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A Computational Model of Electrical Stimulation
of the Retinal Ganglion Cell

Robert J. GreenbergMember, IEEE Toby J. Velte, Mark S. Humayun, George N. Scarlatis, and Eugene de Juan, Jr.

Abstract—Localized retinal electrical stimulation in blind vol- We have previously shown that patients blind from RP
unteers results in discrete round visual percepts corresponding resolve focal phosphenes when the ganglion cell side of the
to the location of the stimulating electrode. The success of such (atinal surface is stimulated with 50- to 2@0n-diameter disk

an approach to provide useful vision depends on elucidating the -
neuronal target of surface electrical stimulation. To determine if electrodes less than 5Qn apart [1]. None of these patients

electrodes preferentially stimulate ganglion cells directly below reported the perception of wedges: all reported spots of light
them or passing fibers from distant ganglion cells, we developed or spots surrounded by dark rings.

a compartmental model for electric field stimulation of the retinal This finding was significant, since at any particular location
ganglion cell (RGC). In this model a RGC is stimulated by o the syrface of the retina, axons from distant sites overlie

extracellular electrical fields with active channels and realis- L. . . . .
tic cell morphology derived directly from a neuronal tracing. the individual ganglion cell bodies. If these superficial passing

Three membrane models were applied: a linear passive model, a fibers were preferentially stimulated by a prosthesis, groups of
Hodgkin—Huxley model with passive dendrites (HH), and a model ganglion cells from large areas of the retina would be excited.
composed of all active compartments (FCM) with five nonlinear  One might expect the visual perception of such a stimulus to
ion channels. Idealized monopolar point and disk stimulating appear as a wedge (patients with selective losses of a ganglion

electrodes were positioned above the cell. For the HH and FCM I focal | . - d h d vi |
models, the position of lowest cathodal threshold to propagate C&!l axons at a focal location experience wedge-shaped visua

an action potential was over the soma. Brief (10Qs) cathodic field defects like the shape shown in Fig. 1(a) [11]. Moreover,

stimuli were 20% (HH with disk electrode) to 73% (FCM with  since the visual world is mapped onto the surface of the retina
point-source) more effective over the soma than over the axon. In gych that the area of stimulated RGC's corresponds spatially
the passive model, the axon is preferentially stimulated versus the to the visual image perceived, this response is logical. On

soma. Although it may be possible to electrically stimulate RGC’s . . . .
near their cell body at lower thresholds than at their axon, these the other hand, if the ganglion cells were stimulated near their

differences are relatively small. Alternative explanations should cell bodies, we would expect the visual perceptions to be focal
be sought to explain the focal perceptions observed in previously spots as seen in Fig. 1(b) (patients with focal ablation of the

reported patient trials. retina perceive a discrete scotoma or blind spot). Obviously, a
Index Terms—Amphibian, extracellular fields, ganglion cell, prosthesis which produced discrete spots of perceived “light”
human, modeling, retina, visual prosthesis. would have a higher resolution and produce a better image

than one which produced large wedges or streaks of perceived

“light.” It is also possible that the dendrites are preferentially

_ ) ) stimulated [Fig. 1(c)]. Since the dendritic arbor of a single
ECENTLY, an intraocular prosthesis which would elecyanglion cell may spread up to 5@en in diameter and overlap

1\ trically stimulate surviving retinal ganglion cells (RGC’Skne dendritic field of other ganglion cells [12], stimulation of

in patients blind from photoreceptor degeneration has beggngrites might lead to larger perceived spots than if the soma

proposed [1]-{3]. There are 1.2 million people worldwidg, preferentially stimulated.

with photoreceptor degeneration diseases such as retinitis, explore the relative thresholds of ganglion cell ax-

pigmentosa (RP) [4]. There is also some evidence that sucgr%, somas, and dendrites, we have developed a compu-

prosthesis might also benefit patients with severe age-relaf§ional model for electric field stimulation of the RGC.

macular degeneration (AMD) [5], which is the leading causg the past, several models have been used to explore the

of blindness in Western countries. Although these patienissnonse of isolated axons or somas (spheroidal shapes) to

are blind, they possess functioning ganglion cells which rel@yinsic electrical stimulation [13]. Most analytical models

retinal input to the brain [6]-{10]. have represented the cell membrane as a resistor and capacitor

Manuscript received July 19, 1996; revised January 6, 1999. The workief parallel (passive RC circuit). An excellent example of

R.J. Greenberg and E. de Juan, Jr. was supported in part by a grant figfactrical stimulation of a passive model for unmyelinated

the Jaffe Family Foundation. This work was supported by the Whitaker and . . .
Grousbeck Family Foundationasterisk indicates corresponding author. ~ @XONS was described by Rubinstein and Spelman [14]. More

