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Abstract

Objective. ON and OFF retinal ganglion cells (RGCs) are known to have non-monotonic responses
to increasing amplitudes of high frequency (2 kHz) biphasic electrical stimulation. That is, an
increase in stimulation amplitude causes an increase in the cell’s spike rate up to a peak value above
which further increases in stimulation amplitude cause the cell to decrease its activity. The peak
response for ON and OFF cells occurs at different stimulation amplitudes, which allows differential
stimulation of these functional cell types. In this study, we investigate the mechanisms underlying
the non-monotonic responses of ON and OFF brisk-transient RGCs and the mechanisms
underlying their differential responses. Approach. Using in vitro patch-clamp recordings from rat
RGCs, together with simulations of single and multiple compartment Hodgkin–Huxley models, we
show that the non-monotonic response to increasing amplitudes of stimulation is due to
depolarization block, a change in the membrane potential that prevents the cell from generating
action potentials. Main results. We show that the onset for depolarization block depends on the
amplitude and frequency of stimulation and reveal the biophysical mechanisms that lead to
depolarization block during high frequency stimulation. Our results indicate that differences in
transmembrane potassium conductance lead to shifts of the stimulus currents that generate peak
spike rates, suggesting that the differential responses of ON and OFF cells may be due to
differences in the expression of this current type. We also show that the length of the axon’s high
sodium channel band (SOCB) affects non-monotonic responses and the stimulation amplitude that
leads to the peak spike rate, suggesting that the length of the SOCB is shorter in ON cells.
Signiﬁcance. This may have important implications for stimulation strategies in visual prostheses.
Keywords: neural stimulation, computer simulations, retinal ganglion cells, retinal prostheses,
depolarization block
(Some ﬁgures may appear in colour only in the online journal)
1. Introduction

patients with retinal prostheses are able to see basic shapes,
navigate in a simple environment, and read large font print.
All currently available retinal prostheses provide only rudimentary vision; an increased number of the stimulating

Electrical stimulation of the retina generates a perception of
spots of light called phosphenes in blind patients [1–6]. Some
1741-2560/16/016017+19$33.00
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responses. A decrease in stimulation amplitude towards a1 has
the opposite effect.
The mechanisms behind the non-monotonic response
curve and the differential responses of ON and OFF RGCs to
high frequency stimulation remain unknown [10]. Using
computer simulations, Guo et al optimized model parameters
to ﬁt the experimental data from Twyford et al [10] and
incorporated the detailed morphology of ON and OFF RGCs
[17]. Their results suggest that the differences between ON
and OFF RGC responses to high frequency 2 kHz stimulation
may be due to the unique (unspeciﬁed) ionic channel
expressions and cell-speciﬁc morphologies of the two cell
types. The framework presented in our study allows the
identiﬁcation of the speciﬁc ionic currents that underlie the
differences between ON and OFF cell responses.
Depolarization block is a phenomenon where a change in
the neuronal membrane potential leads to the prolonged
inability of a cell to generate action potentials. In this paper,
we refer to the depolarization block as the transition from a
spiking to a non-spiking state as the level of excitation is
increased. Depolarization block has been observed in a variety of cell types in response to external excitatory stimuli
[7, 18, 19], and to changes in the extracellular environment
such as selective chemical and peptide channel blockers [20],
and it can explain the therapeutic effect of drugs in treatment
of schizophrenia and epilepsy [21–23].
Experimental evidence suggests that potassium and
sodium channels play a role in neuronal depolarization block
[20, 24, 25]. Mathematical modeling and computer simulations have also examined the depolarization block in detail
and, similarly, lead to the conclusion that the electrophysiological dynamics of the potassium and sodium channels underlie the phenomenon of depolarization block
[18, 26, 27].
Depolarization block in response to high frequency
electrical stimulation has been examined experimentally
[7, 10, 19, 28, 29] and in computer simulations [17, 30–32].
The unexpected effect of high frequency stimulation was
examined ﬁrst in 1935 when Catell and Gerard showed that
high frequency 5 kHz stimulation may lead to a diminished
neural response [28]. More recently, Kilmore and Bhadra
have shown that high frequency 2 kHz sinusoidal and
biphasic currents can produce a reversible nerve block in frog
sciatic nerve [29]. In a subsequent paper by the same research
group, it was shown using computer simulation that high
frequency 3 kHz sinusoidal current injection can block conduction in mammalian peripheral nerves [30]. Modulation of
axonal excitability with high frequency biphasic stimulation
has been examined by Liu and colleagues using a lumped
circuit model of the myelinated axon; their simulations results
have shown that the response of neurons can be modulated by
high frequency 5 kHz stimulation [31].
We hypothesize that the non-monotonic response to
increasing amplitudes of high frequency stimulation is due to
depolarization block arising in RGCs at high stimulation
amplitudes, and that differences in the sodium or potassium
currents of ON and OFF cells determine the stimulation
amplitude at which depolarization block occurs leading to

Figure 1. A diagrammatic illustration of the shift between non-

monotonic response curves in ON and OFF cells. Black arrows show
the direction of the difference between ON and OFF spike rates at
different stimulation amplitude.

electrodes in the devices does not necessarily lead to patients
perceiving ﬁner details of an image [5]. To improve the
efﬁcacy of current visual prostheses, one approach is to
identify stimulation strategies that allow differential stimulation of the various types of neurons in the retina, each of
which convey different types of information to the brain
during normal vision. This has been investigated experimentally [7–12] and in simulations [13, 14]. Such strategy
may have the potential to increase the spatial and temporal
resolution of visual prostheses and provide more natural
vision to the implant user.
One approach to improve the efﬁcacy of retinal implants
is differential stimulation of ON and OFF retinal ganglion
cells (RGCs). RGCs are the output neurons of the retina; their
axons form the optic nerve, the pathway by which their signals are transmitted to the brain. Most RGCs can be classiﬁed
as either ON or OFF cells. The spike rate of ON cell increases
when light illuminates the center of the cell’s receptive ﬁeld,
while the spike rate of OFF cell increases at light offset. ON
and OFF cells have a different balance of excitatory and
inhibitory input, and display differences in their intrinsic
electrophysiology [15, 16]. While ON and OFF cells respond
differentially to light, both RGC types are stimulated simultaneously with conventional biphasic electrical stimulation in
patients with a retinal implant [1]. Such simultaneous activation potentially makes it diffcult for the visual system to
interpret the incoming signals.
Recently, it was demonstrated that brisk-transient ON
and OFF RGCs respond differentially to high frequency
2 kHz biphasic electrical stimulation [10]. Differential
responses result from a combination of two effects: a nonmonotonic response to increased amplitudes of high frequency stimulation and the displacement of the peak response
of the ON curve with respect to the OFF curve (ﬁgure 1). The
non-monotonic response curve illustrates that the spike rate of
a cell increases up to a peak value above which further
increases in the stimulation amplitude cause the cell to gradually shut down its response. Stimulation at a baseline
amplitude, a0, evokes activity in both types of cells; an
increase in stimulation amplitude towards a2 results in an
increase in spike rate in ON cells and a decrease in OFF cell
2
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the SOCB length and distance from the soma are ﬁxed. Then,
the length and distance of the SOCB from the soma are varied
to investigate their effects on the stimulus response curves.

displacement of the peak response between the ON and OFF
curves.
The goal of the present study is to investigate the
mechanisms underlying differential responses of ON and OFF
RGCs to high frequency electrical stimulation. We test the
hypothesis that ON and OFF cells have non-monotonic
responses to the increased amplitude of high frequency
biphasic stimulation due to the phenomenon of depolarization
block. We propose that ON and OFF cells have different
concentrations of potassium or sodium channels and this
difference between ON and OFF cells underlies their differential responses, as observed in recent electrophysiological
studies (Twyford et al [10]). We also investigate how the
length of the axon sodium channel band (SOCB) and its
distance from the soma affect the non-monotonic response
curves and the stimulation amplitudes that lead to their
maximum spike rate. We use computer simulations, based on
the models of Kameneva et al [33] and Maturana et al [34],
to investigate the extent to which the experimental data of
Twyford et al [10] is consistent with these hypotheses. We
collect electrophysiology data from ON (n=33) and OFF
(n=54) RGCs from Long Evans rats to support our computer simulations results. The amplitude of spontaneous spikes
and after-hyperpolarization level of ON and OFF cells are
analyzed to infer differences in sodium and potassium currents between these cell types. In addition, the spike amplitudes and after-hyperpolarization levels are compared
between different morphological classes of RGCs.

