed to assess the significance of

any observed trend in the relationship between relative axon angle and modulatory

effect of a secondary electrode. For each iteration of the random rotation analysis,

a different random angle between 0 and 360◦ was added to the axon angle of each

analyzed cell, and the anisotropy index recalculated. This was iterated 50,000 to

generate the distribution of anisotropy indices expected if there was no correlation

between relative axon angle and modulatory effect. P-values were calculated as the

fraction of anisotropy values generated by random rotation analysis that exceeded

the anisotropy values calculated for the original data for each electrode spacing.

3.3 Results

To determine how RGCs respond to spatial patterns of current injection,

we stimulated RGCs with a range of current pulse amplitude and polarity com-

binations applied with spatial patterns of electrodes in an in vitro MEA primate

retinal preparation.
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3.3.1 Threshold modulation with electrode pairs:

linear prediction

In the absence of a detailed biophysical model of each RGC to be activated,

an approximation that would allow for predictions of RGC responses to arbitrary

spatial patterns of current injection would be useful for determining the optimal

stimulus pattern for selective activation of a particular RGC. The simplest and

most computationally tractable hypothesis for the way in which currents from

multiple sources combine to influence the response of a RGC is that they combine

linearly:

P = f (I0 + λ1I1 + λ2I2 + . . .+ λnIn) (3.3)

where P is the probability of the RGC response, f describes the nonlinear de-

pendance of response probability on stimulus amplitude, I0, I1, I2, ..., In denote the

current amplitudes applied by each electrode in a stimulus pattern and λ1, λ2, ..., λn

describe the modulatory effect of each electrode.

3.3.2 Threshold modulation with electrode pairs:

test of linearity

This hypothesis was first tested by examining the responses of RGCs to

the simplest spatial pattern of stimulus electrodes, pairs of neighboring electrodes.

For each target RGC, a “primary” stimulation electrode was chosen (see Section

3.2.8). The RGC responses to simultaneous current injection through each of the

6 neighboring “secondary” electrodes in combination with the primary electrode

were then measured. Relative current amplitudes and polarities of the secondary

electrodes were systematically varied and the threshold for each pattern was de-

termined. In total, 15 RGCs from 10 retina preparations were investigated, with

6 to 10 current ratios tested on each of 6 electrode pairs for each cell.

As predicted by the linear model, the current passed through the two elec-

trodes of each pair traded off in fixed proportion to influence measured thresholds,

at least over a range of relative current amplitudes. Specifically, the threshold, in
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through the primary electrode alone (black), from equal amplitude, same polarity
current passed simultaneously through one secondary electrode (green), and from
equal amplitude, opposite polarity current passed through the same secondary
electrode (orange). (B) Layout of primary (white asterisk) and secondary (black
dots) electrodes relative to EI of RGC (shaded contours). (C) Measured thresholds
for each current ratio tested using the electrode pair depicted in A. Grey region
indicates dynamic range of the response curve (inset, see Section 3.2.7), and black
line depicts linear fit to the measured thresholds (isoresponse contour). Negative
secondary currents signify opposite polarity pulses relative to the pulse polarity
of the primary electrode. (D-H) Measured thresholds and isoresponse contours
for the other 5 secondary electrodes. Inset in each shows corresponding pair of
electrodes (red). c©IEEE 2011.
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terms of the primary electrode current amplitude, was proportional to the magni-

tude and sign (polarity) of the current injected through the secondary electrode

(Fig. 3.3). However, the constant of proportionality (λ value) was not the same for

all electrode pairs for a given cell. The modulatory effect of a secondary electrode

was visualized by plotting activation thresholds in terms of the current amplitude

on each electrode in the pair, where negative current amplitudes signify oppo-

site polarity stimuli (Fig. 3.3C-H). The fact that the observed thresholds fell on a

straight line (isoresponse contour) through this stimulus space reflects the linearity

of the modulatory effect, and the different slopes observed for different secondary

electrodes illustrate the distinct effect of each secondary electrode.