*R. J. Greenberg is with the Department of Biomedical Engineering, TH€Cently, Plonsey and Barr performed a numerical simulation
Johns Hopkins University, Baltimore, MD 21205 USA (e-mail: bob@jhu.edu}nduding Hodgkin—HuxIey active membrane properties, which
He is also with the Wilmer Eye Institute, Johns Hopkins Hospital, Baltimon%h b b di f
MD 21287 USA. ey suggest may be a better predictor of axon response

T. J. Velte is with the Howard Hughes Medical Institute, Harvard Medicatompared to passive approximations [15]. Despite a large

I. INTRODUCTION

School, Boston, MA 02114 USA. , body of material on axonal stimulation, to date, the only
M. S. Humayun, G. N. Scarlatis, and E. de Juan, Jr. are with The Wilmer del of insic el ical sti lati f . Il usi

Eye Institute, Johns Hopkins Hospital, Baltimore, MD 21287 USA. model o extrlnsu; € eCt.“Ca stimulation of an entire ce usm.g
Publisher Item Identifier S 0018-9294(99)03113-4. morphology obtained directly from a real neuron was a passive

0018-9294/99$10.0Q1 1999 IEEE



506 IEEE TRANSACTIONS ON BIOMEDICAL ENGINEERING, VOL. 46, NO. 5, MAY 1999

Optic disk -
% Activated area

| } Electrode
j| (Point of
T\ stimuiation})

@

Ganglion cells {

Bipolar cells

Photoreceptors {

Hmse,
©1995 JHU

(b)

Fig. 1. Electrical stimulation of the retinal ganglion cell via its axon (), soma (ll), or dendrites (ll1): (a) visual fields which would be produstieclitgtion
of the retinal ganglion cell axon (I), soma (l1), or dendrites (l1I) and (b) cross section of retina showing electrodes and activated gangliangi@is.célls are
shown on the top surface while the bipolar cells and photoreceptors are below. The stimulating electrode is schematically represented abae ¢bksgang

model of cortical pyramidal cells analyzed by Hause in 1975 The threshold responséto the minimum stimulation cur-

[16]. No models have studied an entire traced cell (i.e., ceént) for the passive model is defined traditionally as a 15 mV

body, axon, and dendrites) with active membrane propertiedepolarization [13]. Threshold response for the active models
To simulate electrical stimulation of the RGC, our approadire defined as initiation of an action potential which propagates

was to map a representative RGC in three dimensions. \dewn the axon.

then divided the cell into compartments as described by RallThe initial site of excitationis defined as the location on

[17]. To these compartments, we applied the extracellular filde cell where the membrane potential first crosses 0 mV on

of an ideal monopolar point or disk electrode in a homogés way to produce an action potential (stimulus intensity at

neous medium. Using NEURON [18], a multicompartmentadhreshold).

simulation package, we tested three cell membrane models—

a passive and two active models. Our simulations, we belie®, Creation of the Model

are the first to model a neuron stimulated by extracellular

electrical fields with active channels and realistic morphologM

derived directly from a neuronal tracing.

1) Cell Tracing and Conversion to Electrical Network
odel: An amphibian (mudpuppy-Necturus maculosiis
anglion cell was injected intracellularly with the tracer
_Our r.eSUItS suggest that there, may be a lower thresmld%%fmpound Neurobiotin (Vector Laboratories, Inc., Burlingame,
st_lmulatlpn at or near the RGC's cell body when compar A) [19]. The retina was mounted and the ganglion cell was
with their axon. However, the results also show that theﬁ%ced using the Eutectic Neuronal Tracing System (ENTS,
thresholds vary by less than a factor of two which may not tﬁjtectic Electronics, Raleigh, NC [20], [21]). Th&, Y,

sufficient to form the sole explanation for the focal phosphengﬁdz coordinates of the dendrites and axon, along with their

observed. thickness and hierarchical structure, were recorded in an ASCI|

file which contained the intact three-dimensional structure of

the soma, dendritic tree and axon. A shareware software utility

o called ntscable(written by Raimond Winslow), running on a

A. Definitions Sun IPX workstation, was used to convert the ASCII file into a
Cathodicis defined with respect to the vitreous monopolastructure that was readable by the general neuronal simulator,

electrode. NEURON Windows ver. 3.0 [18]. Neuron was written by

Il. METHODS
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Multicompartmental model with field applicd (FCM) with five nonlinear ion channels distributed at varying

. : . 5 densities.
Inside \ A ALV AAAL_ 2 AAALE AAAL The linear passive mechanism reduces each patch of mem-
brane to a simple parallel RC circuit with a leak. As previously

