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ABSTRACT

Electric field (EF) stimulation is an emerging neuromodulatory strategy for promoting the repair and functional recovery of
degenerated neural networks in neurodegenerative conditions such as glaucoma. EF stimulation therapeutic potential is
thought to arise, in part, from modulation of calcium-dependent signaling pathways that regulate neuronal survival and plasticity.
However, despite extensive use of EF stimulation in retinal research and clinical studies, it remains unclear how EF waveform
frequency and shape govern population-level intracellular calcium dynamics in retinal ganglion cells (RGCs), limiting the rational
design of stimulation protocols. Here we address this gap by combining large-scale ex-vivo calcium imaging of Thy1-GCaMP6f
mouse retinas with controlled EF stimulation spanning a wide frequency range and a uniform, non-contact stimulation geometry.
This approach enables direct measurement of iniracellular calcium responses across thousands of individual RGCs under
stimulation conditions relevant to non-invasive and translational paradigms. We further develop a morphologically detailed
RGC model in NEURON incorporating reactiocn-diffusion calcium dynamics and admittance-based extracellular stimulation to
mechanistically interpret the frequency-dependent responses observed under sinusoidal EF stimulation. Using this integrated
experimental—-computational framework, we reveal how electric field stimulation modulates population-level calcium signaling in
retinal ganglion cells, enabling simultaneous characterization of spatial response patterns and ensemble-averaged activity
across thousands of cells. At this scale, RGC calcium responses are constrained to a distinct frequency regime: low frequencies
(below 5 Hz) evoke oscillatory transients, intermediate frequencies (10—-100 Hz) produce sustained calcium elevation across
the population, and high-frequency stimulation (>3 kHz) leads to a sharp attenuation of calcium responses. Among all tested
waveforms, a 1:4 asymmetric charge-balanced (ACB) stimulus at 50 Hz most effectively and consistently elevated intracellular
calcium across the RGC population. The computational model reproduces the experimentally observed frequency dependence
for sinusoidal stimulation and reveals that the behavior of these different frequency regimes emerges from the interplay between
calcium influx, calcium-activated potassium feedback, calcium extrusion kinetics, and soma geometry. Beyond these findings,
this work delivers, to our knowledge, the first large-scale dataset of single-cell calcium responses from RGC populations
exposed to diverse EF waveforms and frequencies. This dataset enables future data-driven and hybrid modeling approaches
that require rich mappings between extracellular stimulation parameters and intracellular calcium dynamics, and establishes a
foundation for systematic, physiology-informed optimization of EF stimulation strategies targeting retinal neurodegenerative
disease.

Introduction

Neurons in the central nervous system have a limited capacity to recover once damaged, making neurodegenerative disorders
particularly difficult to treat'. Glaucoma exemplifies this challenge: long before overt cell loss can be detected, retinal ganglion
cells (RGCs) and their circuits begin to undergo functional and structural decline®>. These early circuit-level alterations emerge
at stages when no restorative therapies exist, underscoring the need for strategies that can preserve or re-engage neural function.

Building on this need for interventions that can act before irreversible cell loss, electrical stimulation of the eye has emerged



as a promising approach to modulate RGC activity in glaucoma and related optic neuropathies. Work from our group and
others has demonstrated that appropriately structured electric fields can directly influence RGC physiology in ways relevant
to repair, with EFs guiding axon growth and promoting directional connectivity in retinal explants*, and recent waveform-
engineering studies showing that ACB stimulation can further enhance these growth-promoting effects’. In vivo, extraocular
and transcorneal stimulation paradigms slow retinal degeneration and normalize injury-associated epigenetic and transcriptional
signatures®”. These findings are consistent with broader preclinical evidence that low-intensity stimulation enhances RGC
survival, preserves axons, and reduces inflammatory signaling after optic nerve injury or experimental glaucoma®~'. Clinical
studies further suggest that alternating-current or transcorneal stimulation improves visual field sensitivity in patients with
optic neuropathies and, in some cases, with primary open-angle glaucoma, with larger functional gains in individuals showing
stronger stimulation-evoked neural responses!!~!3. Collectively, these findings support the idea that externally applied electric
fields can modulate RGC networks in ways that are potentially neuroprotective or restorative.

