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Abstract

Objective. Retinal implants have been developed to electrically stimulate healthy retinal neurons in
the progressively degenerated retina. Several stimulation approaches have been proposed to
improve the visual percept induced in patients with retinal prostheses. We introduce a
computational model capable of simulating the effects of electrical stimulation on retinal neurons.
Leveraging this computational platform, we delve into the underlying mechanisms influencing the
sensitivity of retinal neurons’ response to various stimulus waveforms. Approach. We implemented
a model of spiking bipolar cells (BCs) in the magnocellular pathway of the primate retina, diffuse
BC subtypes (DB4), and utilized our multiscale admittance method (AM)-NEURON
computational platform to characterize the response of BCs to epiretinal electrical stimulation with
monophasic, symmetric, and asymmetric biphasic pulses. Main results. Our investigations yielded
four notable results: (a) the latency of BCs increases as stimulation pulse duration lengthens;
conversely, this latency decreases as the current amplitude increases. (b) Stimulation with a long
anodic-first symmetric biphasic pulse (duration > 8 ms) results in a significant decrease in spiking
threshold compared to stimulation with similar cathodic-first pulses (from 98.2 to 57.5 uA). (¢)
The hyperpolarization-activated cyclic nucleotide-gated channel was a prominent contributor to
the reduced threshold of BCs in response to long anodic-first stimulus pulses. (d) Finally,
extending the study to asymmetric waveforms, our results predict a lower BCs threshold using
asymmetric long anodic-first pulses compared to that of asymmetric short cathodic-first
stimulation. Significance. This study predicts the effects of several stimulation parameters on
spiking BCs response to electrical stimulation. Of importance, our findings shed light on
mechanisms underlying the experimental observations from the literature, thus highlighting the
capability of the methodology to predict and guide the development of electrical stimulation
protocols to generate a desired biological response, thereby constituting an ideal testbed for the
development of electroceutical devices.

1. Introduction

Diseases such as retinitis pigmentosa (RP) and age-
related macular degeneration (AMD) start with
degeneration of photoreceptors, which are located
at the outermost layer of the retina, and eventu-
ally damage the innermost layer of the retina, con-
sisting of retinal ganglion cells (RGCs). Retinal and
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cortical implant based visual prosthetic systems have
had a significant impact on the life of patients who
have been blinded for decades due to these dis-
eases by providing useful partial sight that improves
mobility [1-6]. Epiretinal implants aim at electric-
ally stimulating the surviving retinal neurons, such as
RGCs, which remain largely viable compared to out-
ermost and intermediate neurons at the late stages of
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degeneration [7]. However, challenges such as activ-
ation of RGCs axon bundles have limited the spatial
resolution of epiretinal prostheses [8]. In fact, some
subjects with epiretinal implants have reported the
perception of elongated phosphenes due to electrical
stimulation [9].

Research has been conducted on the direct
stimulation of RGCs using short pulse durations
to improve the effectiveness of current epiretinal
implants [10-14]. Studies have also investigated
indirect activation of RGCs by targeting the presyn-
aptic terminals at the level of bipolar cells (BCs) such
that the axonal activation of RGCs can be limited
[15-17]. Low frequency sinusoidal electrical stimula-
tion (5-25 Hz) has been shown to indirectly stimulate
RGCs [15, 16]. Further, in-vitro experiments using
the calcium imaging technique and clinical studies
have suggested that more focal response of RGCs
and round shape of phosphene perception can be
achieved using long pulse durations (25 ms) [17].

The sensitivity of BCs response to epiretinal elec-
trical stimulation has been considered in a few stud-
ies [18-21]. Margalit and Thoreson have shown that
long stimulus pulse durations mediate neurotrans-
mitter release at the terminals of BCs [18]. Recently,
a photoreceptor peeling method has been utilized
to directly record the response of BCs to epiretinal
stimulation of various stimulus amplitude and long
pulse durations in the wholemount retina [20]. The
ON-type BCs have shown to be more sensitive to
long pulse widths and no significant difference has
been observed between the healthy and degenerated
(rd10 mice) [21]. Most recently, a biophysically real-
istic model of ON-BCs has been developed com-
paring the modeling results with the experiment-
ally recorded response of BCs to epiretinal electrical
stimulation [22].

Despite these successes, the mechanisms under-
lying selective excitation of BCs and the network-
mediated response of RGCs with long stimulus pulse
widths are not well understood. The contribution
of T-type and L-type of calcium (Ca) channels at
the terminal of BCs to the great sensitivity of BCs
to low-frequency stimulation has been studied [19].
The slow kinetics of calcium channels has been sug-
gested as a possible underlying mechanism for the
high sensitivity of BCs to low stimulation frequencies.
Although both T-type and L-type Ca channels can
play roles in regulating neurotransmitter release at the
terminals of BCs, the impact of hyperpolarization-
activated cyclic nucleotide-gated (HCN) channels on
modulating the membrane potential at the BCs syn-
aptic terminals has not been investigated. A high con-
centration of HCN channels has been expressed at the
terminals of BCs and photoreceptors [23, 24]. There-
fore, a better understanding of the influence of HCN
channels on the BCs response to electrical stimula-
tion would allow us to gain additional insights into
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the sensitivity of BCs to a range of stimulus pulse
durations.