Membrane Membrane

Mechanism Copocitance - Stated, the values used for membrane capacitance and resis-
= tance were LF/cn? and 50 0002cn?, respectively. The leak
Outaide L erp ;E‘IPPZ _'=LE"p93 conductance was modeled as a battery-@0 mV in series

with a conductance of 2@S/cn?. This passive mechanism
Fig. 2. Electrical circuit diagram representation of the retinal ganglion cefjjgs present throughout the cell in all simulations. At the start

during and after the application of an extracellular stimulus. Three membr: . . .
mechanisms were modeled in parallel with a leak conductance which consi:{;ée_da” simulations, the membrane pOtentlal everyWhere was

of a battery in series with a conductance. The passive membrane mechariRifialized to a resting potential o£70 mV.

consisted of a simple conductance. The two active membrane mechanismThe HH mechanism is the classic nonlinear description of
consisted of variable conductances in series with batteries. The conducta

were defined by the Hodgkin—Huxley formulations for each ionic chann(rellf.ﬁ]ﬁm’(':‘l'na'[ed axons by HOdgk'n and HUX|ey [24] which is

The batteries were defined by the corresponding reversal potential of the iBgluded within the simulation package NEURON—a leak

they represent. conductance, sodium and potassium channglg, (= 120
mS/cnt, Ex, = 50 mV, gx = 36 mSlent, B, = —77
mV, g, = 0.3 mS/cn¥, E; = —54.3 mV). We applied the

Michael Hines and uses a fully implicit (backward Euleriiodgkin—Huxley channels to the soma and axon, but not the

method of integration. dendrites, i.e., the dendrites were passive in this model.

To explore the influence of the dendritic and axonal cellular The FCM model is a more complex five channel model
structure on the threshold, a cell with a large dendritic fieldlesed on work by Fohlmeistet al. [25]-[27]. Their model
and a long axon was chosen. We chose the “large celicludes the following conductancesy, (a sodium conduc-
from [19, Fig. 1]. Note, the full extent of the axon is nofance),gc, (a calcium conductancejy (a delayed rectifier
shown in the Velte and Miller paper but was traced and Rptassium conductanceg,, (an inactivating potassium con-
included in these simulations as can be seen in Figs. 3 andlctance), andjk ¢, (& noninactivating calcium activated
Several constants were specified based on whole-cell recordiggassium conductance) [25].
data which included the value for membrane capacitanceAll channels are modeled as simple voltage-gated conduc-
(1 pFlcm?), membrane resistance (50 00&m?) [22], and tances excefk c,, Which is modeled as a calcium-gated con-
cytoplasmic resistance (11@cm) [22]. These values areductance. It was this unique combination of channel kinetics
assumed to be uniform throughout the cell. Each compartméltich best emulated the firing pattern of ganglion cells in this
in the simulation was modeled as in Fig. 2. The simulatior#Pecies [25]. The calcium and potassium conductances served
were modeled at room temperature {€2. We chose to to shape the finer properties of the action potential including
perform these simulations at 22 so that the results could the ability to produce slow repetitive firing which is impossible
be compared to amphibian electrophysiological experimentsing the Hodgkin—Huxley channels exclusively. The model
which are carried out at room temperature. In addition, it for membrane potential takes the familiar Hodgkin/Huxley
known that the Hodgkin—Huxley equations do not propagaferm [25]

action potentials above 3C [23]. dE 5 5

The soma is modeled as a compartmentalized sphere. The Cm —- = —gnam ME — ENa) — Geac” (B — Eca)
compartments lie parallel to the plgne of the retina—as if — G (E — Ex) — goaPha(E — Ex)
sliced horizontally by an egg-slicer (i.e., a cable with varying -
diameters). A soma diameter of 24n was used for most ~ 9k, calE — Ex) (1)

simulations. This size was chosen to approximate the diamqm{ere the rate constants fas. b, c. n. a, and b4 all solve
of the actual traced mudpuppy soma. To examine the effectaf irst order kinetic equati07n [’28’] ’ ’
soma size on threshold, a 1@a-diameter soma was also used.

The dendrites and axon were all connected to the center dx 2

. - = — T + 3m ° + T
compartment of the soma. The neuron was then segmented into dt (@ +fla) -+

compartments of increasingly smaller size until the thresholdsThe internal calcium concentration [Gayas buffered using
did not change by more than 1%. Similarly, time incrementgst_order decay which can be written as
were used which produced thresholds which were less than
1% different from smaller time increments. Typically . dlCd;, [Cdin— [Cd:
segments and 2ps time steps were used. 7 TCa (3)

2) Cell Membrane ModelsTo ensure fine numerical solu-
tions, the ganglion cell was modeled with more than 9000 conwhere [Ca},s is the equilibrium intracellular calcium value
partments. Each compartment is modeled with an intracelluf@00 nM) andr¢, is the time constant of calcium removal
resistanceR,) and a membrane mechanism in parallel with €1.5 ms).
membrane capacitance. Three membrane mechanism modekhese five channels were distributed with varying densities
were applied: a linear passive model, a Hodgkin—Huxlggimulated by varying the value gf..x (mS/cn?) for each
model with passive dendrites (HH), and an all active modehannel]. The densities used were identical to those proposed
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TABLE |
FCM MoDEL CHANNEL DENSITIES AT SOMA, DENDRITE, AND AXON (% TOTAL AXON LENGTH FROM SOMA) IN ms/cn?