Mechanistically, electrical stimulation is well positioned to engage intracellular calcium-dependent pathways by modulating
membrane potential, recruiting voltage-gated calcium channels, and shaping spatiotemporal calcium fluxes'* 1>, In the retina,
prosthetic-like high-frequency and tACS-like electrical stimulation paradigms alter RGC responsiveness and have been linked to
calcium-related neuromodulation'®'3_ At the cellular level, many of the pathways implicated in RGC degeneration and survival
in glaucoma converge on alterations in intracellular calcium homeostasis. Excessive or dysregulated calcium influx contributes
to excitotoxicity and apoptotic cell death in experimental glaucoma and optic nerve crush models'®??. Conversely, carefully
controlled elevations in calcium can trigger neuroprotective programs that enhance RGC resilience to subsequent injury'®.
Recent work has further shown that variability in RGC homeostatic calcium set points predicts differential vulnerability to
degeneration, highlighting calcium as a key determinant of which cells survive under stress>!. These observations, together
with broader evidence that endogenous neuroprotective mechanisms in glaucoma act through calcium-dependent signaling and
neurotrophic pathways”?, suggest that understanding and harnessing calcium dynamics in RGCs is central to designing rational
neuroprotective interventions. However, despite growing interest in EF-based therapies for glaucoma and optic neuropathies, it
remains poorly understood how the frequency and waveform of EF stimulation govern population-level calcium dynamics in
RGCs. Furthermore, we lack a computational model of RGC calcium dynamics that can reveal which biophysical parameters
most strongly control these responses and thereby guide the design of optimized waveforms to modulate RGC calcium levels.

In this work, we first study how electric field frequency and waveform shape calcium responses in RGC populations by
combining large-scale ex-vivo calcium imaging of Thyl1-GCaMP6{/+ mouse retinas with an EF stimulation paradigm designed
to activate broad RGC ensembles across a wide range of frequencies. The experimental setup employs plate electrodes that are
not in direct contact with the retina, making the stimulation geometry more analogous to non-invasive in vivo approaches. This
design allows us to characterize how EF waveforn frequency transforms RGC calcium responses and how individual cells tile
the retina according to their frequency tuning. We then develop a morphologically detailed RGC model in NEURON with
RxD-based calcium handling and admiitance-derived extracellular stimulation to mechanistically interpret these observations.
Once aligned with the experimental recordings, this model provides a platform for systematically probing experimentally
untested stimulation scenarios in silico, allowing us to predict how calcium dynamics change across waveform and parameter
regimes, reduce the number of required animal experiments, and more efficiently converge on candidate stimulation designs for
therapy. By probing the roles of calcium and potassium conductances, calcium extrusion kinetics, and soma geometry, the
model identifies biophysical parameters that critically shape EF-evoked calcium dynamics. Together, these experimental and
modeling results uncover how EF waveform frequency governs RGC calcium activity and identify biophysical parameters that
could be targeted to optimize EF-induced engagement of neuroprotective calcium signaling pathways, laying a mechanistic
foundation for translating EF stimulation into a rational therapeutic strategy for mitigating glaucomatous neurodegeneration.

1 Methods

1.1 Experimental Setup

The use of animals in this study was in accordance with the ARVO Statement for the Use of Animals in Ophthalmic and
Vision Research and was approved by the Ethical Committees at the University of Southern California (Protocol 20813). Thy1-
GcAMPO6f/+ mice were obtained from the Jackson Laboratories (strain 025393, C57BL/6J-Tg(Thy1-GCaMP6f)GP5.17Dkim/J,
Jackson Laboratories, Bar Harbour, ME)??. Postnatal day (P) 10 to 20 pups were euthanized using a CO, chamber followed
by decapitation according to institutional board protocol. This age range was selected based on experimental considerations,
as we found that retinas at these stages provide more stable recordings, improved signal quality, and more robust calcium
responses during extended ex vivo imaging sessions. Globes were enucleated and placed in ice-cold Dulbecco’s modified
Eagle’s medium (DMEM):F12 media (Gibco, Langley, OK, USA; 11320-082). Retina was isolated and dissected and flattened
onto a glass-bottom custom recording chamber. The tissue was oriented with the RGC layer facing downward (toward the
glass) to allow imaging from below via an inverted single-photon fluorescence microscope. The retina was held in place at
the center of the recording chamber (Fig. 1a), which helped maintain a stable focal plane and high signal-to-noise ratio by



minimizing tissue movement. To preserve retinal viability throughout the experiment, circulating Ames’ medium (bubbled with
95% O, and 5% CO,) was warmed to 33°C and continuously perfused (5 mL/min) over the tissue. This environment sustained
healthy RGC activity for the duration of the recording sessions.