The direct stimulation threshold of A2-RGCs has
been reported to be the lowest using asymmetric
short cathodic-first biphasic pulses [25]. However,
reduced stimulation thresholds of RGCs and percep-
tual threshold of subjects with epiretinal implants
stimulated with asymmetric long anodic-first pulses
has been recently shown [11, 26]. The anodic break
excitation mechanism has been shown to play a role
in decreasing the threshold of cells using long anodic-
first pulses [25, 27]. However, the impact of asymmet-
ric stimulus pulses on the response of BCs and there-
fore indirect activation of RGCs is still unknown.

In this work, we utilized our computational
modeling platform, AM/NEURON [28-37], to bet-
ter understand the response of retinal BCs to elec-
trical stimulation as a function of various stimula-
tion parameters. This modeling platform will enable
us to capture factors affecting the responsiveness of
BCs through alterations of the electrical stimulation
waveforms. To this aim, we implemented compu-
tational models of BCs of the primate retina that
are known to generate action potentials. Recently,
the detailed model of spiking BCs incorporating the
accurate distribution of ion channel densities has
been implemented [38, 39]. These spiking BCs in
the magnocellular pathway are capable of generat-
ing strong synaptic activities at their axonal terminals
leading to a greater likelihood for indirection activa-
tion of RGCs. Therefore, this BC subtype is a good
candidate for evaluating the stimulation threshold
and response of the cell to a range of stimulus para-
meters. This sensitivity analysis ultimately allows us
to determine the stimulation strategies leading to the
reduced stimulation threshold of BCs and therefore
the higher chance for indirect activation of RGCs.

Utilizing this model, we first investigated the BCs
response characteristics to epiretinal electrical stimu-
lation of various monophasic and biphasic symmet-
ric charge-balanced stimulus pulses. We determined
the correlations of amplitude, pulse duration, mem-
brane potential, and response latency of BCs. The
impact of the HCN ion kinetics on the sensitivity of
BCs to modulations in pulse durations and stimulus
waveforms was examined. Our results show that the
membrane voltage is significantly affected by alter-
ations in pulse width and current amplitude. The
hyperpolarization before the depolarization of the
membrane notably influences the stimulus threshold
of BCs over a range of pulse durations. Anodic-
first symmetric biphasic waveforms with long stim-
ulus pulse widths are found to better reduce the
stimulation threshold of BCs compared to that of
cathodic-first biphasic pulses, thereby suggesting the
greater potential for mediating synaptic release at
the pre-synaptic terminals using a lower stimulus
amplitude.
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We further investigated the influence of the wave-
form asymmetry on the stimulus threshold of BCs.
The findings of our computational modeling study
and correlations with the experimental data from the
literature will help us utilize this modeling platform
for designing stimulus waveforms and improving the
effectiveness of current retinal prosthetic systems.

2. Methods

2.1. Admittance method (AM)/NEURON
computational framework

Our multi-scale computational framework utilizes
three-dimensional (3D) AM and NEURON simula-
tions to model electrical stimulation of retinal tis-
sue and simulates the responses of retinal neur-
ons [28-37]. First, AM is used to compute the
voltage distribution inside the extracellular space.
Then, this voltage distribution is applied to the multi-
compartmental models of neurons to measure spatio-
temporal activities using NEURON simulations.

2.2. Admittance method (AM): constructing the
retina tissue and electrodes

The AM-NEURON platform divides the modeling of
electrical stimulation of neural tissues into two steps.
First, the AM is used to model the 3D bulk neural tis-
sue and estimate the stimulation-induced voltages at
all locations of the tissue. Next, Neuron software is
used to model the biophysical behavior of the neurons
accurately; the interpolated AM computed voltages
are applied as the extracellular voltages at various
sectional of the neurons, and neural responses are
simulated.