G e Soma Dendrite | Axon(0-3%) | Axon(3-9%) | Axon(9-100%)
e 70 mS/cm? 40 150 100 50
8ca 1.5 3.6 1.5 0 0
e 18 12 18 12 15
8xa 54 36 54 0 0
Skica) .065 065 065 0 0
|
¢ ~
e — -izsi-.’{
e =
> — (S e SR ol \*
~ Ve } “ 5 S ™
LS —_—
S D, : —~
100 microns \>‘<

Fig. 3. A schematic illustration showing the ganglion cell being stimulated above the soma compartment from a distanaa bfy3spherical electrode.
For a small sphere, this electrode may be modeled as an ideal point source. Scalelb@rum.

by Fohlmeisteret al. [25]-[27]. The axon was divided into (0.9%) saline, which is similar to the resistivity of the vitreous
three sections according to the diameter of the axon. Thamor (the biologically near-transparent liquid that occupies
initial segment (0%—-3% of total axon length, 0.6- to 0.8the intraocular cavity) [30]. We computedas the distance
pm diameter) of the axon starts as the axon leaves the sobpgiween the position of the electrode and the center of each
and extends for approximately 30m. The next segment compartment. The height of the electrode was held fixed at
is called the “thin segment” which is narrower in diamete?0 xm above the center of the soma—a distance comparable

and continues for nearly 60m (3%—9% length, 0.4- to 0.6- t0 that of the retinal ganglion cells to the internal limiting

um diameter). The remainder of the axon (9%—-100% of tifB€Mbrane (in our region of interest) [31]. _
approximately 1-mm length, 0.5- to 1;@n diameter) is fairly Fig. 3 shows a schematic of an electrode above the ganglion

uniform but has a larger diameter compared to the thin segm&ft: The electrode locations tested are shown in a top view
(see Table I). of the neuron in Fig. 4.

3) External Stimulus Application—Monopolar Point Source: 4) Exte_rnal S_t|mulus Appllcatmn Disk Electrode Source:
o : : For the simulation of a disk electrode, (4) was replaced by
The external medium is modeled as isopotential except when' .. : . N S
. . . : : the field from an equipotential metal disk in a semi-infinite
a voltage field is applied. The point electrode field was _gium. which is
applied for 100us. During the application of the field, each '

compartment’s extracellular potential is fixed based on a 1

2V, .o
V(r, z) =— sin

precomputed field for a monopolar spherical electrode in an 7r
isotropic medium [29] 2a (5)
[(r — a)? + 22|12 4 [(r + a)? 4 22]1/2
pel
e = (4)  where ¢, 2) is the radial and axial distance from the center
47y

of the disk (in cylindrical coordinates) for # 0 [32]. V,
where V., = extracellular potential/ = constant electrode is the potential of the disk and is the radius of the disk.
current, andp. = 1/(608cm), the resistivity of normal The constant voltage model of the disk electrode may be
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C. Assumptions

1) Standard cable theory applies to the axon and dendrites
[17], [33].

2) The electrode is modeled as an ideal point source or
ideal disk. The electrical characteristics of the medium
in which the current travels are linear, homogeneous
and unaffected by the presence of the neuron [29].
Extracellular potentials are applied uniformly to the
circumference of each cylindrical compartment. The
potential applied is calculated by applying the field (4)
or (5) at the center of the compartment.

3) During stimulation, the extracellular potential is de-
termined only by the applied fields [15]. Following
stimulation, the extracellular space is modeled as a short
to ground, with the extracellular potentidly(:) set to

A/' 0 (see Fig. 2). Note, the results of the simulation were
identical whenV,,; was not set to 0, but was instead
allowed to float after the application of the stimulus.

I1l. RESULTS

A. Results for Passive Model

These simulations were performed with point source elec-
’; trodes, the passive membrane model and a.24diameter
soma with threshold defined as 15-mV depolarization under
the electrode. The absolute current required for threshold at
the soma was-32.9 i;A for electrode E. The absolute values
predicted by this model have not been tested physiologically,
so are most useful in comparing simulations [13]. Relative
thresholds normalized to the current on electriéilare listed
""“- «F in Table II, column A for the passive model.
D

™

S

3

-
)

<>

In this group of data, an electrode over the soma does
not have the lowest threshold. It is easier to depolarize the
membrane under many other locations other than directly over
the soma due to the higher input resistances found in the
smaller structures. Specifically, it is slightly easier to depo-
larize the axon (electrodd) to our 15 mV threshold value.
Note that these results assume only a passive membrane and
— are therefore highly influenced by the local input resistance.