The line fit to the set of measured thresholds for each secondary electrode

(see Section 3.2.9) was used to extract the value of the corresponding λ using the

following equation (for secondary electrode 1):

I0 = f−1 (0.5)− λ1I1 (3.4)

Here, f−1(0.5) is the stimulation threshold to current injection through the

primary electrode alone (y-intercept of the fit line). The threshold shift resulting

from simultaneous injection of current amplitude I1 through secondary electrode 1

in combination with the primary electrode corresponds to a vertical threshold shift

in Fig. 3.3C-H, and the value λ1 is the negative of the slope of the line fit to the

measured thresholds (Fig. 3.3C). In most cases, injecting same-polarity current

through a secondary electrode led to a decrease in threshold (positive λ), with

opposite-polarity current resulting in an increase in threshold. In some cases the

opposite effect was observed (see section 3.4.1), but the dependence of threshold

on secondary electrode current remained linear.

Overall, the threshold modulatory effect of the majority of tested secondary

electrodes was highly linear. To quantify the linearity of each secondary electrode

effect, a nonlinearity index was calculated (see Section 3.2.10). Briefly, this index

reflects the sum of squared distances from the observed thresholds to the linear

fits. The nonlinearity indices for all 90 tested secondary electrodes are shown as a

histogram in Fig. 3.4A, along with 4 example secondary electrodes.
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3.3.3 Piecewise linear model

A subset of the examined secondary electrodes exhibited highly nonlin-

ear modulatory effects for large secondary electrode current amplitudes. The ob-

served nonlinearities were consistent with a switch between which electrode of the

pair provided the main driving force for RGC activation (see Section 3.4.1 for a

biophysically-motivated interpretation of this piecewise linearity). If this interpre-

tation is correct, a separate linear model would be expected to exist for each region

of stimulus space for which a particular electrode provides the main depolarizing

influence. Indeed, the nonlinearities could be accounted for by dividing the stim-

ulus space into regions, with each region containing a separate linear model. This

extension of the model also accounted for the observation that in some cases, the

targeted RGC could be activated by a secondary electrode alone (Fig. 3.5, points

on x-axes).

3.3.4 Threshold modulation with electrode triplets:

linear prediction

The predictions of the full linear model (Eqn. 3.3) can be extended to more

complex patterns: when currents are injected through more than one secondary

electrode along with the primary electrode, the modulatory effects of the secondary

electrodes are predicted to be additive. This additivity can be more easily inter-

preted by considering the shift in threshold, in terms of primary electrode current,

that is predicted to occur when applying a combination of currents through mul-

tiple secondary electrodes:

I0 = f−1 (0.5)− λ1I1 − λ2I2 − . . .− λnIn (3.5)

The threshold shift resulting from a particular set of secondary electrode

currents I1, I2 . . . In applied simultaneously with the primary electrode should sim-

ply be the sum of shifts resulting from each secondary electrode current applied

individually in combination with the primary electrode (see Fig. 3.6).
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3.3.5 Threshold modulation with electrode triplets:

test of linearity

The validity of this model prediction was tested by measuring the responses

of RGCs to current passed through triplets of electrodes consisting of the primary

electrode and pairs of neighboring secondary electrodes. The resulting thresholds

were compared to the thresholds predicted by the model, based on the λi values

extracted from the linear fits to paired electrode stimulation. Because the λi values

of the 5 secondary electrodes shown in Fig. 3.5 were only valid within the “central”

region of stimulus space (region containing the threshold to stimulation with the

primary electrode alone), triplet patterns containing relative secondary electrode

current amplitudes outside of this region were excluded from this analysis.

The linear model prediction of responses to electrode triplets was tested in 5

cells. Results are shown in Figure 3.7. Although some deviations from linearity are

visible, the measured thresholds show good agreement with the linear model, with

coefficients of determination between the linear model and the measured threshold

shifts (R2 values) ranging from 0.72 to 0.91.
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Figure 3.7: Comparison of observed threshold shifts to linear model predictions
for stimulation with electrode triplet patterns. Each panel corresponds to one
tested RGC. Red points are measured fractional shifts in threshold from f−1(0.5),
the model primary-alone threshold, plotted as a function of the threshold shift
predicted by the linear model. Dashed black lines indicate 1:1 correspondence
between predicted and measured values, and solid red lines depict linear least-
squares fits to the data. Coefficients of determination (R2 values), indicating the
proportion of measured variance in the data that is explained by the linear model,
are shown in the upper left of each panel.
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3.3.6 Example of improved selectivity