To create the bulk tissue model, we constructed a
3D computational model of a section of the retinal
tissue and implant electronics. This model consists
of various retinal layers with appropriate thickness,
stimulating electrodes, and the ground electrode.
The model is discretized using non-uniform mesh
to reduce the computation time while ensuring the
accuracy of simulation results. The AM discretizes
the model in more than 18 million computational
cells, and each cell is represented by the admittance
values of corresponding material at its edges. AM
has advantages in modeling of electrical stimulation
of neural tissue compared to other numerical meth-
ods, as it represents the 3D bulk tissue model using
a network of admittances; and thus, provides a sim-
plified way to add arbitrary electric components to
model bioelectromagnetics elements, such as tissue-
electrode interfaces [28]. The AM considers the stim-
ulating electrode currents as the source and solves
the admittance network with the help of numerical
methods, such as the bi-conjugate gradient method,
to estimate the induced voltages at every node of the
tissue model.
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In our retinal tissue model, we have modified the
thickness and structure of retinal layers to mimic the
structural changes observed in the degenerated retinal
tissue. The dielectric properties of the retina and elec-
tronic components are based on our previous work
[33, 35]. A stimulating electrode of a diameter of
200 pum is placed on the top-center of the bulk ret-
ina tissue and is positioned 50 ym from the presyn-
aptic terminals of computational models of the BCs.
Stimulus current is applied to a single electrode and
the resulting voltages are calculated at each node of
the bulk tissue model using AM. A linear interpol-
ation function was used to estimate the voltages at
the center of each neuronal compartment using node
voltages; these interpolated values are then applied as
extracellular voltages in NEURON simulations. Fur-
ther details about the computational framework can
be found in [28-37]. The AM-NEURON computa-
tional platform has been recently parallelized by our
group and accommodates adaptive multiresolution
meshing. In this work, the dimensions of the con-
structed discrete model are the same as our previous
work [12] with 300 x 300 x 200 voxels and the min-
imum model spatial resolution was set to 10 ym and
in regions of lower resolution at most 64 voxels were
merged. To perform different types of analysis in this
work, we have considered monophasic, symmetric
biphasic, and asymmetric biphasic charge-balanced
pulses of varying pulse durations ranging from 0.1 to
100 ms with no interphase gap (IPG) in this study.

2.3. NEURON: BCs modeling

To model the spiking BCs, we first extracted the mor-
phology as an SWC file from [39] and imported it
into NEURON software as shown in figure 1(a). This
multi-compartmental model is finely compartment-
alized with non-uniform distribution of ionic chan-
nels at each section and their response characterist-
ics to a range of electrical stimulation parameters are
investigated. The resulting DB4-BCs compartmental
model consists of several ionic currents including
the sodium, slow and fast potassium, L-type and T-
type calcium, and hyperpolarization-activated cur-
rent [40]. The ability of these cells to generate spikes
represents a strong release of neurotransmitters at the
terminal of BCs and a quicker signals transformation
from the photoreceptor to RGCs. The modeling of
this type of BCs enabled us to determine the stimu-
lation threshold of this cell to the electrical stimula-
tion of various stimulus parameters. The stimulation
threshold is defined as the minimum current to gen-
erate an action potential in the cell during the cath-
odic stimulation phase. The expressions for most of
the ionic currents including the gating variables and
rate constants for different sections (soma, dendrites,
axon, terminal) are similar to [39]. The L-type cal-
cium channel has been adjusted from the previous
study and the ionic kinetics are provided by [40]:
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Figure 1. The verification of the developed model of
spiking BCs in response to intracellular stimulation. (a) The
morphology of the DB4 BC; (b) experimental data from
[42] showing the response of the cell to a sinusoidal current
of 10 pA in amplitude at the frequency of 20 Hz; (c) the
response of our multi-compartment model of the DB4 cell
to the sinusoidal input current. The model can closely
replicate the experimentally recorded signal and the
characteristics of sodium and calcium spikes have been
further shown in the figure.

Table 1. Maximum ionic conductance values (ms cm™2).

Presynaptic
Soma Dendrite Axon terminal Terminal
P S — 1000 — —
Kslow 0.6 2.4 — — —
K fast - i 2 - -
8cal - — - 1 —
T 1 1 - - -
JHCN — — — 3.25 —
Pyl 0.033 0.033 0.033 0.033 0.033

iCaL = gcaLC3 (Vﬁ EcaL)
dc
a = _(ac + ﬁc)c+ Q¢
~ —0.3(V+70)
¥ = v —1

ﬁc — loe—(V+38)/9

where gc,1 is the maximum ionic conductance of the
L-type calcium and c is the activation gating variable.
avand (3 are rate constants for the opening and closing
of the ionic channels. The reversal potential of the cal-
cium channel (E.,1 ) was calculated based on the intra-
cellular concentration of the calcium and is similar
to Fohlmeister et al [41]. The extracellular calcium
concentration is set to 1.8 mM. The depth of the cal-
cium pump and the time constant of the calcium cur-
rent are 0.1 ym and 1.5 ms, respectively. The mem-
brane capacitance is set to 1 uF cm ™2 and 100 2 cm
is selected for the intracellular resistivity. The max-
imum ionic conductance values of each section of this
BC subtype are provided in table 1. Further details of
the remaining parameters and variables can be found
in [39].
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3. Results

3.1. Intracellular stimulation: NEURON
simulation

To validate the modeled DB4-BC subtype, we com-
pared the response of the cell to intracellular stim-
ulation with the experimentally recorded signals of
the same spiking BC types [42]. A sinusoidal current
of 10 pA amplitude at the stimulation frequency of
20 Hz was injected into the cell and the membrane
potential was recorded from the cell body. As illus-
trated in figures 1(b) and (c), the DB4-BC model
can closely predict the experimentally recorded cells,
including the initial spikes after the onset of the
depolarizing cycle. Similarly to the experiment, both
sodium and calcium spikes have been predicted by
computational modeling (figure 1(c)). The absence
of the Na current decreases the peak value of the
depolarizing membrane potential. This result correl-
ates with the electrophysically recorded signals from
DB4 cells in the presence of the Na channel blocker,
tetrodotoxin (TTX) [42].