100 microns

%

h
C B. Effect of Varying Electrode Position in the HH Active Model

Fig. 4. A tOPOQeraphiCdal IvieW é)f the ganglion kceolll bShO;]anwith its Eéxon The next group of simulations were performed with point

T v e e e Ao BBurce electrodes, the HH membrane model and ardd-

~130, (C) opposite axon334, (D) perpendicular to axor160, (E) directly diameter soma. The absolute current required to elicit an action

T ero et toa o s o o hehont v i o pg"erel wich propagated down the axon with clectiode

nearest compartment is (jam): (A)p33?.0, (B) 30.0, (C) 34.0, (D) 30.0, (E) (Soma) was 43"A cathodic. The_ thres_h0|ds have been

30.0, (F) 29.5, and (G) 38.0. normalized to this current and are listed in Table I, column
B for all stimulus locations.

Although the lowest threshold is found over the soma in
converted to a constant current model (since the extracellulais case, we should also note that the map of the threshold
space is modeled as purely resistive) with the addition ofseme distance from the soma is not uniform. The thresholds
constant multiplicative factor. This permits comparison witincrease rapidly when moving further away from the soma
the point source constant current model. Relative differendesm E — D — F or E — G — C. But, if one moves along
between the 50 and 1Qém disks may be directly compared.the axonE — B — A, the threshold stays constant within
For the simulations with disk electrodes, the height was agairfactor of two (Fig. 4)—demonstrating a relatively low axon

maintained at 3Q:m and the pulse duration was 108. threshold compared to the dendrites.
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TABLE 1l
NORMALIZED CATHODIC CURRENT THRESHOLDS FORPOINT SOURCE STIMULATION WITH A 24-ym DIAMETER SOMA
Electrode A. B. C.
Relative Threshold Relative Threshold Relative Threshold
Passive Model Active HH Model Active FCM Model
A (axon) 0.900 1.58 1.73
B 1.00 1.79 1.97
C 0.954 75.1 55.2
D 0.699 14.4 2.72
E (soma) 1.00 1.00 1.00
F 0.812 65.1 2.80
G 1.05 9.58 2.63

For all electrode locations and polarities exceptAgtthe then propagated down the axon and retrogradely back into the
action potential at threshold was initiated 55-12® down dendrites.
the axon (the initial segment of the axon). This is consistentFor electrode€C andG, the dendritic action potentials were
with the finding by Carra®t al. that the action potential of sufficient to propagate through the soma and propagate an
the amphibian retinal ganglion cell is initiated in the initiahction potential down the axon at threshold current levels.
segment of the axon [34]. Prior to generation of an actidelectrodesD and F produced dendritic action potentials at
potential, the soma was usually depolarized, but the soma itdelfr current levels, but these did not meet our criteria for
did not spike with the HH membrane model. “threshold” since the action potential did not propagate down

ElectrodeA produced two depolarizations when stimulatinghe axon. The action potentials from electrodesand F' at
with a cathodic electrode at threshold. These depolarizatidosgv current levels failed at the soma and were not transmitted
first crossed zero potential at 503 and 66 down the axon. down the axon. The reported current thresholds for electrodes
These two action potentials propagated toward the soma dnxdandF are for the minimum current which caused an action
the terminal end of the axon, respectively. potential to propagate down the axon. At this higher current

The results produced by electrode are similar to simu- level, the threshold action potential for electrod@sand F
lations of isolated axons performed by others [13], [23]. Fdregan in the early part of the axon and not at the dendrites as
all electrodes, the axon first crossed the zero potential fromith electrodesC and G.
0.8-1.5 ms after the stimulus ended.

D. Effect of Replacing Point Source with a Disk Electrode

Point electrodes are an ideal representation whose closest
C. Effect of Varying Electrode Position in physical analog is small spherical electrode. A practical retinal
the FCM Active Model prosthesis, however, will probably not have point electrodes,
é)éjt will perhaps have disks, because of limitations in micro-
ig]iature manufacturing technology. Flat electrodes are easy
rproduc:e using photolithographic techniques. In fact, our
onopolar clinical trials were performed with disk electrodes.