To test the whether the linear model could accurately predict a spatial

pattern that optimizes selectivity for a particular RGC, the responses of a pair

of cells, an ON parasol cell (Fig. 3.8A) and an OFF parasol cell (Fig. 3.8B) that

were equally activated by one primary electrode were examined. First, the se-

lectivity achievable using single-electrode stimulation was assessed by examining

the responses of each RGC to stimulation with the primary electrode and each

of the secondary electrodes used individually. For each of the individual stimula-

tion electrodes that activated one or both of the RGCs within the tested current

range, the two RGCs were either activated approximately equally (Fig. 3.8G), or

the ON parasol was activated more strongly (Fig. 3.8E,I,F). Thus, single-electrode

stimulation was not capable of selectively activating the OFF parasol cell.

Next, the modulatory effects of each secondary electrode (λ1, . . . , λ6) for

each cell were determined based on the measured responses to paired-electrode

stimulation. The linear model was then used to predict which of the tested 3-

electrode stimulation patterns would result in the greatest selectivity of the OFF

parasol cell, based on the predicted difference in threshold between the two RGCs.

The spatial pattern that was predicted to be optimally selective for the OFF parasol

cell did in fact achieve high selectivity, allowing for activation of the OFF parasol

cell with 0.9 probability at a current amplitude that only activated the ON parasol

with 0.11 probability (Fig. 3.9A, horizontal dashed lines), based on response curve

fits to the measured RGC responses. This was a substantial improvement over the

best selectivity achievable with a single electrode, in which the ON parasol cell

was activated with 0.98 probability at the amplitude required to activate the OFF

parasol with 0.9 probability (Fig. 3.9C). The selectivity achieved by the predicted

optimal pattern was also nearly identical to the selectivity achieved by the pattern

with the largest measured threshold difference (Fig. 3.9B).

The overall performance of the model prediction was assessed by comparing

the predicted and measured difference in threshold between the two cells for each

pattern. In Fig. 3.9D, the threshold difference predicted by the model is shown

(black), ordered from most selective for the OFF parasol to the least (left to
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Figure 3.8: Lack of selectivity for one RGC using single-electrode stimulation.
Each RGC is depicted as shading based on contours fit to EI amplitudes of the
OFF parasol cell (A) and ON parasol cell (B), with an illustration of the inferred
soma and axon position. (C) Set of 7 electrodes (primary electrode and 6 secondary
electrodes) used in stimulation patterns, relative to inferred RGC positions (OFF
parasol in green, ON parasol in grey). (D-J) Response probabilities and response
curve fits of the two cells when stimulating with each of the 7 electrodes individ-
ually (stimulus electrode indicated by inset). Vertical dashed grey lines indicate
current amplitude required to activate the OFF parasol cell (green) with 0.9 prob-
ability, and dashed horizontal lines indicate response probability of each cell at
this amplitude, based on response curve fits.
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right), and compared to the measured threshold differences for the same patterns

(red). Although the measured threshold differences deviated slightly from the

model prediction for some patterns, in general the model was a strong predictor

of measured selectivity.

3.3.7 Comparison of modulatory effect to EI amplitude

Before RGC responses to arbitrary spatial stimulation patterns can be pre-

dicted using the proposed linear model, the model parameters λ1, λ2, . . . λn must

be determined. Direct measurement of these values, as has been performed here,

requires collection and analysis of a significant amount of data, which may be dif-

ficult to achieve in a prosthesis. Correlation of these model parameters with a

more easily measured quantity could provide a more tractable method. One pos-

sibility is the prediction of λi from the amplitude of the spike from that cell (EI

amplitude) recorded on a given electrode. The EI amplitude might be expected

to be predictive of the modulatory effect if the principal determinant of both the

modulatory effect and spike amplitude of a particular electrode was the distance

from the cell to the electrode, or another aspect of the retinal interface that is

common to recording and stimulation, such as the the conductivity of the current

path between the electrode and the location on the RGC where spike generation

occurs.