Our modeling has further shown the contribution
of the T-type calcium channel to the small depolariz-
ing voltage transient measured after the blockage of
the voltage-gated Na channels. Setting the densities
of Na and Ca-T channels to zero has eliminated the
robust spiking in DB4 BCs as shown in figure 1(c).

3.2. Extracellular stimulation: AM/NEURON
modeling

We aimed at better understanding the response char-
acteristics of BCs to extracellular stimulation of
various parameters. Our computational modeling
enabled us to capture the mechanisms for activa-
tion of BCs and determine the sensitivity of BCs
to electrical stimulation of different pulse durations
and waveforms. The cathodic monophasic stimulus
pulses with durations ranging from 0.1 to 25 ms were
applied and the response of BCs was investigated
(figure 2(a)). We applied the minimum current amp-
litude required to generate an action potential in the
cell body for varying stimulus pulse durations. This
type of BC generates action potentials with different
latencies as the pulse duration changes. At the onset of
the cathodic pulse, the membrane voltage at the soma
experiences a hyperpolarization with varying dura-
tions as the pulse width is altered. These hyperpol-
arization events arise from the longer distance of the
soma from the stimulating electrode relative to the
terminals of BCs [38]. Therefore, with a certain delay,
the signals backpropagate from the site of spike initi-
ation, axon with the high density of sodium channels,
to the soma, leading to the depolarization events at
the soma as shown in figure 2(a). Figure 2(b) repres-
ents the soma spike latency as a function of alterations
in pulse duration. The latency is defined as the time
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Figure 2. The response of spiking BCs to electrical
stimulation of various cathodic-first monophasic pulse
durations using AM-NEURON modeling framework.

(a) The simulated membrane potentials as a function of
time for pulse widths (PWs) ranging from 0.1 to 25 ms.
(b) Response latency as a function of variations in pulse
durations. Results indicate the sensitivity of BCs response
to changes in pulse durations.

duration from the onset of the stimulation pulse to
the peak of the membrane potential. The latency of
the evoked action potential increases as we increase
the stimulus pulse duration.

The role of current amplitude modulations in the
response latency changes of BCs was considered as
shown in figure 3(a). For a given pulse duration of
8 ms, a rapid exponential decrease in the response
latency of the cell has been shown as the current amp-
litude increases. The latency-amplitude curve flattens
out around 130 pA current amplitude having laten-
cies of around 1.1 ms. This indicates the significant
contribution of current amplitude in the response
delay of BCs to electrical stimulation. Figure 3(b) fur-
ther shows the membrane potentials of BCs for a
range of current amplitude. There is an upper limit
for the peak membrane voltage as modulations in
current amplitude. Peak membrane voltage is relat-
ively higher for the intermediate current amplitude
values. While the low current amplitude and relatively
long response latency lead to a slight reduction in the
peak membrane potential, large current amplitudes
with short spike latency result in a noticeably lower
membrane voltage peak at the soma. Therefore, the
contribution of current amplitude and pulse duration
to the modulations in response latency of BCs to elec-
trical stimulation may ultimately alter the amount of
neurotransmitter release at the presynaptic terminals
of BCs and thereby the response of the downstream
RGCs.

We further analyzed the stimulus thresholds of
BCs for a range of pulse durations from 0.1 to 100 ms
in response to a single stimulus pulse of cathodic
monophasic, cathodic-first, and anodic-first biphasic
pulses (figure 4). We also included the cathodic
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Figure 3. Modulations in the response of BCs a function of
changes in current amplitude using cathodic-first
monophasic pulse durations. (a) The response latency of
BCs as a function of modulations in current amplitude.

(b) The time course of the membrane voltage for a range of
current amplitudes. Data show the significant impact of
current amplitude on the response latency and the
membrane potential peak.
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Figure 4. Stimulation strength-duration curve of BCs for
cathodic monophasic, cathodic-first and anodic-first
biphasic pulses. Our data show that stimulation amplitudes
are higher for anodic-first biphasic with shorter stimulus
pulse durations. However, the presence of the anodic phase
prior to the cathode significantly reduces the threshold of
BCs for longer pulse durations. The chronaxie and
rheobase of the anodic-first biphasic pulses are 0.6 ms and
57 pA, respectively. However, the chronaxie and rheobase
of the cathodic-first biphasic pulses are 0.2 ms and 98.2 uA,
respectively.

monophasic pulses to isolate and demonstrate the
role of the anodic phase in the responsiveness of BCs
to various electrical stimulus pulses. Figure 4 shows
the stimulus threshold as a function of pulse dur-
ation for these stimulus waveforms. Larger current
amplitudes are required to reach the threshold for
the cathodic monophasic and cathodic-first biphasic
pulses with pulse widths less than 0.5 ms. No differ-
ence in the stimulus thresholds of BCs was observed
using the cathodic monophasic and cathodic-first
biphasic pulses. This is due to the occurrence of
depolarization events and the opening of sodium
gated ion channels during the cathodic phase of
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Figure 5. The membrane potential of spiking BCs in
response to electrical stimulation of both cathodic
monophasic (top) and symmetric anodic-first biphasic
(bottom) using a pulse width of PW = 8 ms.

stimulation. Interestingly, the longer anodic-first
pulses remarkably decrease the stimulation threshold
of BCs. The simulation results indicate the role of
hyperpolarization events before the depolarization in
the reduction of BCs excitation threshold to long
stimulus pulses.