Next we examined the effect of different channel densiti
which represent a combination of channels that best emulald
the spiking behavior in this species as proposed by Fohlmeis
et al. [25]-[27]. These simulations were performed with poin[i.n . . .
source electrodes, the FCM membrane model and an24- TO test the effect of d|s_k electroo_les, the fqllowmg simu-
diameter soma. The absolute current required to elicit an actf ons were periormed with Spm-_dlameter disks and the
potential with electrodd® (soma) was 7JA. The thresholds HH membrane model. The cathodic threshold was 1.2 times

have been normalized to this current and are listed in Table ?fgher over the axon (electrodt) compared to over the soma

column C. electrodeE).

The simulations with the FCM membrane model produced Since our clinical trial also used 1Q@-diameter elec-

action potentials similar in shape to the HH model simulatioﬁEOdeS’ we also stlmul_ated our _model cell ozmdlamgter
and usually began in the early part of the axon (25-286 soma) with a 10Q:m-diameter disk electrode at positidh

down the axon) except for stimulation by electrd@ewhich (over the soma). The catho_dic voltage thrgshpld was the same
began at 43xm for cathodic stimulation. The action potential s for the 5Qum-diameter disk. So, cathodic disk stimuli have
occurred 0.5-1.2 ms after the termination of the stimulus. O O/er thresholds over the soma compared to over the axon by
major difference between the HH and FCM model is that t o

dendrites fired action potentials in the FCM model. In fact ] o
with the electrodes over the dendrites, an action potential whs Effect of Varying Soma Size in the HH Model

produced first in the dendrites when stimulated by an overlyingAlthough the cell that was traced had a 2e-diameter
electrode. This action potential was propagated to the sorsama, primate somas are usually smaller than this. So, we
If the current was high enough to fire several dendritekecided to examine the effect of a smaller soma. These sim-
simultaneously, then the action potentials summed at the soufations were performed with point source electrodes, the HH
and caused the soma to fire an action potential. Following thrembrane model and a 10n-diameter soma. The absolute
soma firing an action potential in this model, action potentiatairrent required to elicit an action potential in electrdile
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(soma) was 7quA. All thresholds were normalized to thisseen in Table 1I-B and -C, cathodic point electrode models
current and were as follows: 0.89% (= axon), 1.03 B), coupled with an active membrane (HH and FCM) demonstrate
41.2 (C), 8.67 D), 1.00 E = soma), 39.2 ), and 5.29G). a 58%—73% increase in current required to stimulate the axon
The trends demonstrated by these thresholds are similactmpared to the soma. So, it may be possible to electrically

those in Table 1I-B. The thresholds increase when movirgfimulate preferentially RGC’s near their cell body at lower
further away from the soma frolk — D — F or E — thresholds than at their axon when using small electrodes.

G — C. But, if one moves along the axdd — B — A, the This idea is consistent with our clinical observations of focal
threshold stays roughly constant. Unlike the ;2#-diameter perceptions when RP patients are stimulated intraocularly [1].
soma data in Table 1I-B, however, it is actually easier ttialso is in agreement with animal experiments done in our lab
stimulate this 1Qzm-diameter soma cell with the electrodeand by others which demonstrate the ability to stimulate the
over the axon compared with the electrode over the soma.retina focally [37], [38]. However, these computational results
further suggest that the difference in threshold between soma

V. DISCUSSION and axon is likely to be less than a factor of two or even

To understand how focal electrical stimulation of retine{fo_:_'ﬁX'sHtEnt chtjh I"’! srﬁagllerlllgm—glameter 59;"?"- h
ganglion cells might be possible, we have studied a com- 1€ ¢ {EO elin ? € tr-1 S owsfa frgpl ;r)\crea]s?e when
partmental model of an amphibian RGC with both passiyg©VINd further away irom the soma froi — L) — & or

and active membrane properties and realistic geometry. e~ & — C-But, If one moves along the axdh — B — A,

have applied extracellular electrical current both from ide je threshold stays roughly constant within a factor of two.

monopolar point sources and ideal disk electrodes. his geometric _asymmetr_y of the current th_reshpld was not
observed experimentally in the normal rabbit retina [38]. In