The strength of correlation between λ value and EI amplitude was mea-

sured by calculating the coefficient of determination between EI amplitude of each

secondary electrode, relative to the EI amplitude of the primary electrode, and

measured λ values, pooled across RGCs. Because modulatory effects of secondary

effects were substantially influenced by electrode spacing, with pairs of electrodes

spaced 30 µm apart typically having larger and more positive λ values than pairs

spaced 60 µm apart (data not shown), the analysis was performed separately for

30 µm and 60 µm electrode spacing. Only very weak correlations were observed for

30 µm electrode separation (R2 = 0.258, data not shown) and no correlation was

present for 60 µm separation (R2 = 0.001, data not shown). Therefore, the ampli-

tude of the voltage signal on a particular electrode generated by a RGC spike is
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Figure 3.10: Example RGCs illustrating the relationship between modulatory effect
and axon direction for 60 µm electrode spacing. (A-D) Four example RGCs. Grey
shading depicts contours based on EI amplitudes and reflects the approximate
location of the RGC soma and axon. Circles indicate modulatory effect of each
secondary electrode (λ), with diameter corresponding to effect magnitude and
color indicating effect sign (black for positive λ, red for negative λ). Each primary
electrode is marked with a white dot, and white lines extending from the primary
electrodes indicate the global axon direction of each preparation (see 3.2.13). RGCs
shown in A-C are consistent with the overall trend for secondary electrodes lying
opposite the axon direction to have negative λ values, and the RGC shown in D
is an exception to this trend.
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unlikely to be useful in predicting the modulatory effect of that electrode in spatial

stimulation patterns.

3.3.8 Correlation of threshold modulation with

axon orientation

Previous modeling and experimental work suggests that the orientation of

an anistropic electric field relative to the neural element being stimulated can

have a large effect on the response of a neuron [29–31]. In extracellular electrical

stimulation of RGCs, the axon initial segment is thought to be the location of RGC

spike initiation [32]. Together, these observations suggest that the response of a

RGC to current injected through a particular pair of electrodes could be influenced

by the orientation of the electrode pair relative to the RGC axon initial segment.

The influence of spatial pattern orientation on RGC responses was exam-

ined by comparing the modulatory effects of secondary electrodes to their position

relative to the RGC axon. Because the precise orientation of the axon initial seg-

ment of each RGC could not be determined from the available data, the average

axon direction of each retinal preparation, based on all recorded RGCs in the

preparation with clear axon signals (see Section 3.2.13), was used as a proxy for

initial segment orientation. Again, electrode pairs spaced by 30 µm and 60 µm

were analyzed separately to remove the influence of electrode spacing on modula-

tory effect. No clear correlation between relative axon orientation and modulatory

effect of secondary electrodes was observed for RGCs stimulated with pairs of elec-

trodes spaced 30 µm apart. For RGCs stimulated with electrode pairs spaced 60

µm apart, however, there was a tendency for secondary electrodes located on the

side of the RGC opposite the axon direction to have negative λ values (Fig. 3.10,

3.11), i.e., opposite polarity stimulation with these secondary electrodes tended to

decrease activation thresholds rather than increase them.

To quantitatively describe the degree to which particular electrode pair

orientations corresponded with particular modulatory effects, an index describing

the anisotropy of the distribution of λ values as a function of angle between the

axon and secondary electrode was calculated (see 3.2.13). Briefly, the λ values were
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binned according to the angle between the axon and the corresponding secondary

electrode. We defined the anisotropy index as the sum of the squared differences

between the mean of the λ values falling in each bin (λ̄i) and the mean of λ values

across all bins (λ̄):

Ianisotropy =
∑

i

(
λ̄i − λ̄

)
(3.6)

The significance of the calculated anisotropy index was assessed using a

random rotation analysis (see 3.2.13), in which the anisotropy index was recal-

culated after abolishing the relationship between axon orientation and secondary

electrode by assigning a random axon angle to each cell. The anisotropy index

of the original data was then compared to the distribution of anisotropy indices

generated by 50,000 random rotation iterations (Fig. 3.11). This analysis revealed

that the correlation between modulatory effect and relative axon orientation was

significant for electrode pairs spaced 60 µm apart (p = 0.0028) but not for pairs

spaced 30 µm apart (p = 0.7703).