Figure 5 shows the response of BCs to elec-
trical stimulation of 8 ms pulse duration for cathodic
monophasic and anodic-first biphasic waveforms, as
a function of time. Extracellular stimulation of cath-
odic pulses leads to depolarization of regions close
to stimulating electrodes and hyperpolarization of
compartments away from electrodes at the onset of
stimulation. Therefore, as depicted in figure 5(a) the
onset of the cathodic pulse results in the hyperpol-
arization of soma and dendrites and depolarization
of axon and axon terminals. With the opening of
sodium channels at the axon initial segment (AIS),
the signals backpropagate to the soma and dendrites,
leading to the generation of action potentials at the
soma and dendrites with a certain latency. During the
anodic phase of stimulation, the membrane potential
of soma increases over time (figure 5(b)). This change
in the potential leads to the increase in the membrane
voltage at the onset of the cathodic phase of the stim-
ulation and therefore a reduced stimulation current
amplitude is required for spike generations of BCs (as
shown in figure 5).

3.3. Role of hyperpolarization activated current
(HCN)

To examine the factors influencing the low stimulus
threshold of BCs to long anodic-first biphasic pulse
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Figure 6. The role of the HCN channels in response of BCs
to electrical stimulation. (a) Stimulation BCs threshold
difference between simulations with and without the
expression of HCN channels. (b) The impact of HCN
density on the response of BCs.

durations, we studied the contribution of the HCN
channels at the presynaptic terminals to this sensit-
ivity difference. We compared the response of BCs
in the presence and absence of HCN channels at the
presynaptic terminals for a range of stimulus pulse
durations. Figure 6 shows the ratio of BCs stimulus
threshold with and without HCN channels expres-
sions for both cathodic monophasic and anodic-first
biphasic waveforms. HCN channels have a negli-
gible contribution to the response of BCs to electrical
stimulation of different pulse widths for cathodic
monophasic pulses (figure 6(a)). This is expected as
the HCN channels are closed at the terminals during
the depolarization and there is no hyperpolarization
at the terminal of the cell with the cathodic mono-
phaisc pulse (figure 5(a)). However, HCN currents
are sensitive to anodic-first biphasic pulse modula-
tions due to the initial hyperpolarization at the pre-
synaptic terminals (figure 5(b)). The BCs threshold
has been significantly reduced with the addition of
HCNs for anodic-first biphasic pulses with pulse
widths longer than 8 ms. This indicates the role of
HCN currents in the reduction of BCs threshold
required for spikes using long anodic-first biphasic
pulses.

Different densities of the HCN channels were ana-
lyzed to consider the impact of the HCN concentra-
tion difference at the terminals on the stimulation
threshold of BCs for a given pulse width of 8 ms
as demonstrated in figure 6(b). The cathodic mono-
phasic pulses do not have a significant impact on the
threshold for a change in the HCN channel dens-
ities. However, for the anodic-first biphasic pulses,
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Figure 7. The impact of the asymmetric biphasic pulses on
the charge threshold of DB4-BCs. The cathodic pulse
duration is set to 0.5 ms and the anodic pulse duration is
modulated from 0.5 to 8 ms. The asymmetric anodic-first
stimulation has been shown to reduce the BCs charge
threshold compared to the anodic-first symmetric,
cathodic-first symmetric, and asymmetric cathodic-first
biphasic waveforms.

reducing the expression of HCN concentration at the
terminals exponentially increases the BCs threshold
(figure 6(b)).

3.4. The influence of waveform asymmetry

We further utilized our modeling framework to
investigate the effect of asymmetric waveforms on the
response of BCs. Due to the asymmetry of charge-
balanced stimulus pulses and therefore amplitude and
pulse width difference between each phase, we used
charge threshold (Q =1 x PW) for this investigation.
We compared the charge threshold of the cell using
asymmetric cathodic-first and anodic-first biphasic
pulses to symmetric cathodic-first and anodic-first
biphasic stimulations (figure 7). All considered sym-
metric and asymmetric pulses are charge-balanced.
The cathodic pulse duration was constant and equal
to 0.5 ms and the anodic pulse duration was altered.
Our computational results show that the asymmet-
ric long anodic stimulus pulses lead to the lowest
charge threshold of BCs. Therefore, this further indic-
ates the role of membrane potential hyperpolariza-
tion in the enhanced sensitivity of the following cath-
odic phase stimulation. Similar to the results from the
previous section (figure 6), the HCN channels at the
terminals of BCs can contribute to the low excitation
threshold of BCs using asymmetric long anodic-first
stimulation pulses.