normal rabbit, Wyattet al. described a threshold which rose
uniformly in all directions which may indicate excitation of
The passive data in Table II-A does not demonstrate cg|| type other than the retinal ganglion cell [38].
significant difference between the threshold for an electrodeThe HH model with passive dendrites had a threshold which
over the soma versus the threshold for an electrode over fage rapidly as the electrode was moved further away from
axon. So, based on this simple model, we might not expegk soma. In the FCM model, there is a rapid increase when
cell bodies to be preferentially stimulated compared to Othﬁfoving further away from the soma frol — G — C. In
regions of the cell. In fact, in these simulations, the somgple |I-C, one can see that this trend is not observed when
seems to be one of the more difficult elements to stimulatemoving fromE — D — For E — B — A. It appears that
Normally, a passive }am structure (the size of an RGCthe FCM model is influenced more by the physical density
axon) is more difficult to stimulate than a 1@ structure of the dendritic structures than the HH model. This is logical
(the size of an RGC soma). However, au structure could since the FCM model includes active dendrites which may
be easier to stimulate compared to a@-structure under fjre action potentials.
certain circumstances. One possible explanation is that thEMany believe that a “hot spot” of high channel density
input resistance of the smaller axon structure will be greatgr the initial segment of the axon is excited preferentially
so that current applied to the smaller compartment will resy#4] Ranck also believed that the axon is probably stimulated
in a larger voltage change compared to the soma whighhen electrodes are placed near the cell body [35]. Such
usually has a large electrical load associated with it. MOOEgimulation would be close enough to the soma to produce
et al. [36] suggest that the threshold voltage for initiating afhcal phosphenes. This method of stimulation would produce
action potential in a segment is higher if an electrical load fgsults very similar to our models, which fire action potentials
placed on the segment. Second, since our stimulation pujgehis region even without the benefit of added myelination
is relatively short (10Qus), the larger capacitance observeground the soma. It is interesting that the HH model without
at the soma will undoubtedly greatly filter this transient. Thgifferential channel densities (no “hot spot’) also initiates
1-zm axon also lies above the ganglion cell and is therefoggtion potentials in this region. Clearly, geometry is a critical
closer to the stimulating electrode. So, location, differentighctor affecting the site of initiation of action potentials, which

loading, capacitive filtering, and the fact that smaller structurggghlights the need for realistic geometry in models of extrinsic
have inherently higher input resistances may account for tBRctrical stimulation.

observation that the smaller structure is easier to stimulate
than the larger structure.
These explanations apply to passive simulations and igna@e Disk Electrodes

the fact that ganglion cells use action potentials to propagaterye sk electrodes decreased the preference for stimulating
their sjgnals to the brain. _Singe gangliqn cells fire aCtioll?ear the soma versus over the axon compared to the point
potentials and are not passive in all regions of the cell, &fucrodes. This decreased preference can be explained by
active model should represent the cell more accurately. the distribution of current from the disk electrodes. Since
the current is concentrated at the edges of the disk [32],
when a 50zm-diameter electrode is directly over a M-

With active membrane models and a 2d+diameter soma, diameter soma, more of the current is directed around the soma
the threshold over the soma is lower than over the axon. Aesmpared to a point electrode directly above the soma. This

A. Monopolar Point Source Electrodes—Passive Model

B. Monopolar Point Source Electrodes—Active Models
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shunting of current around the soma increases the threshoéhdrites are excited, then a minimum resolution of hundreds
over the soma relative to the threshold over the axon. of micrometers is possible. This poor “dendritic resolution”

It is interesting that both the 50- and 1@@1-diameter disks would be caused by the overlap of the dendritic arbors of
required the same cathodic voltage at threshold. This suggestsous ganglion cells. The overlap would allow all ganglion
that for a disk electrode array placed on the surface of thells whose dendrites lie under the electrode to be stimulated.
retina, the cathodic threshold voltage is likely to be constaBb, stimulation of the dendrites at threshold currents would
over these electrode sizes. Since the constant voltage candmel to produce larger perceptions than stimulation near the
converted to a constant current by taking into account electrogienglion cell body. These larger percepts are produced because
impedance, current density is likely to be the important desigells from a larger patch of retina, which correspond to a larger
parameter at these dimensions. Interestingly, absolute curreistial space, would be excited. Still another possibility is that
threshold and not current density has been constant in ¢hie soma is excited directly, which would yield a potential
clinical trials to date. In our human trials, the current require@solution of around 1Q:m in humans. See Fig. 1 for a
to reach threshold did not vary when a monopolar stimulatirggaphical depiction.

electrode was changed from 0 diameter to 10Qum [1]. From our HH simulations, it appears that the axon near
the soma is stimulated, which would result in a theoretical

D. Soma Size/Relevance of the Models to resolution of about 1Q:m, the average size of the human

Human Clinical Findings RGC soma. As previously noted, the threshold rose quickly

in all directions except the axon. In the FCM case with active
ndrites, however, the threshold does not rise as rapidly over
e dendrites. In fact, since the dendrites in the FCM cell fire
In an effort to more Close.lé(ction potentials, a cell of this type might result in a resolution
. . . on cell, we performed a SET&P hundreds of micrometers. The soma is still preferentially
of S|mglat|ons with th_e soma size closer to what might b&imulated in the FCM model. But, the difference in threshold
found in a human retina (1pm). . . from an electrode over the soma to over the dendrites is
When we dec.reased the soma d'a’T‘eter tou@d in the approximately threefold. This difference might not be enough
HH model, we find a much smaller difference between t allow selective stimulation of the soma over the dendrites.