3.4 Discussion

Our measurements show that a simple linear model accurately describes

responses of individual RGCs to spatial patterns of current injection, and that these

spatial patterns can be used to improve the selectivity of epiretinal stimulation.

3.4.1 Biophysical interpretation of linear

modulatory effects

The mechanism by which extracellular current injection activates neurons

has been investigated extensively using compartmental models of neurons placed in

electric fields [33, 34]. The precise effect of extracellular stimulation on membrane

potential at a particular location of a neuron is a complex function of electrode

geometry, tissue electrical properties, pulse shape, neuron morphology, and mem-

brane dynamics, and outside the scope of this discussion. However, valuable insight
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into the potential mechanisms underlying the effects of patterned electrical stim-

ulation can be gained by considering the passive membrane response to the field

generated by current injection.

The passive membrane response at any given location is a linear function of

the extracellular voltage distribution along the neuron [33, 34]. Because the voltage

at each position in space generated by particular pattern of current injection is a

linear function of the amplitude of each current source (assuming constant tissue

resistivity), the passive membrane response at any given location along the RGC

is a linear function of the amplitude and polarity of the current pulse injected by

each electrode in spatial pattern. Therefore, if spike initiation is approximated

as occurring whenever the peak depolarization within the active region of the

RGC (region of membrane capable of generating a spike) exceeds some particular

threshold, the stimulus required to achieve this threshold will be a linear function

of the current amplitudes on each electrode in the spatial pattern, as long as the

location of the peak depolarization doesn’t change.

If correct, this framework would explain the observed linear tradeoff be-

tween current amplitudes applied by different electrodes in a spatial pattern (Fig.

3.3, 3.7) within a particular region of stimulus space. In addition, the framework

explains the potential cause for transitions between regions of stimulus space that

can be fit by a single linear model (Fig. 3.5): when the current amplitude of a

secondary electrode exceeds some critical value, the location of peak depolariza-

tion may change, resulting in a different linear tradeoff of the current amplitudes

on spiking threshold (Fig. 3.13C vs. Fig. 3.13D). In effect, for any given region of

stimulus space, one of the electrodes in the pattern appears to behave as the main

driving force behind spike initiation, generating a large amount of depolarization

at a particular location of the RGC. Current injected through other electrodes

linearly modulates the depolarization at this location, which in turn linearly mod-

ulates the current amplitude of the main driving electrode required to initiate a

spike. However, when current in one of the modulatory electrodes is sufficient to

shift the site of activation, the tradeoff changes, resulting in a different relationship

between current and threshold.
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Figure 3.13: Biophysical interpretation of linear model. (A) A hypothetical exam-
ple of threshold modulation using electrode pairs, including two regions of stimulus
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activation. Open circles indicate threshold current amplitudes for a particular
stimulus pattern, solid lines are linear fits to thresholds, and dashed line shows
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brane response at the end of a current pulse of unit amplitude injected through
electrode 1 (blue) or electrode 2 (red). Grey line indicates hypothetical depolar-
ization threshold for spike initiation. (C) Passive membrane response to current
pulse of unit amplitude through electrode 1 in combination with current pulses
injected through electrode 2 at various amplitudes (blue solid and dashed): -1,
-0.5, 0, 0.5, 1 for a, b, c, d, and e respectively. Response to electrode 2 alone is
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alone is shown in blue. Inset depicts an alternative interpretation of the cause of
membrane potential fluctuation (adapted from [35]).
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This framework also provides a potential reason for the observation of op-

posite sign modulatory effects, i.e., reduction of thresholds upon opposite polarity

current injection rather than increase in threshold (Fig. 3.3F). Modeled responses

of neurons to monopolar stimuli in a similar configuration to the single-electrode

stimuli used in this study predict that a cathodal stimulus will cause depolar-

ization in some regions and (typically weaker) hyperpolarization in other regions

[31, 33, 34]. An opposite sign modulatory effect would be expected to occur if the

region of membrane depolarized by a cathodal pulse injected through one electrode

overlapped with the region of membrane that was hyperpolarized by a cathodal

pulse injected through the other electrode (Fig. 3.13D).