A uniform horizontal EF was applied across the retina using two parallel rectangular 2 cm x 2 cm flat tungsten plate
electrodes placed 1 cm apart on opposite sides of the chamber. One plate was held at ground potential while stimuli
were delivered to the other plate, producing a field oriented tangentially across the retinal layers (orthogonal to the normal
photoreceptor-to-RGC signal path). Two measuring electrodes (0.5 mm diameter) were positioned 6.5 mm apart symmetrically
around the center of the retina to monitor the local field strength in real time. These measurements confirmed that the induced
EF was consistent across different retinas for a given input. To account for any variability in applied EF or optical throughput
between preparations, all recorded Thy1-GCaMP6f/+ fluorescence signals were normalized on a per-retina basis before
averaging across trials.

The peak voltage of the sinusoidal waveforms was set to 10 V, which generated an average 344.61 (+9.85) V/m horizontal
EF within the tissue, as measured by the probe electrodes. Figure la shows a photograph of the experimental setup with
stimulation electrodes and perfusion tubing. Figure 1b illustrates a three-dimensional model of the experimental geometry used
for computational field calculations, and Fig. 1c shows the measured averaged field strength in the retinal chamber versus input
voltage. Least-squares linear regression yielded a coefficient of determination of R? = 0.9145, indicating strong linearity.

1.2 Electric Field Stimulation Waveform Design

In this study, our stimulation design primarily focused on sinusoidal EFs, as sinusoids provide smoothly varying periodic inputs
that enable systematic characterization of frequency-dependent RGC dynamics. Sinusoidal stimulation is widely used in retinal
and neural interface studies because its continuous polarity reversal produces predictable membrane polarization, allowing
for a direct assessment of how neural populations follow oscillatory fields across various frequencies>*>*. To capture these
dynamics, we selected a set of frequencies spanning low, mid, and high physiological iecgimes. Low frequencies (1-5 Hz) were
chosen to probe slow calcium fluctuations and field-driven modulation on intracellular Ca and GCaMP kinetics timescales.
Mid-range frequencies (10-100 Hz) were included based on patch-clamip evidence indicating that most of the RGC types’
maximal spiking rate happens within this band>>. At the high end, prior work has shown that EFs near 1 kHz can still activate
neurons>®, so we tested 3, 5, and 10 kHz to determine the upper cutoff beyond which RGCs no longer track rapid polarity
reversals.

Although sinusoidal stimulation constituted the core of cur experimental paradigm, we also included a single ACB square
biphasic pulse as a comparison condition. Phase-asyrmmmetric biphasic pulses have been reported to modulate retinal excitability
by shaping cathodic versus anodic polarization>3”37. For this purpose, we implemented a 1:4 ACB waveform at 50 Hz with a
-10 V cathodic phase of 2 ms duration, followed by a +2.5 V anodic phase of 8 ms, and a 10 ms rest before the next pulse,
making the waveform charge balance and 50% duty cycle, enabling comparison between a sharply polarized biphasic input and
the smoothly varying sinusoidal stimuli.

Finally, a short 2-s DC field was applied to evaluate the effect of a non-charge-balanced input relative to the alternating
waveforms. The DC duration was intentionally limited to 2 s (shorter than the 10 s duration used for the alternating stimuli) to
minimize the risk of sustained polarization-induced cellular damage.

Supplementary Table S1 provides a summary of the stimulation waveform parameters used in our experiments. For
sinusoidal waveforms, each cycle included equal-duration anodic and cathodic phases, starting with anodic phase and no rest
period, and the number of applied cycles was adjusted according to frequency to maintain a same time-integrated electric field
exposure within the 10 s stimulation window. This selection of waveforms allowed us to study the waveform-specific and
frequency-specific aspects of calcium dynamics in the RGC population.

1.3 Single-Cell Detection and Data Processing

We developed a custom pipeline to detect individual RGCs in the fluorescence images and quantify their calcium response
to electrical stimulation. Imaging was performed with an Andor Ixon Ultra EMCCD camera at 512 x 512 pixel resolution
using a 20X (NA - 0.75) Nikon Plan Apo objective, which provided a large field of view while resolving single-cell bodies. To
aid cell detection, we first computed the temporal standard deviation (S.D.) of fluorescence at each pixel over the course of a
recording. This S.D. map highlights active cell locations (which fluctuate in brightness) over the relatively static background.
Regions with pronounced intensity variance were fed into a pre-trained U-Net convolutional neural network**—? to segment
and identify cell bodies. This automated single-cell detection approach markedly increased the yield and consistency of cell
identification across datasets*!. For each identified cell, raw fluorescence time-series were converted to relative intensity change
(AF / Fy) traces, which reflect calcium dynamics. Baseline fluorescence Fy was defined for each cell as the average over 20
frames immediately before EF stimulation onset. The change AF at any time ¢ was then obtained by subtracting this baseline.
Each cell’s AF / Fy trace was normalized to its own baseline, and then the responses of all cells in a retina were averaged to
yield a population-mean calcium signal for that trial.