4. Discussion

In this work, we have utilized our 3D multi-scale
AM/NEURON computational modeling framework
to gain insights about parameters affecting the
response of spiking BCs to electrical stimulation. The
impact of pulse duration and amplitude modula-
tions on the response of BCs including the depolar-
izing membrane potential and the response latency
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has been investigated. An increase in current amp-
litude has been shown to reduce the spike latency
of BCs. While the increase of pulse width signific-
antly increases the response latency of the cell at the
suprathreshold current (figure 2), an increase in the
stimulus amplitude can decrease the spike latency
and the timing associated with the opening of the
sodium channel gate (figure 3(a)). Our computa-
tional findings correlate with the experimental results
on the response of ON BCs to epiretinal electrical
stimulation using a patch-clamp technique [21]. Our
modeling also predicts the reduced peak membrane
potential with the huge increase in the stimulus cur-
rent (figure 3(b)).

Using this platform, we further investigated the
response of BCs to different electrical stimulation
parameters to find the stimulus waveform design
leading to the lowest stimulus threshold of the cell.
We found that long anodic-first biphasic stimulations
can significantly reduce the stimulus threshold of the
DB4 cell. The negative membrane potential at the
terminal and axon before the onset of the cathodic
stimulation can reduce the inactivation probability
of the sodium channels and, therefore, increase the
sensitivity of the BCs for the spike initiation. The
role of the presence of the HCN channels is signi-
ficant in decreasing the stimulus threshold of the
cell. In the presence of short stimulus pulses, we
demonstrated that among various stimulus wave-
forms designs, the lowest threshold is achieved
using an asymmetric long anodic-first biphasic
stimulation.

4.1. Computational modeling of DB4-BCs
Previously, it was thought that retinal BCs are pass-
ive and provide graded response only. However, later,
electrophysiological studies revealed the presence of
voltage-gated ionic channels in different types of
BCs [24]. Rat cone BCs have been shown to express
sodium, calcium, and outward potassium currents
[43]. Recent patch-clamp recordings from the ON-
type BCs in the wholemount mouse retina further
supports the presence of strong outward rectifying
potassium currents. The high concentrations of HCN
channels have been reported not only in BCs of the
magnocellular pathway (DB3 and DB4) of the prim-
ate retina but also in photoreceptors and BCs ter-
minals of the rat retina [23]. The DB4-BC model
implemented in the present study incorporating dif-
ferent distribution and densities of ionic channels is
based on the previously published paper [39]. The Na
channels have been shown to enhance the synaptic
release at the presynaptic terminals of BCs and excit-
atory input to parasol RGCs [42], thereby increas-
ing the potential for indirect activation of RGCs.
Therefore, we centered our focus on this particular
cell type with the high-density Na channels in the
AIS.
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4.2. Sensitivity of BCs response to electrical
stimulation

Studies have shown that select excitation of BCs and,
therefore, the network-mediated response of RGCs
can be achieved with a low stimulation frequency [16]
and long pulse durations [17]. L-type and T-type cal-
cium channels are known to mediate the neurotrans-
mitter release at the presynaptic terminals of BCs.
The sensitivity of these calcium channels to electrical
stimulation of various frequencies has been conduc-
ted in [19]. Furthermore, the response of DB4 spiking
BCs to the intracellular and extracellular stimulation
of monophasic stimulus pulses has been investig-
ated by Rattay et al [38, 39]. Here, we compared
the response of the same type of BCs to epiretinal
electrical stimulation incorporating various stimulus
waveforms using the disk electrode of the Argus II
prosthetic systems [9]. There has been no study spe-
cifically focusing on the contribution of HCN chan-
nels to the response of BCs to electrical stimulation.
We found that the expression of HCN channels at
the presynaptic terminals of BCs remarkably influ-
ences the reduced reduction in the threshold of the
cell using long anodic-first stimulus pulses (figure 6).
We found that the absence of HCN channels at the
presynaptic terminals of BCs increases the stimulus
threshold of BCs. Therefore, in addition to the slow
kinetics of calcium channels [19], HCN channels also
contribute to the higher sensitivity of BCs to long
biphasic stimulus pulse and low-frequency stimula-
tion. Notably, the presence of the HCN current dur-
ing the hyperpolarizing phase of the sinusoidal intra-
cellular stimulation and the role of HCN current in
spike generation of the cell during the depolarizing
phase have been also demonstrated in both modeling
and experimental results [39, 42]. Interestingly, high
contrast light stimulus inputs have been shown to
contribute to the great negative fluctuation in mem-
brane potential. The negative phase of the membrane
potential can therefore activate HCN channels, aug-
menting the potential for BCs spike generation fol-
lowing negative fluctuations during positive cycles
[42, 44]. Therefore, understanding the contribution
of the HCN channels to BCs response allows us to
better design epiretinal electrical stimulus paramet-
ers, increase the likelihood for the indirect activation
of RGCs and, therefore, help avoid the excitation of
RGCs axon bundles.