3.4.2 General strategies for avoidance of axon stimulation

Stimulation of RGC axons is a major concern associated with the use of

epiretinal prostheses because inadvertent stimulation of passing axons of distant

RGCs would be expected to generate percepts in the region of visual space near

the somas of the stimulated RGCs rather than (or in addition to) the region of

visual space near the electrode. Comparisons of thresholds to electrodes placed

near RGC somas and axons in in vitro models of epiretinal prostheses [36–40],

as well as computational models [41, 42] suggest that while thresholds to axonal

stimulation are typically higher than thresholds to stimulation near RGC somas

(somatic stimulation), the threshold difference is small. These observations are

further supported by the fact that stimulation of passing axons has been shown to

preclude selective activation of individual RGCs in a primate model of epiretinal

stimulation (see Section 2.3.4).

A study of axon stimulation in isolated rabbit retina has shown that bipolar

stimuli applied by electrode pairs spaced 50 µm apart and in a bipolar transverse

configuration (Fig. 3.14A) increase axonal thresholds relative to monopolar stimu-

lation, while bipolar axial stimuli (Fig. 3.14B) with electrode pairs oriented along

the axon have little effect relative to monopolar stimulation [29]. In another study,

modeled responses of RGC axons showed decreased axon activation using elongated

electrodes oriented parallel to axons in comparison to those oriented perpendicu-
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bipolar transverse bipolar axial dual monopolar axial

A B C

Figure 3.14: Schematic of paired-electrode pattern configurations of axonal stimu-
lation. Horizontal grey bar depicts axon orientation relative to electrodes. Polarity
of current is indicated by color and direction of arrows (cathodal in black, anodal
in red).

lar to axons [30], suggesting that dual monopolar axial stimuli (Fig. 3.14C) may

increase axon thresholds relative to monopolar stimulation.

Both the correlation between relative axon orientation and modulatory ef-

fects for electrodes spaced 60 µm apart (Fig. 3.11A) and the lack of correlation for

electrodes spaced 30 µm apart (Fig. 3.11B) observed in this study of somatic stim-

ulation suggest potential general strategies to reduce the inadvertent stimulation

of bypassing axons in an epiretinal prosthesis. In the case of 30 µm separation,

if dual monopolar axial stimulation generates similar results to those predicted in

the model of RGC axon responses to elongated electrodes, these spatial patterns

could elevate axonal thresholds relative to somatic thresholds. This is because, in

contrast to the predicted effect on axonal thresholds, current patterns correspond-

ing to this configuration (Fig. 3.11B, near 0◦ or 180◦) tended to decrease somatic

RGC thresholds.

In the case of 60 µm separation, the optimal general strategy for axon avoid-

ance is less clear. While bipolar transverse stimuli tended to increase thresholds

of both axons [29] and somas (Fig. 3.11A, near 90◦), this stimulation configura-

tion could improve the general selectivity for local RGCs over passing axons if the

effect is significantly larger for axons than somas. Alternatively, because bipolar

axial stimuli had little effect on axonal thresholds in comparison to monopolar

stimuli in the previous rabbit studies, and this configuration tended to decrease

somatic thresholds when applied distal to the RGC axon in this study (Fig. 3.11A,
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near 180◦), bipolar axial stimuli may preferentially activate nearby RGCs with

axons oriented away from the anodal electrode of the pair (secondary electrode in

opposite polarity stimuli tested here).

Because the spacing of electrodes appears to have a large effect on the

presence of correlations between axon orientation and effects of different stimulus

pattern configurations (Fig. 3.11A vs. 3.11B), the best general strategy for axon

avoidance will likely depend on the spacing of electrodes used in the clinical ar-

ray. Future studies comparing the magnitude and sign of modulatory effects on

axonal and somatic stimulation using the same electrode arrays should be per-

formed to determine the best strategy and the expected level of improvement in

axon avoidance for a particular electrode spacing.