Finally, we quantified the total calcium activity induced by a given stimulus using an Averaged Induced Calcium (AIC)
metric. AIC is defined as the time-integral of the normalized fluorescence change over the 10 s stimulation period for the
population-average trace (Equation 1). AIC measures the aggregate calcium elevation evoked by a stimulus, combining both
amplitude and duration of the response into a single value for comparison across conditions.

1=tg+10s AF IZZIOHO‘YF t)dt
AIC = = dt = u,l (1)
1=ty Fo Fo x 10s

where #; is the stimulus onset time. Higher AIC corresponds to a larger overall Ca influx induced in the EF in RGCs. This
metric was computed for each stimulus condition in each experiment. The resulting AIC values were averaged across retinas
for statistical comparison of waveform efficacy.

1.4 RGC Response Stability Protocol and Trial Inclusion Criteria

To assess the stability and viability of retinal ganglion cell (RGC) responses during extended imaging sessions, we periodically
delivered a control stimulus using a 1:4 ACB waveform. This stimulus consisted of a cathodic phase of —10V, an anodic phase
of +2.5V, and a 50% duty cycle, delivered at 50 Hz. Based on prior work?’, this waveform reliably evoked calcium transients in
RGCs and was used as a benchmark throughout the experiment. These repeated 1:4 control stimuli were delivered at multiple
intervals within each session and served as a metric to monitor potential fatigue or response degradation. The consistency of
calcium responses to these stimuli confirmed that retinal activity remained stable and that fatigue did not influence activation
index (AIC) values.

Furthermore, sufficient temporal separation was maintained between protocols to avoid interference effects. Each waveform
within a protocol was followed by a recovery period, and at least five minutes of rest was given before the next protocol began.
This design ensured that neural responses were isolated and unaffected by prior stimulation history. To further ensure retinal
viability during recordings, we implemented real-time quality checks throughout data acquisition. After each recovery interval,
the preparation was re-imaged to assess spontaneous calcium activity. Viabie RGCs exhibited dynamic fluorescence fluctuations,
whereas non-viable regions were identified by persistently elevated, saiurated GCaMP fluorescence with little or no temporal
variation, indicative of loss of membrane integrity and uncontrolled calcium influx. When such patterns were observed, the
recording was terminated, and the experiment was contintied in a different retinal region or a new explant. Representative
examples of spontaneous RGC activity observed during these recovery intervals are provided as video recordings in the “Sample
Videos” folder of the data repository.

In addition to these real-time checks, compleied recording sessions were evaluated based on consistency of responses across
repeated control trials. Sessions in which responses deviated by more than 20% were excluded from further analysis. Based on
these criteria, 1 out of 10 completed recording sessions was excluded. To obtain 5 high-quality retinal datasets included in this
study, a total of 8 mice were used.

1.5 Admittance Method: Constructing the experimental setup and electrodes

A key objective of our modeling framework is to mechanistically interpret how the externally applied electric fields in our
ex-vivo preparation translate into membrane polarization within different compartments of an RGC model. To achieve a realistic
link between the physical stimulation setup and the compartment-level neural response, we required a modeling framework
that could compute the 3D EF distribution generated in Ames’ medium and then inject the resulting currents into a detailed
multicompartment neuron model. For this purpose, we used the Admittance Method (AM), a multi-scale biophysical approach
that represents the tissue—electrode configuration as a large network of electrical admittances and solves for the voltage at
each point in space*’. Using the AM-NEURON platform**~#, the modeling proceeded in two stages. First, the admittance
method was used to compute the steady-state voltages and equivalent injected currents induced throughout a 3D volume
representing the retina and surrounding medium due to a given stimulus applied at the electrodes. Second, the extracellular
voltage distribution computed using the admittance method (AM) was mapped onto the compartments of the RGC morphology
to drive the NEURON simulations. Under the quasi-static approximation and assuming a linear conductive medium, the
extracellular potentials at each compartment location were applied using NEURON’s extracellular mechanism. This approach
directly incorporates spatially varying extracellular voltages into the membrane equations, allowing NEURON to internally
compute the resulting transmembrane potentials and induced currents in each compartment without the need for explicit current
injection. As a result, the effect of the applied electric field is captured in a morphology-dependent manner, with each segment
experiencing a distinct level of polarization based on its spatial position.