Biophysical model. To model neural membrane potential

dynamics, the Hodgkin–Huxley-type formalism is used.
Sodium, calcium, delayed rectiﬁer potassium, A-type, and
Ca-activated potassium currents are included in the model
dynamics, similar to Fohlmeister and Miller [38]. In addition,
hyperpolarization-activated, T-type low-voltage-activated
calcium, and sodium persistent currents are added to the
model, based on the results presented in [33]. It has been
shown experimentally and in simulations that T-type lowvoltage-activated calcium is present in OFF cells and absent
in ON cells [33, 39]. We specify in the text the type of the cell
that is simulated for each of the results.
The dynamics of the membrane potential, V(t), are
described by Kirchoff’s law using a Hodgkin–Huxley-type
equation
Cm

dV
- g¯L (V - VL) - g¯Na m 3 h (V - VNa )
dt
- g¯Ca c 3 (V - VCa ) - (g¯K n4 - g¯K,A a 3hA
- g¯K (Ca) )(V - VK)
- g¯h l (V - Vh) - g¯T m T3 hT (V - VT)
- g¯NaP p (V - VNa ) - Isyn = Istim ,

(1 )

where Cm is the speciﬁc membrane capacitance and g¯x is the
maximum conductance of the ionic current deﬁned by it
subscript x. The dynamics of leak (IL ), sodium (INa ), calcium
(ICa ), delayed rectiﬁer potassium (IK ), A-type (IK,A ), Caactivated potassium (IK (Ca)), hyperpolarization-activated (Ih ),
T-type low-voltage-activated calcium (IT ), and sodium
persistent (INaP ) currents are given in table 4, and are similar
to those used in our earlier study [33]. Istim (t ) is the
stimulation current.
Isyn is a current created by spontaneous synaptic input
and is represented by a stochastic model [40],

2. Methods
2.1. Numerical simulations
Morphology. First, a single compartment model is simulated,

which consists of a single segment taken as a cylinder with a
diameter and length of 20 μm, similar to the soma of alphatype RGC. Then, a multiple compartment model is simulated
with each model cell segment taken as a cylinder of variable
diameter and length. A mouse RGC structure is taken from
the NeuroMorpho database [35]: cell ID—Fohlmeister
Medium Complex Cell ctt1290a [36]. The cell model
exported from NeuroMorpho is divided into compartments
representing the dendrites, soma, axon initial segment, SOCB,
narrow segment, and distal axon. The soma is a cylinder with
a diameter of 10 μm and length of 23 μm. The imported
morphology does not include an axon; the mouse cell
morphology was modiﬁed to include the distal axon. The
distal axon has a diameter of 1 μm and length of 5340 μm.
The initial segment is the proximal portion of the axon
leading to the soma and is a cylinder with a diameter of 1 μm
and length of 40 μm. The narrow segment connects to the
initial segment 40 μm from the soma; this segment is a
cylinder with a diameter of 0.4 μm and length of 90 μm,
similar to that used in previous studies [37]. The SOCB is a
part of the axon located 30 μm proximal to the soma; it is
40 μm length and consists of the distal part of the initial
segment and the proximal part of the narrow segment. First,

Isyn = ge (V - Ve) + gi (V - Vi ) ,

(2 )

where Ve and Vi are the reversal potentials for the excitatory
and inhibitory synaptic currents and ge and gi are the
ﬂuctuating excitatory and inhibitory conductances that vary
with time
dge
(g
=- e
dt
dgi
(g
=- i
dt

- ge0)
+ Ft De ,
te
- gi0)
+ Ft Di .
ti

(3 )
(4 )

Here, ge0 and gi0 are the average excitatory and inhibitory
conductances, and te and ti are time constants. Ft is Gaussian
white noise of zero mean and unit standard deviation. De and
Di are noise diffusion coefﬁcients estimated from the variance
of the noise: De i = 2s 2e i te i , where se i is the standard
deviation of the excitatory/inhibitory conductances, respectively. The values for the parameters used to calculate the
synaptic input are given in table 1. Experimental data shows
that the spiking rate in RGCs without blocking synaptic
3
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Table 1. Parameters used to calculate the synaptic input, Isyn .

Excitatory reverse potential
Inhibitory reverse potential
Average excitatory conductance
Average inhibitory conductance
Excitatory time constant
Inhibitory time constant
Standard deviation of the excitatory conductance
Standard deviation of the inhibitory conductance

Ve
Vi
ge0
gi0
te
ti
se
si

0 mV
−75 mV
SC: 1.21 ´ 10-3 S cm−2; MC: 6 ´ 10-7 S cm−2
SC: 5.7 ´ 10-4 S cm−2; MC: 2 ´ 10-5 S cm−2
2.728 ms
10.49 ms
SC: 1 ´ 10-2 S cm−2; MC: 1.5 ´ 10-4 S cm−2
SC: 2 ´ 10-3 S cm−2; MC: 3 ´ 10-3 S cm−2

‘SC’: Single compartment simulations. ‘MC’: Multiple compartment simulations.

to cellular calcium dynamics

Table 2. Simulation parameters.

Temperature
Speciﬁc membrane capacitance
Potassium reversal potential
Hyperpolarization-activated current
reversal potential
T-type Calcium reversal potential
Sodium reversal potential
Leak reversal potential
Gas constant
Faraday’s constant
Time constant for the calcium current
Depth of the shell for the calcium pump
Calcium dissociation constant
Calcium residual constant
Extracellular Calcium ion concentration

T=22 °C
Cm = 1 m F cm−2
VK = -70 mV
Vh = 0 mV

VCa (t ) =

(6 )

All other reversal potentials are ﬁxed (refer to table 2). R is
the gas constant, F is Faraday’s constant, T is temperature,
[Ca2 +]e is the extracellular calcium ion concentration set to a
constant value as in Fohlmeister and Miller [38], and [Ca2 +]i
is the intracellular calcium ion concentration that is varied in
response to the calcium current changes

VT = 120 mV
VNa = 35 mV
VL = -60 mV
R=8.314 J/(M·K)
F=96849 C/M
tCa = 1.5 ms
r = 0.1m m
[Ca2 +]diss = 0.001 mM
[Ca2 +]res = 0.0001 mM
[Ca2 +]e = 1.8 mM

d [Ca2 +]i (t )
- 3ICa (t )
[Ca2 +]i (t ) - [Ca2 +]res
=
,
dt
2Fr
tCa

(7 )

where tCa is the time constant for the calcium current, r is the
depth of the shell for the calcium pump beneath the
membrane, and [Ca2 +]res is the calcium ion residual constant.
The conductance of the Ca-activated potassium channels
is modeled as

currents is approximately 20 Hz [15]. The values of si and si
in table 1 give approximately 20 Hz spike rates for a modeled
multiple compartment neuron and 35 Hz rate for a single
compartment neuron. We do not expect our qualitative results
to change for different values of the spontaneous rate. The
synaptic input current is injected into the soma only as a point
process in multiple compartment simulations. Note, the single
compartment model soma is larger than the soma in the
multiple compartment model.
The gating variables x = {m, h , c, n, a, hA , l, mT , p} of
the voltage-gated ion channels operate according to
dx
= - ( ax + b x ) x + ax .
dt