3.4.3 Requirements for implementation in a

retinal prosthesis

It is important to note that a number of technical changes would be required

before the linear model proposed in this study could be used to improve stimula-

tion selectivity in a clinical prosthesis. First, determination of model parameters

requires the measurement of RGC responses to stimulation with pairs of electrodes.

Currently used clinical epiretinal prosthesis do not have the recording capabilities

required to measure RGC responses. In addition, an efficient algorithm for au-

tomated RGC response detection would be required to quickly extract response

curves of each RGC for a large number of stimulus patterns. Second, electrode

arrays must have significantly higher densities of electrodes than those currently in

use in clinical devices. This is crucial not only for approaching single-cell resolu-

tion of electrical stimulation, but for sorting recorded RGC responses according to

the cells that generated them. Third, the utility of fine spatial patterns of current

injection is likely to require much closer contact between an electrode array and

the retina than is achievable with the current method of fixing electrode arrays to

the inner retinal surface using a scleral tack [5]. Any gap between the electrode

array and retina would be expected to blur the pattern of current injection by

providing a low resistance path for transverse current flow, reducing the ability of
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patterned stimulation to shape the electrical field generated in the retina. Fourth,

the implant must be capable of simultaneously driving current pulses of different

amplitudes through sets of electrodes. Finally, a simple algorithm is required to

determine the stimulus pattern that optimizes selectivity of a target cell or set of

cells.
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Chapter 4

Future Work

There are a number of potential extensions to the research presented in this

thesis.

4.1 Axon stimulation

The stimulation of bypassing axons is one of the major concerns associated

with the epiretinal stimulation approach. Previous in vitro [1–5] and computa-

tional studies [6, 7], along with the analysis of selectivity described in Section

2.3.4, have shown that axon stimulation is likely to significantly reduce the spatial

selectivity achievable with single-electrode epiretinal stimulation. Several ques-

tions remain regarding that degree of inadvertent axon stimulation that occurs in

vivo and potential strategies to avoid axon stimulation.

4.1.1 Thresholds vs. distance from soma

It is currently unclear whether there is a systematic change in axon acti-

vation threshold as a function of distance from the soma. In the work presented

in this thesis, the region of retina that could be analyzed was limited to ∼500 µm

in diameter. Therefore, it was impossible to determine whether axon stimulation

thresholds change at distances beyond 500 µm from the RGC soma. This is of

interest to retinal prosthesis design, because it influences the expected distance of

101
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potentially activated cells from the location of current injection, and could provide

an estimate of the degree of unobserved axon stimulation that may be occurring

in in vitro experiments with limited recording areas.

This issue could be addressed by performing electrical stimulation exper-

iments using more extensive electrode arrays. An electrical stimulation system

identical to the one used here, but with 512 electrodes and capable of recording

from a ∼1 x 2 mm region of retina, has been developed and tested [8]. This

stimulation system would allow for measurement of axon activation thresholds at

distances sufficient to determine whether stimulation of the axons of distant RGCs

is likely to occur upon epiretinal electrical stimulation.

4.1.2 Linear model and electrode pair orientation

Previous modeling [9] and experimental work [10, 11] suggest that oriented

electric fields could be used to reduce activation of bypassing axons (see Section

3.4.2). These observations point toward multielectrode stimulation strategies that

could elevate axon activation thresholds relative to near-soma activation thresh-

olds. It is currently unclear, however, whether the magnitude of the orientation

effects will be sufficiently different for axonal and near-somatic stimulation to pro-

vide a blanket strategy to reduce unwanted axon stimulation. In addition, it is

unclear how dependent such axon stimulation effects will be on electrode spacing.

To determine whether oriented paired-electrode stimuli could sufficiently

elevate axon stimulation thresholds relative to somatic stimulation thresholds, re-

sponses of RGCs to stimulation near axons and somas to electrode pairs with

different polarity combinations should be performed using identical electrode ar-

rays (see Fig. 4.1 for preliminary results). The dependence of paired electrode

stimulation on relative axon orientation could then be analyzed in both cases, re-

vealing whether any particular orientation and polarity combination would lead to

greater selectivity of somas over axons for a particular electrode spacing.
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Figure 4.1: Example of axonal stimulation threshold shifts from paired-electrode
stimulation. Stimulation of a rat RGC axon was performed with different combi-
nations of pulse polarities on a pair of electrodes spaced 60 µm apart and oriented
roughly perpendicular to the axon (left) or parallel to the axon (right). Blue curves
indicate responses to stimulation with the single electrode of the pair that resulted
in the lower threshold. Same-polarity stimulation (green) decreased threshold for
the transverse electrode pair and increased threshold for the axial electrode pair,
while opposite-polarity stimulation (orange) had the opposite effect for the respec-
tive electrode pair orientations.