axon and soma thresholds. In fact, we _nqtlce a reversal_ frorrbince the best clinical resolution achieved to date is about
the 244m-diameter soma case, where it is actually easier é%o um [1], it is impossible to distinguish between the

stlnglat_e thetaxto:n. e h that in d . ttwo alternatives at the present time. However, the clinical
IS importan d'cci) note'lt owever,th a |n” g\.creaS{ng ercepts observed to date are unlikely to be caused by axon
soma Size, we did not after any other cell dimensions i, ation since spots of light (and not wedges) are observed.

garamettersd, S0 trtnsl hybr('jd Icellhls an aétgga:_'constructﬂ\:\_/h| rthermore, the dendritic channels and their densities are
0€s not adequately modet a human - riowever, this known. But, it is now possible to patch clamp the thin

is useful in examining the effect of soma size on thresho ndritic arbors in cultured neurons and we suspect this

when compared to the cell with a W'd'a”.‘eter soma. channel information will soon be available and should be
A second feature of the human retina which might decreai%%orporated into future models.

the observed preference in the active models for stimulating

near the soma is the relative height of the axon compared to

the soma. In human retina, the thickness of the nerve fier Aternative Hypotheses to Explain Clinically

layer can vary from 20-20Qum, but is close to 3Qum in opserved Focal Phosphenes in RP Patients

the region we conducted our clinical experiments [39]. So

if a particularly superficial axon were much closer to the

electrode than a particularly deep ganglion cell body, t

axon might be preferentially stimulated in our model. Thi

effect is not too pronounced since the potential produced 8?9
|

We would have preferred to trace a human retinal gangli
cell for these simulations, but practical constraints dictat(?
the use of an amphibian cell.

"It is possible that other retinal cells are preferentially stim-
ated by electrical stimulation even though ganglion cells are
R ysically closer to the electrodes. If photoreceptor or bipolar
lIs were easier to electrically stimulate, they would tend

the monopolar point source falls off approximately as th give focal responses since their processes and receptive

reciprocal of distance (4) and not distance squared. In OlElds have limited s.pread in areas outs'|de.the fovea. In fact,
model cell, the axon under electrode locatidnwas 3 ;m photoreceptors require only ayB# depolarization to produce a

above the centerline of the soma and was aboutnd in response that can be recorded in the ganglion cell [40] (making

diameter, similar in diameter to human RGC axons. them a likely target of electrlcal stimulation of normal retina).
Another reason to consider other cell types is the large

o ) ) degree of convergence in the retina. There are more
E. Implications of Active Models for Resolution photoreceptors than bipolar cells and more bipolars than
of a Retinal Prosthesis ganglion cells. So, a greater number of deeper cells
If ganglion cells are the target of our electrical stimulation(photoreceptors or bipolars) might be stimulated compared
the part of the RGC which is preferentially stimulated wilto the number of superficial cells if the stimulus affected
affect the resolution attainable by a retinal prosthesis. If tlal layers approximately equally.
axon is stimulated, then we might expect the spatial specificityAssuming ganglion cells are the target of our electrical stim-
to be limited as explained in the introduction. Alternately, ifilation, another possible explanation for our clinical finding
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of focal stimulation could be the differential myelination of [g]
the ganglion cell. Differential myelination might enhance the
effect of electrical stimulation on the early part of the axon. Ing
fact, Stoneet al. suggest that RGC's of the cat are differentially
enveloped by Miller cells [41]. The Miller cells were shown

to engulf the soma and early part of the axon—possibhllol

exposing a section of the axon with high channel densities.
[11]

V. SUMMARY (12]

A passive model of extracellular stimulation of the RGC
indicated that the soma is no more easily stimulated th&?!
the axon. However, our active models suggest that it mam
be possible to electrically stimulate retinal ganglion cells
near their cell bodies with cathodic current, but that thes[%]
differences are relatively small. Our active point source models
predict that the difference in threshold between soma ab@!
axon is 58%—73%. When stimulating with extracellular disk
electrodes, the difference (20%) may not be significant enough
to allow the preferential stimulation of somas over axons and[is']
highly dependent on the cell’s geometry (ex. soma size or axon
height). We have suggested several alternative explanationsyiey
the focal perceptions observed during electrical stimulation of
RP patients including the preferential excitation of deeper ce[&cg]
such as photoreceptors or bipolar cells.

In light of our human data [1], [5] and the results presentddol
here, it is reasonable to continue using cathodic stimulation
with flat disk electrodes for the design of retinal prostheses.
But, the mechanism by which this stimulation produces focél]
perceptions deserves further study.

Finally, we have shown that compartmental models with ac-
tive channels and realistic geometry from neuronal tracings cial
be achieved with reasonable computing power and should be
considered in the study of extrinsically applied electrical fieldg,g)

[24]
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