RT ⎛ [Ca2 +]e ⎞
ln ⎜
⎟.
2F ⎝ [Ca2 +]i (t ) ⎠

g¯K (Ca) (t ) = gK (Ca) ·

([Ca2 +]i (t ) ([Ca2 +]diss )2
,
1 + ([Ca2 +]i (t ) [Ca2 +]diss )2

(8 )

where gK (Ca) is a constant parameter and [Ca2 +]diss is the
calcium dissociation constant.
The numerical values for the parameters used in the
simulations are given in table 2.
Conductance values used in the simulations are given in
table 3. Gating parameters for the voltage-gated ion channels
used in the simulations are given in table 4.
Both single compartment and multiple compartment
models are simulated in the NEURON environment [42]. A
standard Euler integration method is used for the simulations.
Since the physiological data used to ﬁt the gating parameters
were collected at room temperature [38, 41, 43, 44], all our
simulations are run at T=22 °C. It is not stated at what
temperature the data was collected in Twyford et al [10]. The
effects of temperature changes on RGC responses to electrical
stimulation is discussed in [45]. At higher temperatures, spike
widths become narrower, spike amplitudes are higher,
response latencies and thresholds are reduced, spontaneous
frequency is increased, and spike timing is more consistently
locked to the stimulus. These ﬁndings do not affect our
qualitative results. The spike times are calculated based on the
time at which the membrane potential crosses a spiking
threshold (20 mV for single compartment simulations, 10 mV
for multiple compartment simulations). All parameters are
initialized at the resting membrane potential of −65 mV.

(5 )

The inactivation gating variable, hT , for the IT current is
modeled as having two closed states, as in Wang et al [41],
dh T
= a h T (1 - h T - b ) - b h T h T ,
dt

where b satisﬁes
db
= bb ( 1 - h T - b ) - a b b .
dt

Similar to Fohlmeister and Miller [38], the calcium
reversal potential, VCa , is allowed to vary with time, according
4
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Table 3. Conductance values used in the simulations unless otherwise stated, (S cm−2).

SC

g¯Na
g¯Ca
g¯K
g¯K,A
g¯K (Ca)
g¯h
g¯NaP
g¯T
g¯L

MC

Soma

Soma

Dendrites

In.segm.

Narr.segm.

SOCB

Axon

0.04
0.0022
0.012
0.0036
5 ´ 10-5
10−7
5 ´ 10-8
0.0004
5 ´ 10-3

0.08
0.0015
0.018
0.054
6.5 ´ 10-5
10−7
1 ´ 10-5
2.15 ´ 10-4
1.2 ´ 10-3

0.025
0.002
0.012
0.036
10−6
10−7
1 ´ 10-5
10.6 ´ 10-4
1.2 ´ 10-3

0.15
0
0.018
0
6.5 ´ 10-5
10−7
1 ´ 10-5
2.15 ´ 10-4
1.2 ´ 10-3

0.2
0.0015
0.018
0.054
6.5 ´ 10-5
10−7
1 ´ 10-5
2.15 ´ 10-4
1.2 ´ 10-3

0.4
0
0.018
0
6.5 ´ 10-5
10−7
5 ´ 10-5
2.15 ´ 10-4
1.2 ´ 10-3

0.07
0
0.018
0
6.5 ´ 10-5
10−7
1 ´ 10-5
2.15 ´ 10-4
2 ´ 10-3

‘SC’: Single compartment simulations. ‘MC’: Multiple compartment simulations.
SOCB refers to the high concentration sodium channel band.
Table 4. Gating parameters for voltage-gated ion channels.

Na+ channel

-0.6 (V + 30)
e-0.1 (V + 30) - 1
ah = 0.4e-(V + 50) 20

bm = 20e-(V + 55)

-0.3 (V + 13)
e-0.1 (V + 13) - 1

bc = 10e-(V + 38)

am =

bh =

6
1 + e-0.1 (V + 20)

Ca2+ channel

ac =

K+ channel

an =

A channel

aa =

ba = 0.1e-(V + 30)

ahA

b hA =

-0.02 (V + 40)
e-0.1 (V + 40) - 1

al = e 0.08316 (V + 75)

T channel

a mT = (1.7 + e-(V + 28.8)

[V  -40]

80

10

0.6
1+

e-0.1 (V + 40)

bl = e 0.033264 (V + 75)

1 + e-(V + 63) 7.8
1.7 + e-(V + 28.8) 13.5
b hT = ahT ((0.25 + e(V + 83.5) 6.3)0.5 - 0.5)
bb= ab (0.25 + e(V + 83.5) 6.3)0.5

13.5)-1

b mT =

ahT = e-(V + 160.3) 17.8
1 + e(V + 37.4) 30
ab =
240 (0.5 + (0.25 + e(V + 83.5)

NaP channel
[V < -40]

18

bn = 0.4e-(V + 50)

-0.006 (V + 90)
e-0.1 (V + 90) - 1
= 0.04e-(V + 70) 20

h channel

18

(0.025 + 0.14e(V + 40) 10
(1 + e-(V + 48) 10 )
(0.02 + 0.145e-(V + 40) 10
ap =
1 + e-(V + 48) 10 )

6.3)0.5)

1 - (1 + e-(V + 48) 10 )-1
0.025 + 0.14e(V + 40) 10
1 - (1 + e-(V + 48) 10 )-1
bp =
0.02 + 0.145e-(V + 40) 10

ap =

bp =

After initial simulations indicated an inﬂuence of sodium
and potassium conductances on the depolarization block, g¯Na and
g¯K were varied in all subsequent simulations. To validate the
depolarization block hypothesis, the simulation results are
compared to the experimental data of Twyford et al [10], where
the responses of ON and OFF cells to high frequency electrical
stimulation are investigated. In our simulations, for the ON RGC
model, g¯T = 0 S cm−2, similar to Kameneva et al [33]. For the
OFF RGC model, g¯T is varied and the value is stated in the text.

response to high frequency biphasic pulse train stimulation.
Note that the amplitude of stimulation in single compartment
simulations should be taken as a qualitative result since the
current is applied into a single compartment.
For the multiple compartment model, extracellular
stimulation, Istim , is used. An extracellular point electrode is
placed 100 μm directly above the center of the soma, similar
to the setup in [10]. The extracellular medium is assumed to
be linear and homogeneous. The coupling between the
stimulating electrode and the locations in space (x, y, x ) is
represented by their transfer impedance, Z (x, y, z ) (the
potential at (x, y, z ) that results when 1 unit of current is

Electrical stimulation. To investigate depolarization block in

RGCs, the models of ON and OFF cells are simulated in
5
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Table 5. Electrical stimulation parameters.

Duration of the cathodic phase
Duration of the anodic phase
Gap between cathodal and anodal phases
Gap between anodal and cathodal phases
Frequency of stimulation
Amplitude of the cathodic and anodic phases

100 μs
100 μs
160 μs unless otherwise stated
140 μs
2 kHz unless otherwise stated
varied

applied to the electrode). The extracellular potential, Vext , at a
point (x, y, z ), produced by the stimulus current Istim applied
through the extracellular electrode is
Vext (x , y , z) = Z (x , y , z) Istim .