4.2 Spatial selectivity

4.2.1 Array density

The spatial selectivity analysis presented in this dissertation (Section 2.3.4)

was performed using arrays with 60 µm electrode spacing. Higher density arrays

would be expected to achieve greater spatial selectivity, but it is unclear how

much of an improvement would be possible. For example, the existence of RGCs

with low thresholds and broad spatial regions of sensitivity to electric stimulation

would make it difficult to achieve single-cell selectivity of nearby RGCs with higher

thresholds, even using arrays with much higher electrode density. This question

could be addressed by performing a similar selectivity analysis with higher density

arrays.

4.2.2 Eccentricity

Spatial selectivity has thus far only been analyzed in the peripheral retina,

where RGC density is relatively low. However, retinal prostheses are typically
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implanted in the central retina, which has much higher RGC density [12, 13].

As a result, the spatial selectivity achievable with electrical stimulation would

be expected to be lower in the central retina. Future experiments at a range of

eccentricities could be performed with a constant electrode density to determine

the magnitude of this effect. In addition, selectivity at different eccentricities using

arrays with different electrode densities would allow one to determine whether these

increases in cell density could be simply compensated for with a matched increase

in electrode density.

4.3 Further testing of piecewise linearity

The piecewise linearity observed for electrode pairs (Section 3.3.3) could

only be tested in a small subset of the total number of electrode pairs. This was

likely the result of only testing a limited range of relative current amplitudes on the

primary and secondary electrodes. A larger range of relative amplitudes should

be tested, including combinations with cathodal-anodal-cathodal current pulses

applied by the primary electrode, to determine whether the piecewise linearity

truly describes the responses of RGCs over the full stimulus space.

4.4 Cell type classification in the absence of

visual responses

One of the primary motivations for achieving single-cell spatial resolution

is to allow for independent control of different RGC types. Before each RGC

can be activated in a way that generates the spiking responses appropriate for its

type, however, the prosthesis must be able to determine the type of each targeted

RGC. In this dissertation work, RGC types were determined using the visual re-

sponse properties of the recorded cells (see Section 2.3.1). These measurements

would be impossible in a degenerate retina, which lacks visual responses alto-

gether. Therefore, an alternative method for cell type classification based on other

cell type-specific properties is required.
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Figure 4.2: Cell type classification in the absence of visual response properties.
Retinal ganglion cells in a single macaque retina preparation (left) are plotted as
a function of two intrinsic RGC properties: the first principal component of the
spontaneous spike train autocorrelation and the axon conduction velocity. Points
are colored according to known cell types, based on measured light response prop-
erties. Clustering of points corresponding to different cell types indicates that
intrinsic properties could be used as an alternative method for cell type classifica-
tion. Retinal ganglion cells in a degenerated rat preparation (P23H, right) show
similar clustering when plotted in terms of the first two principal components of
the spike train autocorrelations, suggesting that intrinsic RGC properties might
provide a cell type identification method in degenerate retina. Points are colored
according to tentative cell types.
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Preliminary work suggests that non-visual characteristics that reflect the

intrinsic membrane properties of RGCs, such as the temporal structure of sponta-

neous spike sequences and the shapes of recorded spike waveforms, may be used

to separate recorded RGCs into different cell types (see Fig. 4.2). Further work is

required to determine which characteristics are optimal for this task and whether

this strategy could be used to consistently identify cell types across different reti-

nal preparations. Because spiking patterns have been shown to change during the

course of retinal degeneration in several animal models [14–22], cell-type classifica-

tion should also be tested in a model of retinal degeneration to see whether these

changes preclude the use of this strategy.
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