Our computational findings can be further exten-
ded to other types of retinal prosthetic devices such
as subretinal and photovoltaic implants. The major
difference between epiretinal and subretinal pros-
theses is the placement of the stimulating electrode
array. Therefore, placing the stimulating electrode
close to dendrites of BCs compared to terminals of
cells would mostly change the polarity of stimu-
lus waveforms [38]. Therefore, symmetric cathodic-
first biphasic pulses with long pulse durations, and
not long anodic-first biphasic stimulus pulses, can
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decrease the stimulation threshold of BCs in response
to subretinal electrical stimulation.

The sensitivity of direct and network-mediated
response of RGCs to epi, sub-, and intraretinal elec-
trical stimulation with varying monophasic cath-
odic and anodic pulse widths has been investigated
[45]. The authors found that the indirect stimula-
tion thresholds of RGCs in response to subretinal
stimulation were lower using anodic pulses com-
pared to cathodic pulses, therefore anodic stimulus
pulses have been used in clinical studies [46]. How-
ever, the experimental study only focused on mono-
phasic stimulus pulses and the impact of anodic-
first and biphasic pulses on the network-mediated
response of RGCs was not investigated. While it
has been well established that anodic monophasic
pulses lead to the lower stimulation threshold of
BCs relative to cathodic monophasic pulses in the
case of subretinal electrical stimulations, the cath-
odic phase of the cathodic-first biphasic pulse can
augment the probability BCs spiking during the
anodic stimulation phase. The influence of cathodic-
first biphasic pulses on perceptual thresholds of
patients with subretinal implants remains to be
investigated.

4.3. Asymmetric electrical stimulation of retinal
neurons

Epiretinal electrical stimulation of the A2-type RGCs
using asymmetric cathodic-first biphasic waveforms
with short cathodic pulses has been reported to
increase the efficacy of stimulation [25]. A recent
experiment using a calcium imaging technique has
reported the lowest threshold of RGCs using asym-
metric long anodic-first stimulus pulses [11]. There-
fore, we investigated these two asymmetric wave-
forms in addition to both symmetric cathodic and
anodic-first biphasic stimulations (figure 7). This
analysis allowed us to better understand the contri-
bution of the network-mediated response of RGCs to
electrical stimulation.

The reduction of the Na inactivation probab-
ility during the hyperpolarization phase has been
shown to play a role in the reduced threshold of
cells. Electrical stimulation of nerve fibers with long
anodic-first biphasic waveforms resulted in a high
chance of spike generation at the onset of the cath-
odic stimulation [27]. The response of the RGCs
model to electrical stimulation indicated that the low-
est stimulus threshold of the cell can be achieved
using an asymmetric long anodic-first stimulation
with the addition of an IPG [26]. However, the dir-
ect stimulation threshold of RGCs in the absence of
the IPG is the lowest using the asymmetric short
cathodic-first waveforms [25]. Therefore, analyzing
the response of the isolated RGCs may not fully
explain the calcium imaging experimental obser-
vations of the lowest threshold of the stimulated
retinal network using asymmetric long anodic-first
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waveforms with no IPG. In the present study, we
have shown the greater sensitivity of BCs to the
asymmetric long anodic-first stimulation compared
to both short symmetric (cathodic- and anodic-
first) and asymmetric cathodic-first biphasic stimu-
lations (figure 7). This indicates the high likelihood
of neurotransmitters release and excitatory inputs
to RGCs, suggesting the reduced indirect stimula-
tion threshold of RGCs. The computational findings
of this study may explain the role of the network-
mediated response of RGCs as well as the presence
of HCN channels at the terminals of BCs in higher
stimulation efficacy of asymmetric long anodic-first
pulses.

4.4. Clinical implications

Clinical testing with epiretinal implant subjects has
proven the efficacy of long biphasic pulses and low
stimulation frequencies for improving the spatial res-
olution of these devices [17]. In this study, we have
explored the role of an anodic phase following by
a cathodic phase in the reduction of stimulation
threshold at the presynaptic terminals of BCs using
long pulse durations. This indicates the likelihood to
avoid activation of RGCs axon bundles and indirect
excitation of RGCs. At a low biphasic stimulation fre-
quency of 20 Hz and 25 ms pulse width utilized in
the subject testing, every cathodic phase is followed
by an anodic phase. Therefore, the presence of the
hyperpolarizing event prior to the depolarization as
well as the high concentration of the HCN channels
at terminals of both photoreceptors and BCs may
reduce the threshold necessary for indirect activation
of RGCs, thereby avoiding axonal activation of RGCs
and better outcome of current epiretinal prosthetic
systems. This computational platform allowed us to
propose a potential indirect activation strategy for a
more focal response of RGCs using long pulses.

Recent clinical testing with three Argus II sub-
jects has revealed the reduced perceptual threshold
(on average) and great percept brightness of asym-
metric long anodic-first stimulation [26]. Our com-
putational findings correlate with the clinical res-
ults, suggesting the plausible contribution of the
network-mediated response of RGCs in the reduced
perceptual threshold of these subjects. This supports
the potential of our multi-scale predictive modeling
framework, which allows us to better capture factors
influencing the response of retinal neurons to elec-
trical stimulation and ultimately design stimulation
strategies for enhancing the effectiveness of prosthetic
devices.