(9 )

The effect of the extracellular potential is taken into
account for each segment in the model. The parameters of the
stimulation waveform are given in table 5 and are the same as
in Twyford et al [10] to allow comparison with the
experimental data. To examine the effect of the stimulation
amplitude on the depolarization block in RGCs, the amplitude
of the cathodic and anodic phases are varied in the
simulations.
Gaps between phases are set to give 2 kHz stimulation. In
addition to the constant amplitude, charge-balanced pulse
train stimulation, the model cells are stimulated with
diamond-shaped modulation, similar to those used experimentally by Twyford et al [10]. These stimuli consist of a
diamond shaped envelope shown in ﬁgure 2; the maximum
amplitude of the diamond and the baseline amplitude are
varied. This type of stimulation allows differential stimulation
of ON and OFF RGCs, as shown in the Results section.

2.2. Electrophysiological experiments
Retinal preparation. The experimental procedures conformed

with the policies of the National Health and Medical Research
Council of Australia and were approved by the Animal
Experimentation Ethics Committee of the Faculty of Science,
The University of Melbourne. Data were collected from
pigmented Long Evans rats (n=125; ages 3–15 months).
Rats were anaesthetized with isoﬂurane (3%–5% in O2) and
enucleated. Animals were then uthenased with an overdose of
Sodium Pentabarbitone (350 mg, intracardiac). The vitreous
body was removed and the eyecup was cut into several pieces
after hemisecting the eyes behind the ora serrata. The retinal
pieces were placed in the bottom of a perfusion chamber, RGC
layer up (Warner Instruments, Hamden, CT USA, RC-26GLP).
A stainless steel harp and Lycra threads were used to hold the
tissue in place (Warner Instruments, CT USA). The retina was
perfused (4–6 ml min-1) with carbogenated Ames’ medium
(Sigma-Aldrich, St. Louis, MO) at room temperature and
mounted in a chamber in an upright microscope (Olympus,
BX51WI) with 40x water immersion lenses. The tissue was

Figure 2. Biphasic diamond envelope stimulation used in simula-

tions, similar to the experimental data by Twyford et al [10].
Maximum amplitude of the envelope is varied in simulations. (a) An
example of diamond stimulation. (b) An example of inverted
diamond stimulation.

6
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visualized with infrared optics and viewed on a 4x magniﬁed
monitor.
Physiological data collection and analysis. Recordings were

initiated by making a hole in the inner limiting membrane and
optic ﬁber layer. Cells with smooth surfaces and agranular
cytoplasm were selected as targets for recording. The
electrode internal solution contained (in mM): K-gluconate
115, KCl 5, EGTA 5, HEPES 10, Na-ATP 2, Na-GTP 0.25;
(mOsm=273, pH=7.3) including Alexa Hydrazide 488
(250 μm) and biocytin (0.5%). Pipette resistance at the
beginning of the recordings was 3–7 MΩ. The pipette
voltage in the bath was nulled prior to recording and
checked at the end of each recording after clearing the
pipette tip with elevated pressure. If the pre- and postrecording potentials differed, the post-recording value was
used as the ground potential. A gigaohm seal was attained and
the cellular membrane was ruptured. Then the pipette series
resistance was measured and compensated with the bridge
balance circuit of the ampliﬁer. Resting potentials were
corrected for the change in liquid junction potential caused by
cell break-in and cell dialysis (liquid junction potential was
−5 mV). RGCs were reconstructed using a confocal
microscope (Zeiss PASCAL) and classiﬁed morphologically
using the criteria established by Sun et al (2002) and Huxlin
and Goodchild (1997). Each cell was classiﬁed as either ON
or OFF-center if its dendrites were localized mainly within
sublamina a (OFF n=54) or sublamina b (ON n=33) of
the inner plexiform layer. The cells that had stratiﬁcation of
the dendrites in both sublaminas were classiﬁed as ON-OFF
(n=38) and were excluded from the analysis.

Figure 3. Depolarization block in RGCs. Spike rates in response to

high frequency 2 kHz stimulation of a modeled ON RGC. The
dashed rectangle shows the range of stimulation amplitudes at which
bistability in the system is observed (see text for details). Blue stars
indicate amplitudes used in ﬁgure 4. In simulations,
g¯Na = 0.04 S cm−2, g¯K = 0.012 S cm−2, g¯T = 0 S cm−2, all other
conductances as in table 3. Isyn = 0 . Spike rate is calculated over 5 s.

stimulation up to a peak value after which further increases in
amplitude lead abruptly to depolarization block and the
modeled cell falls silent.
The membrane potential dynamics for three representative amplitudes of stimulation (shown by blue stars in
ﬁgure 3) are illustrated in ﬁgure 4 at low temporal resolution
(subplots (a), (c) and (e)) and at higher temporal resolution
(subplots (b), (d) and (f)). Results show the presence of action
potentials riding on top of the oscillations for smaller
stimulation amplitudes (subplots (a)–(d)), and only the
oscillations at the stimulus frequency for higher amplitudes
of stimulation (subplots (e) and (f)).
The stimulation amplitude at which depolarization block
is observed depends on the frequency of stimulation (ﬁgure 5).
The increase in stimulation frequency up to 2 kHz causes the
response curves to shift leftward (dotted lines), after which
the increase in frequency causes the curves to shift rightward
(solid lines). Our results are consistent with the analytical
analysis by Pyragas et al [32], which implies that a neuron’s
response is the same when a w is constant for 1 w greater
than the characteristic time constant of the neuron; a is the
stimulation amplitude and ω is the stimulation frequency.
Figure 5 illustrates that the solid lines shift in the direction
consistent with Pyragas’ analysis (1 w is large), while the
dashed lines shift in the opposite direction and the maximum
amplitude of the response decreases (1 w is smaller and the
conclusions from Pyragas et al do not apply). Results suggest
for the neuron simulated in ﬁgure 5 that the characteristic time
constant is approximately 1 w = 1 2 kHz=0.5 ms. Results
show the presence of the depolarization block in RGCs in
response to high frequency stimulations and that the onset for
depolarization block is dependent upon both the stimulation
amplitude and frequency.
The results illustrated in ﬁgure 4 are from separate trials
for each amplitude of stimulation where the simulation
parameters are initialized at −65 mV at the beginning of each
trial for each stimulation amplitude. Previous theoretical work
has indicated that the behavior of the model can depend on
the recent history of the membrane potential, i.e. the initial

Data analysis. Spikes were extracted and analyzed using

LabVIEW programs (National Instruments, 2010 and 2011,
USA) from the collected traces. For each, an average spike
was computed from at least 15 single spikes that were aligned
to their peaks. Generally, the individual waveforms of each
RGC spike were homogeneous in shape when evoked
spontaneously. The maximum amplitude of the action
potential, Vmax, and the minimum after-hyperpolarization
amplitude (with reference to the resting potential), Vmin ,
were computed for each spike. The data was plotted by
OriginPro (OriginLab, 8.6, USA) and analyzed in Matlab
(Mathworks, 2012a, USA).

3. Results
3.1. Depolarization block. Single compartment simulations
Depolarization block without synaptic noise, I syn ¼ 0. To

explore the depolarization block in detail, a single
compartment neuron is simulated in response to high
frequency stimulation and the synaptic input is initially set
to zero.
The response of a modeled ON RGC to high frequency
2 kHz biphasic pulse stimulation is shown in ﬁgure 3. There is
a gradual increase in spike rate with increasing amplitude of
7
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Figure 4. Depolarization block in RGCs. Response of a modeled ON RGC to high frequency 2 kHz stimulation. Subplots (a), (c) and (e): low

temporal resolution. Subplots (b), (d) and (f): high temporal resolution. Membrane potential dynamics in response to high frequency
stimulation with (a) and (b) 6 nA pulse amplitude; (c) and (d) 9 nA pulse amplitude; (e) and (f) 9.5 nA pulse amplitude. In simulations,
g¯Na = 0.04 S cm−2, g¯K = 0.012 S cm−2, g¯T = 0 S cm−2, all other conductances as in table 3. Isyn = 0 .

conditions. To examine this possible effect, a modeled RGC
is simulated in response to both continuously increasing and
decreasing amplitudes of stimulation (the initialization of the
membrane potential for each new amplitude of stimulation is

the last value of the membrane potential obtained with the
lower amplitude of stimulation). The dynamics of a simulated
neuron is illustrated in ﬁgure 6 for continuously increasing
(subplots (a) and (c)) and decreasing (subplots (b) and (d))
8
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To explore the depolarization block in more detail,
simulations are run with all conductances in (1) set to zero
except for g¯Na , g¯K , and g¯L . Results show that the incomplete
return of the Na+ current to a fully de-inactivated state
between action potentials (ﬁgure 7(c)) and a small activation
of the K+ current (ﬁgure 7(d)) lead to a progressive reduction
in the availability of Na+ to generate action potentials
(ﬁgure 7(a)).
Essentially, the time constants of the sodium inactivation
variable, th = -1 (ah + bh ), and potassium activation variable, tn = -1 (an + bn ), prevent these variables from
following the rapidly changing stimulation. This leads to
passive oscillations of the membrane potential without the
activation of ion currents for higher amplitudes of stimulation.
This indicates that sodium, potassium, and leak currents are
sufﬁcient to produce a depolarization block during high
frequency stimulation.
Figure 5. Spike rate for ON RGC as a function of the amplitude of
various high frequency stimuli, illustrating a shift in the depolarization block amplitude for different frequencies of stimulation, ω,
indicated in the legend. Solid lines: increase in frequency causes the
response curve to shift rightward (1 w is larger than the
characteristic time constant of the simulated neuron). Dashed lines:
increase in frequency causes the response curve to shift leftward. In
simulations, g¯Na = 0.04 S cm−2, g¯K = 0.012 S cm−2,
g¯T = 0 S cm−2, all other conductances as in table 3. Isyn = 0 . Spike
rate is calculated over 5 s.

Depolarization block with synaptic noise, I syn ≠ 0. A single

compartment neuron with synaptic noise is simulated in
response to high frequency stimulation. A very sharp drop in
spike rate is observed in the numerical simulations at high
stimulation amplitudes (ﬁgure 3 at 9.5 nA), which does not
replicate the experimental data [10]. Conversely, a gradual
decrease in spike rate is observed in experimental data. To
investigate the possible causes for this discrepancy, we tested
whether the introduction of noise in the form of stochastic
synaptic input interacts with the bistability of the system
described above to produce a more gradual reduction in spike
rate as the amplitude of the stimulation is increased.
The response to high frequency biphasic pulse stimulation of a modeled OFF cell with synaptic input is shown in
ﬁgure 8(a). The amplitude of the stimulus is held constant
during a single trial but varied from trial to trial (from 2 to
14.75 nA). The response curve (derived from spike counts)
shows a non-monotonic response as a function of stimulation
frequency. Note the more gradual decrease in spike rate at
higher stimulation amplitudes for a cell with synaptic input
(ﬁgure 8(a)) compared to a modeled cell without the synaptic
input (ﬁgure 3). Therefore, the inclusion of stochastic noise to
the system causes a more gradual decrease in spike rate from
its peak value as the amplitude of the high frequency
stimulation increases, i.e., the onset of depolarization block is
more gradual.
The decrease in spike rate observed for higher amplitudes
of stimulation (from 8 to 13.75 nA) is more noticeable for a
longer duration of stimulation (such as the spike count over
1 s shown by blue squares in ﬁgure 8(a)). The spike count
over the ﬁrst 250 ms for this amplitude range does not
decrease as noticeably (see red diamonds in ﬁgure 8(a)).
Therefore, the depolarization block occurs at lower stimulation amplitudes for more prolonged durations of stimulation
(>1s versus ﬁrst 250 ms).
A raster plot response of the same modeled cell as in
ﬁgure 8(a) to a range of stimulation amplitudes is illustrated
in ﬁgure 8(b). Our model does not include an adaptation
effect; therefore, the initial increase followed by a gradual

amplitudes of the stimulation. The representative cell is
stimulated with the biphasic pulse stimulation of a constant
amplitude for 200 ms. During each step, 400 pulses are
delivered. Green steps in ﬁgure 6 show the amplitude of the
pulses on the right-hand y-axis. Note, the simulated neuron
continues to spike at a stimulation amplitude of 8 nA when
the stimulation amplitude is increased (ﬁgure 6(a)). However,
when the amplitude is decreased the same neuron is silent at
8 nA, but does spike at 7 nA (ﬁgure 6(b)).
This phenomenon is due to a Hopf bifurcation, which is
exhibited by Hodgkin–Huxley-type equations. That is, with
the varying stimulation amplitude, the system experiences
jumps and hysteresis. A detailed theoretical analysis of the
bifurcation that occurs in the Hodgkin–Huxley type equations
is given by Pyragas et al [32]. The approximate range of the
stimulation amplitudes where bistability of the system is
observed is shown by the green dashed rectangle in ﬁgure 3.
This range is frequency-dependent, as illustrated by comparison between subplots (a)–(d) in ﬁgure 6. The black arrows in
ﬁgure 6 indicate the amplitude of stimulation at which the
depolarization block occurs. While the depolarization block
occurs at 9.5 nA during the increasing amplitudes of
stimulation for the 2 kHz-frequency stimulation (subplots
(a)), the block is observed at 11 nA for the 1 kHz-frequency
stimulation (subplot (c)). Similar phenomena are observed for
the continuously decreasing amplitude of stimulation (compare subplots (b) and (d)). Therefore, the stimulation
amplitude at which the depolarization block is observed is
related to a Hopf-bifurcation phenomena.
9
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Figure 6. The Hopf bifurcation phenomenon in RGCs. Membrane potential dynamics of the same ON RGC as in ﬁgure 3 for (a), (c) and (e)

continuously increasing and (b), (d) and (f) continuously decreasing amplitude of the biphasic pulse train. Membrane potential is shown in
blue (left y-axis). The amplitude of the biphasic pulses is shown in green (right y-axis). During each of the steps, a train of 400 pulses of
constant amplitude is delivered. (a) and (b) Cathodal–anodal gap is 60 μs (stimulation frequency is 2.5 kHz). (c) and (d) Cathodal–anodal gap
is 160 μs (stimulation frequency is 2 kHz). (e) and (f) Cathodal–anodal gap is 600 μs (stimulation frequency is 1 kHz). Maximum stimulation
amplitude at which the cell does not spike is shown by black arrows. In simulations, gNa = 0.04 S cm−2, gK = 0.012 S cm−2,
gT = 0 S cm−2, all other conductances as in table 3. Isyn = 0 .