This modeling framework and the response of
retinal neurons to epiretinal electrical stimulation
can be extended to other therapeutic techniques. For
instance, the application of transcorneal electrical
stimulation (TES) for slowing down the progression
of retinal blindness in RP and AMD patients. The
influence of TES on the reduced progressive loss of
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visual field area in RP patients using symmetric long
anodic-first biphasic pulses has been demonstrated
in the clinic [47, 48]. This may further support our
findings that long anodic-first pulses can reduce the
stimulation threshold of BCs that are affected first
along with photoreceptors at the early stage of retinal
degeneration and potentially opening avenues to slow
down the progression of retinal blindness.

4.5. Current amplitudes and neural tissue safety
The range of computed stimulus threshold amp-
litudes in the present study is similar to clinical stud-
ies with Argus I and Argus II subjects [49, 50]. It has
also been shown that perceptual thresholds of sub-
jects with epiretinal implants can increase to more
than 250 pA 43 months post-surgery [50]. To look
at the tissue damage aspects, we performed a safety
analysis for the considered stimulation waveforms,
as in our previous work of waveform design [35].
According to Shannon’s equation and McCreery’s tis-
sue safety criteria based on charge and charge density,
the damage is observed for k > 1.85 [51, 52]. Here, k is
defined by the equation k = log (Q) + log (D), where
Q is the charge per phase and D is the charge density
per phase. A 200 pum diameter electrode stimulated
with a current amplitude of 100 1A and a pulse dur-
ation of 0.5 ms leads to the charge current density of
159 uC cm? ph™! and the charge of 0.05 uC ph~!.
Therefore, for the waveforms and electrode size con-
sidered in this work, the value of k (0.9) is well within
the safety limit. The differences in the range of stimu-
lation thresholds of BCs reported in the present work
and other modeling and experimental studies from
the literature [21, 38, 53] arises from factors such as
electrode size, location of electrode across retinal lay-
ers, and retinal tissue resistivity based on the stage of
degeneration.

4.6. Limitations and future work

This study is limited to BCs in the magnocellular
pathway with a high density of the sodium channels
in the AIS. While there have been subtypes of BCs
in mouse and rat retinas with the expression of Na
[43, 54], there are many ON and OFF BCs that do
not express Na channels and their response to elec-
trical stimulation needs to be analyzed. The impact
of fibrous tissue growth under the electrode array
that modulates the impedance and therefore percep-
tual threshold of retinal prosthetic devices was not
considered in this study. Further, we only considered
the response of BCs to electrical stimulation for a
fixed electrode position and electrode-cell distance.
Modeling a large population of BCs and comput-
ing the 2D stimulation threshold map in the retina
would provide a more realistic computational model
for understanding the BCs response to electrical stim-
ulation. In the future, we will incorporate other BCs
subtypes as well as the realistic network of the retina
to better capture the response of the retinal neurons
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to external stimulation and improve the performance
of current epiretinal prosthetic systems. Our group is
working on connectome-based retinal network mod-
eling of various stages of retinal degeneration [55, 56].
These models will help us understand the changes in
the retinal network with the progression of the disease
and potentially help in designing better stimulation
strategies.

To the best of our knowledge, no electrophysiolo-
gical studies have been conducted so far focus-
ing on the influence of HCN channels on the
response of BCs to electrical stimulation. There-
fore, future experiments can further explore the
role of this channel in the sensitivity of different
BCs subtypes to various electrical stimulation para-
meters. Recently, the weakened network-mediated
response of RGCs to epiretinal electrical stimulation
at the late stage of degeneration has been repor-
ted [57, 58]. This outlines the importance of this
study and designing electrical stimulus parameters
for reducing the threshold of outer retinal neur-
ons and thereby improving the outcome of retinal
implants.

5. Conclusion

Using our 3D multi-scale AM/NEURON computa-
tional modeling framework, we have implemented
the spiking BCs model and predicted its response
under epiretinal electrical stimulation. We validated
our model against available computational models
and experimental data from the literature. We invest-
igated the response of BCs to different monophasic,
symmetric, and asymmetric biphasic stimulus wave-
form designs with various current amplitudes and
pulse widths. We found that the stimulation threshold
of BCs was reduced using symmetric long anodic-
first biphasic pulses compared to long cathodic-
first biphasic pulses. We further explored the role
of HCN channels at the presynaptic terminals in
the reduced stimulus threshold observed using long
pulses with anodic-first phases. Further, the stimula-
tion threshold of BCs with asymmetric long anodic-
first pulses was found to be lower relative to that
of asymmetric short cathodic-first pulses. This com-
putational platform allowed us to gain a deeper
understanding of the mechanisms underlying the
excitation of retinal neurons to different stimula-
tion waveforms and find potential answers to missing
puzzles of animal and clinical studies from the liter-
ature. Our predictive modeling framework will fur-
ther help design and test the stimulation strategies
to enhance the effectiveness of retinal prosthetic
systems.
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