(from clusters of spikes to regions of suppression), i.e. the
system experiences jumps and hysteresis.

decrease in spike rate due to adaptation is not expected with
this model. The raster plot reveals that there are periods of
spikes followed by periods of suppression during higher
amplitudes of stimulation, as observed in the experimental
data [10]. This phenomenon is due to the bistability described
above. The added synaptic input (modeled as Gaussian white
noise) allows the system to jump between two stable states

3.2. Different onsets for depolarization block between ON and
OFF RGCs. Single compartment simulations

To explore the mechanisms underlying the shift in the peak
response between ON and OFF RGCs when high frequency
10
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Figure 8. Depolarization block in OFF RGCs with added synaptic

currents, Isyn ¹ 0 . (a) Response curve as a function of amplitude of
high frequency stimulation. Blue: spiking frequency calculated over
1 s of simulations. Red: spiking frequency calculated over the ﬁrst
250 ms of simulations. (b) Spike raster plots. The amplitude of the
biphasic pulse is set constant over each trial, and is shown to the left
of each raster. Spike times are shown by blue dots. In simulations,
gNa = 0.13 S cm−2, gK = 0.08 S cm−2, gT = 0.0004 S cm−2, all
other conductances as in table 3. Spike rate is calculated over 1 s.
Synaptic input parameters as in table 1.

2 kHz stimulation is applied, T-type calcium, sodium, and
potassium conductance values are varied in simulated cells
and the response curves are plotted as functions of stimulation
amplitude.
Differences between depolarization block in ON and OFF cells
without synaptic noise, I syn ¼ 0. Previously, it has been

shown that the T-type Ca2+ current is present in OFF cells
and is absent in ON RGCs [39]. To verify that the shift in the
response curves between ON and OFF RGCs reported in the
experimental study [10] is not due to the difference in the
T-type Ca2+ conductance, simulations are run with no
synaptic currents and with all parameters in (1) ﬁxed except
g¯T . The results of the simulations are illustrated in ﬁgure 9(a).
Note that the black line shows the response of the cell with
the value of g¯T that lies on the boundary of the
physiologically plausible range as determined by Kameneva

Figure 7. Na+, K+ and leak currents are sufﬁcient to produce a

depolarization block during high frequency stimulation. (a) Membrane potential, V, in response to high frequency stimulation. (b) and
(c) Na+ channel activation and inactivation variables, m and h in (1),
respectively. (d) K+ channel activation variable, n in (1). (e) High
frequency electrical stimulation injected into the simulated cell, Istim
in (1). In simulations, g¯Na = 0.04 S cm−2, g¯K = 0.012 S cm−2,
g¯L = 6 ´ 10-5 S cm−2, all other conductances in (1) are set to
zero. Isyn = 0 .
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Figure 10. Difference in K+ conductance leads to the shift of the

stimulus response curves. Synaptic noise smoothes the effect of the
stimulus response curve shift for different values of Na+
conductance. Simulations with synaptic input, Isyn ¹ 0 . (a) Response
curves for different values of g¯K . Black: g¯K = 0.08 S cm−2; blue:
g¯K = 0.06 S cm−2; red: g¯K = 0.04 S cm−2. Green: values as in
ﬁgure 9(b) with added synaptic noise as in table 1,
g¯K = 0.012 S cm−2. In simulations, g¯Na = 0.04 S cm−2. (b)
Response curves for different values of g¯Na . Black:
g¯Na = 0.15 S cm−2; blue: g¯Na = 0.13 S cm−2; red:
g¯Na = 0.1 S cm−2. In simulations, g¯K = 0.08 S cm−2. (a) and (b)
g¯T = 0.0004 S cm−2, all other conductances as in table 3. Arrow
indicates the direction of the shift in the peak response. Synaptic
noise parameters as in table 1. Spike rate is calculated over 5 s.

Figure 9. Differences in Na+ or K+ conductances both lead to the

shift of the response curve when there is no synaptic input in the
model, Isyn = 0 . (a) Response curves for different values of g¯T .
Black: g¯T = 0.001 S cm−2; blue: g¯T = 0.0004 S cm−2; red:
g¯T = 0 S cm−2. In simulations, g¯Na = 0.04 S cm−2,
g¯K = 0.012 S cm−2. (b) Response curves for different values of g¯K .
Black: g¯K = 0.012 S cm−2; Blue: g¯K = 0.0085 S cm−2; red:
g¯K = 0.005 S cm−2. In simulations, g¯T = 0 S cm−2,
g¯Na = 0.04 S cm−2. (c) Response curves for different values of g¯Na .
Black: g¯Na = 0.1 S cm−2; blue: g¯Na = 0.08 S cm−2; red:
g¯Na = 0.04 S cm−2. Arrows indicate the direction of the shift in the
peak response. In simulations, g¯T = 0 S cm−2, g¯K = 0.012 S cm−2.
(a)–(c) All other conductances as in table 3. Spike rate is calculated
over 5 s.

with changes in sodium conductances is not observed when
synaptic noise is introduced into the model (see below).
Differences in ON and OFF depolarization block with synaptic
noise, I syn ≠ 0. Although the addition of synaptic input

changes the shape of the response curve, it does not affect the
relative shift caused by differences in potassium
conductances, as identiﬁed above (ﬁgure 10(a)). Similar to
the results above, differences in g¯K lead to the shift of the
stimulus response curves. Shifts in depolarization block onset
caused by changes in the magnitude of potassium
conductances persist in the presence of synaptic noise.
Addition of the synaptic noise smoothes the effect of the
shift in the stimulus response curve when Na+ conductance is
varied (ﬁgure 10(b)). Our simulations suggest that the shift in
depolarization block onset between ON and OFF RGCs may
be due to differences in the magnitude of potassium
conductance between these cell types.

et al [33]. The results show that changing g¯T results only in a
minimal shift in the response curves.
Based on the results illustrated in ﬁgure 7, we
hypothesize that differences in potassium or sodium conductances may lead to the shift in the response curve
described by Twyford et al [10]. To test this hypothesis, g¯K
and g¯Na values are varied and the resultant response curves
are plotted for different stimulation amplitudes (ﬁgures 9(b)
and (c)). The results show that the response curves are shifted
when g¯K and g¯Na values are varied and there is no synaptic
noise in the model. Note that the shift of the response curve

Differential stimulation of ON and OFF cells with synaptic
noise, I syn ≠ 0. The shift in the response curves between ON
12
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Figure 11. Histogram of simulated ON and OFF cell populations in response to the stimulation with the diamond envelope and synaptic
input. (a) ON cell population response, g¯K = 0.08 S cm−2, (b) OFF cell population response, g¯K = 0.012 S cm−2. (c) The amplitude of the
intracellular electrical stimulation applied to simulated ON and OFF cells. (a) and (b) g¯Na = 0.04 S cm−2, g¯T = 0 S cm−2, all other
conductances as in table 3. Histogram bin size is 100 ms. To plot a population response, cells are simulated with different level of synaptic
noise, se =0.01; 0.075; 0.005 S cm−2 and the results are averaged. All other synaptic noise parameters as in table 1. Red rectangles show the
range of amplitudes that leads to differential responses between ON and OFF RGCs.

Figure 12. Histogram of simulated ON and OFF cell populations in response to the stimulation with the inverted diamond envelope and
synaptic input. (a) ON cells population PSTH response, g¯K = 0.08 S cm−2, (b) OFF cells population PSTH response, g¯K = 0.012 S cm−2. (c)
The amplitude of the intracellular electrical stimulation applied to simulated ON and OFF cells. (a) and (b) g¯Na = 0.04 S cm−2,
g¯T = 0 S cm−2, all other conductances as in table 3. Histogram bin size is 100 ms. To plot a population response, cells are simulated with
different level of synaptic noise, se =0.01; 0.075; 0.005 S cm−2 and the results are averaged. All other synaptic noise parameters as in
table 1. Red rectangles show the range of amplitudes that leads to differential responses between ON and OFF RGCs.
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and OFF RGCs allows us to ﬁnd a range of high frequency
stimulation amplitudes that lead to differential stimulation of
these cell types. It is reasonable to expect that individual cells
have a different balance of excitatory and inhibitory inputs.
To replicate physiological variability between individual
cells, simulations are run with different values of synaptic
noise and the results averaged for a population of ON and a
population of OFF cells. The post-stimulus time histogram
(PSTH) averaged between cells with different synaptic noise
levels with the diamond envelope stimulation is shown in
ﬁgures 11 and 12. Results show that it is possible to modulate
the stimulus in such a way that only one type of RGCs is
spiking (refer to the area inside red rectangles). Results show
that different value of the potassium conductances lead to the
differential response. Note, in ﬁgures 11 and 12, we set
g¯T = 0 S cm−2 for OFF cells (the same as for ON cells) to
explore the effect of varying g¯K independently. This value
does not affect the results and conclusions. Similar to
experimental data [10], our results show that during
diamond envelope stimulation (inside red rectangles), ON
cells increase spiking rate at each diamond, while OFF cells
decrease their spiking rate. Note, different baseline amplitude
is used in [10], similar to results presented in ﬁgures 11 and
12. The inverted diamond stimulation has an opposite effect
on ON and OFF RGCs. Based on this experimental evidence
[10] and the shift of the response curves in ﬁgure 10, our
results suggest that potassium conductance is larger in ON
than in OFF cells.

different neural dynamics in response to electrical stimulation.
To investigate this, all conductances are ﬁxed and a multiple
compartment neuron is simulated with varying SOCB length
and distance from the soma. Results show that the SOCB
distance from the soma does not affect the sensitivity curve
shift (ﬁgures 15(a) and (b)). However, different values of the
SOCB length cause the shift in the sensitivity curve
(ﬁgures 15(c) and (d)). Note, this effect is not as strong as the
impact of varying potassium conductance. Comparing the
direction of the curve shift in ﬁgure 15 and the results of the
differential stimulation discussed in [10], we suggest that ON
RGCs may have shorter SOCB.
3.4. Comparison of electrophysiological and simulation results

We recorded from 87 RGCs in rat retina. For cells that did not
have any spontaneous activity, we injected a minimum
amount of current (10–30 pA) that was close to spike
threshold to obtain a small number of spikes.
Simulation results suggest that potassium conductance is
larger in ON cells. This implies that the minimum afterhyperpolarization amplitude (with reference to the resting
potential), Vmin , is lower in ON cells. Our experiments conﬁrm this hypothesis, as illustrated in table 6. The mean for all
ON cells (Vmin (ON)) is -5.98 (4.45) mV and the mean for all
OFF cells (Vmin (OFF)) is -4.23 (3.67) mV. Standard deviations are noted in brackets.
The direction of the shift of the simulated response curve
illustrated in ﬁgure 9(c) indicates that sodium conductance is
larger in OFF cells. This implies that the maximum amplitude
of the action potential, Vmax, is higher in OFF cells. Our
experiments supports this hypothesis, see table 6. Experimental data show that the mean of all ON cells (Vmax (ON)) is
57.5 (10.2) mV and the mean of all OFF cells (Vmax (OFF)) is
62.6 (11.2) mV. The shift in the stimulus response curve
illustrated in ﬁgure 9(c) holds for small values of the synaptic
noise; however, it is smoothed when the synaptic noise
parameters are as in table 5.
The experimental data shows that Vmax (ON)
< Vmax (OFF) and Vmin (ON) < Vmin (OFF) when the data is
compared separately for each morphological type (table 6).
The exception is Vmax for B3 cell, in which data for only one
B3i cell was collected. The results presented in [10] are
recorded from rabbit brisk-transient cells that correspond to
alpha-type cells in cats, and A-type cells in mice. Note,
A-type cells in table 6 have smaller standard deviations and
more signiﬁcant difference in Vmin between ON and OFF
cells. Student T-test hypothesis shows that the average
differences in Vmax and Vmin are signiﬁcant, p=0.02 for
Vmax and p=0.03 for Vmin when averaged between all cell
types.

3.3. Multiple compartment simulations

To conﬁrm that single compartment results hold for multiple
compartment models, a multiple compartment neuron with
synaptic noise is simulated in response to high frequency
stimulation.
Simulations are run for a multiple compartment neuron
with added synaptic currents and with all parameters in (1)
ﬁxed except g¯T . Similar to the single compartment modeling,
the results of the simulations indicate that changing T-Type
Ca2+ conductance does not lead to any signiﬁcant shifts of the
response curves (results not shown).
Similar to the single compartment modeling, we found
that varying potassium conductances may lead to the shift of
the response curve described by Twyford et al [10]
(ﬁgure 13). In simulations, all values for the conductances are
ﬁxed and the value of g¯K is varied in all compartments
(ﬁgures 13(a) and (b)) or in the dendrites only (ﬁgures 13(c)
and (d)). The response curves are plotted for different stimulation amplitudes for different values of g¯K , refer to
ﬁgures 13(b) and (d). Figure 13 illustrates that increasing
potassium conductance in all compartments or in the dendrites only leads to rightward shifts.
Multiple compartment modeling shows that varying
sodium conductance in all compartments or only in the dendrites does not lead to the shift of the response curve
(ﬁgure 14).
Differences in the axon high sodium concentration segment length and distance from the soma, may contribute to

4. Discussion
In this paper, we show that depolarization block in RGCs in
response to high frequency stimulation is consistent with
experimental observations in rabbit [10] and rat retina. In
14
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Figure 13. Differences in K+ conductances in all compartments or in the dendrites only lead to the shift of the stimulus response curves.

Multiple compartment simulations with synaptic input, Isyn ¹ 0 . (a) Surface plot representing the spiking rate as a function of stimulus
amplitude for different values of potassium conductance, varied equally in all compartments as a percentage of the value in the soma in
table 3, e.g. g¯K (All Comps) 50% means g¯K =0.5´g¯K (soma)=0.5×0.018=0.009 S cm−2. (b) Response curves for different values of g¯K ,
varied equally in all compartments as a percentage of the soma value in table 3. Black: g¯K 110%; blue: g¯K 80%; red: g¯K 50%. (c) Surface plot
representing the spike rate as a function of stimulus amplitude for different values of potassium conductance in dendrites varying as a
percentage of the dendrites value in table 3. (d) Response curves for different values of g¯K , varied equally in dendrites as a percentage of the
dendrites value in table 3. Black: g¯K 185%; blue: g¯K 95%; red: g¯K 50%. (a) and (c) Color bar indicates spiking rate in Hz. All other parameters
are ﬁxed as in table 3. Arrows indicate the direction of the shift in the peak response. Synaptic noise parameters as in table 1. Spike rate
calculated over 1 s.

particular, it causes the non-monotonic responses observed in
ON and OFF RGCs when 2 kHz high frequency electrical
stimulation is applied. Results show that the onset for the
depolarization block is dependent on the frequency and
amplitude of stimulation. We illustrate that by adding
synaptic noise to the system, it is possible to obtain a gradual
reduction in spike rate with increases in the amplitude of
stimulation, as observed by Twyford et al [10]. Our simulations suggest that although ON RGCs differ from OFF RGCs
by the absence of T-Type calcium currents, the differences in
the ON and OFF cell responses observed by Twyford
et al [10] may be primarily due to differences in the magnitude of potassium currents and the length of the SOCB. In
particular, we propose that ON RGCs have higher concentrations of potassium channels than OFF cells, and ON
RGCs have shorter SOCB length than OFF cells. This may
allow differential electrical stimulation of these two cell types,
which could have important implications for stimulation
strategies in retinal visual prostheses.
The difference in T-type calcium currents has been
shown to affect subthreshold oscillations, burst ﬁring, and
rebound excitation present (absent) in OFF (ON) cells [33].
However, we ﬁnd that this current does not lead to the sensitivity curve shift observed in [10]. The results of this study
do not contradict the earlier ﬁndings of Kameneva et al [33].

While separate ranges for T-type calcium conductance were
found for ON and OFF RGCs in [33], here we discuss a
relative difference between the potassium conductance of ON
and OFF cells and the lengths of the axon high sodium
channel segments.
Experimental reports do not agree on the differences in
the intrinsic electrophysiology of healthy and degenerate
retina. While some studies ﬁnd that RGCs are inherently
stable during degeneration and maintain their intrinsic ﬁring
properties [46], others show a degeneration-induced hyperactivity in OFF cells and a decrease in ﬁring rate in ON cells
[47]. The activation thresholds in response to electrical stimulation are higher and the response latencies are longer in
degenerative retina compared to healthy retina [48, 49]. In
addition, extensive neural remodeling occurs during retinal
degeneration [50]. The computer simulation approach presented here can be adapted to test the effects of high frequency stimulation in degenerative retina, provided that
electrophysiological data can be provided for model ﬁtting.
Clinical use of electrical stimulation has been implemented in various neuroprosthetic devices, including deep
brain stimulators and implants in the spinal cord, cortex,
retina, and cochlea. Spinal cord stimulation is an approved
treatment for chronic neuropathic pain [51]. Deep brain stimulation is used to treat symptoms of movement disorders
15
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Figure 14. Differences in Na+ conductances in all compartments or in the dendrites only do not lead to the shift of the stimulus response

curves. Multiple compartment simulations with synaptic input, Isyn ¹ 0 . (a) Surface plot representing the spike rate as a function of stimulus
amplitude for different values of sodium conductance, varied equally in all compartments as a percentage of the value in the soma in table 3,
e.g. g¯Na (All Comps) 50% means g¯Na = 0.5´g¯Na (soma) = 0.5×0.018=0.009 S cm−2. (b) Response curves for different values of g¯Na ,
varied equally in all compartments as a percentage of the soma value in table 3. Black: g¯Na 110%; blue: g¯Na 80%; red: g¯Na 50%. (c) Surface
plot representing the spiking rate as a function of stimulus amplitude for different value of sodium conductance in dendrites varying as a
percentage of the dendrites value in table 3. (d) Response curves for different values of g¯Na , varied equally in the dendrites as a percentage of
the dendrites soma in table 3. Black: g¯Na 185%; blue: g¯Na 80%; red: g¯Na 50%. (a) and (c) Color bar indicates spiking rate in Hz. All other
parameters are ﬁxed as in table 3. Synaptic noise parameters as in table 1. Spike rate calculated over 1 s.

the recent time-history of a neuron [26, 32]. In particular,
many neurons can display the presence of two states:
‘bursting and tonic spiking’ or ‘tonic spiking and silence’
(e.g., as observed during depolarization block). Dovzhenok
and Kuznetsov have shown that the inactivation of sodium
current contributes to the bistability of a neuron [26]. Pyragas
and colleagues explained the effect of suppressed neuronal
activity during high frequency stimulation using the method
of averaging to derive an approximate solution to the Hodgkin–Huxley equation at the limit of high frequencies [32]. The
authors showed that, for stimulation frequencies above the
reciprocal of the neuron’s characteristic time scale, the effect
of suppression depends on the ratio between the stimulation
amplitude and frequency. They also implicate sodium channel
inactivation and potassium channel activation in depolarization block.
Here, the extracellular space is assumed to be isotropic;
therefore, the extracellular membrane potential is calculated
as a linear function of a current applied through an extracellular electrode. Effects of the conﬁned extracellular space
and the nonlinearity of the extracellular potentials on the
membrane voltage are discussed in [56, 57]. This study
employs Hodgkin–Huxley formalism. Other models, including Frankenhauser–Huxley, Fitzhugh–Nagumo, and cable
equations, have been used to address neural properties in

such as essential tremor, Parkinson’s disease, and dystonia
[52], to treat symptoms of psychiatric disorders [53], to
modulate neural networks in brain-injured patients with disorders of consciousness [51], and to reduce epileptic seizures
[54]. Electrical stimulation of the auditory nerve provides
hearing to profoundly deaf people [55] and electrical stimulation of the retina or higher parts of the visual pathway
restores a sense of vision to blind patients [1]. Depolarization
block has been observed in CA1 pyramidal neurons [18], rat
hippocampal slices [21], and in dopamine cells [22, 23]. The
methodology presented here can be implemented to explore
depolarization block in neural tissue other than the retina. Our
approach can be used to ﬁnd optimal stimulation strategies
targeted at a particular type of cortical, thalamic or hippocampal neuron. Physiological models of cortical and thalamic
neurons would need to be simulated and the effect of various
stimulation parameters on the ionic channel dynamics analyzed. The model presented in this paper could be used to
explore in detail the therapeutic effect of high frequency stimulation in the treatments of tremors in patients with Parkinson’s disease and to reduce seizures in epilepsy
patients [52, 54].
A systematic mathematical analysis revealed that depolarization block can co-exist with spiking behavior as a bistable system, where the state of the system is dependent on
16

J. Neural Eng. 13 (2016) 016017

T Kameneva et al

Figure 15. Effects of the SOCB length and distance from the soma on the stimulus response curves. Multiple compartment simulations with
synaptic input, Isyn ¹ 0 . (a) Surface plot representing the spike rate as a function of stimulus amplitude for different values of the SOCB
distance from the soma. (b) Response curves for different values of the SOCB distance from the soma. Black: 100 μm; blue: 40 μm; red:
10 μm. (c) Surface plot representing the spike rate as a function of stimulus amplitude for different value of the SOCB length. (d) Response
curves for different values of the SOCB length. Black: 130 μm; blue: 91 μm; red: 13 μm. (a) and (c) Color bar indicates spiking rate in Hz.
All other parameters are ﬁxed as in table 3. The arrow indicates the direction of the shift in the peak response. Synaptic noise parameters as in
table 1. Spike rate calculated over 1 s.
Table 6. Spike shape feature comparison.

Type

n

Vmax (mV)

A1 (ON)
A2i (ON)
A2o (OFF)
B2 (ON)
B3i (ON)
B3o (OFF)
C1 (ON)
C2i (ON)
C2o (OFF)
C3 (ON)
C4 (ON)
C4o (OFF)

3
4
21
8
1
4
4
6
14
4
3
15

59.6
57.8
66.6
53.8
61.0
58.5
62.0
56.7
61.5
54.3
63.9
59.1

(13.6)
(9.24)
(6.82)
(12.6)
(7.60)
(14.9)
(8.04)

−7.21 (4.31)
−4.48 (2.06)
−2.47 (1.93)
−6.98 (5.19)
−7.04
−5.8 (1.55)
−6.37 (4.80)
−6.41 (2.69)
−4.37 (4.44)
−2.45 (3.51)
−7.16 (5.84)
−6.13 (3.94)

ALL ON
ALL OFF

33
54

57.5 (10.2)
62.6 (11.2)

−5.98 (4.45)
−4.23 (3.67)

(8.44)
(11.7)
(10.3)
(10.1)

Special Research Initiative (SRI) in Bionic Vision Science and
Technology grant to Bionic Vision Australia(BVA). HM and MI
acknowledge the support of the ARC Centre of Excellence for
Integrative Brain Function (CE140100007).

Vmin (mV)
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