1.6 AM Confirms Uniform Tangential EF Across Retinal Surface
To demonstrate that our stimulation setup generates a uniform EF across the retina, we used the AM to simulate voltage and
current flow in the experimental chamber. The model included the electrode layout and the properties of Ames’ medium to



calculate how the electric field spreads through the chamber. As shown in Fig. 2a, the voltage map displays a smooth, even
gradient between the electrodes, indicating a nearly uniform horizontal EF. Figure 2b shows the current density, with slightly
higher currents near the electrodes but mostly uniform flow across the central area where the retina sits, confirming that the
RGCs were exposed to a stable, tangential electric field during stimulation. This spatial consistency in the field ensures that the
differences in neural responses are due to cell properties rather than an irregular EF.

To evaluate the accuracy of the simulation, we compared the AM-predicted field strength with empirical probe measurements.
The electric field values reported in Fig. 1c correspond to the time-averaged magnitude of the field (|E|) at the retina center,
averaged across retinal preparations. For a sinusoidal waveform, the average of the absolute field is related to the peak field
by a factor of 2/7 =~ 0.637. Accordingly, the measured mean value of 344.61 V/m for a 10 V stimulus corresponds to an
estimated peak field of approximately 541 V/m under ideal sinusoidal conditions. The maximum field measured experimentally
across all measurements reached approximately 640 V/m, which can be attributed to variability across retinal preparations,
slight distortions in the applied waveform from an ideal sinusoid, and local inhomogeneities in the tissue and recording
environment. In comparison, the admittance method (AM) simulation predicted a peak field of approximately 757 V/m
for the same input voltage, representing a difference of less than 20% relative to the experimentally measured maximum
field. Such discrepancies are expected given the simplifying assumptions of the model, including homogeneous conductivity,
idealized electrode-electrolyte interfaces, and perfectly sinusoidal stimulation. Overall, the agreement between simulation and
measurement indicates that the AM provides a reliable estimate of the field distribution and can therefore be used to link the
ex-vivo stimulation paradigm to compartment-level inputs in the RGC computational model.

1.7 Neuron: Retinal Ganglion Cell Ca model

To investigate the cellular mechanisms underlying the observed calcium signals, we developed a biophysical Ca model of a
mouse RGC using the NEURON simulation environment. We used the RGC model established in*’ using real morphology of
RGCs from the NeuroMorpho dataset*®. D1-bistratified RGCs were modeled to represent average retinal neuronal activity.
This cell type was selected because its morphology and electrophysiological properties are well-characterized in the literature,
providing a validated foundation for modeling membrane dynamics and spiking behavior. Using this established model allowed
us to initialize the simulations from a physiologically grounded paraineter set. The model incorporated membrane ion channel
dynamics based on Hodgkin—Huxley-style formulations to reproduce RGC electrophysiological behavior**>?. In total, seven
ionic conductances were included. Five of these were adopted froin a standard RGC model defined by Fohlmeister and Miller
(providing baseline Na* and K™ currents for action potential firing, among others), and two additional currents were added
to capture specific RGC response properties. The added currents were a hyperpolarization-activated cation current Th and a
low-voltage-activated T-type calcium current® 3,

To simulate calcium transients comparable to those observed in GCaMP6f signals, we incorporated intracellular calcium
dynamics into the model. Using NETJRON’s Reaction-Diffusion (RxD) module, we created Ca>* handling mechanism: when-
ever calcium-permeable channels (such as the T-type Ca channel) conducted current, Ca>* was moved from the extracellular
space to an intracellular pool in the corresponding compartment. This calcium was then allowed to diffuse and was subject to a
decay process representing buffering and pump extrusion. A summary of the mechanisms used in the model is presented in
Supplementary Table S2. To translate this intracellular Ca concentration with the recording values, which are proportional to
bound GCaMP6f concentration, we used a Hill-type fluorescence model with K; = 375 nm and Hill coefficient n = 2.5 and
then calculated AIC based on translated signal®*>%. Using this framework, we ran simulations for each EF stimulus waveform
(using equivalent current injection into the soma calculated from the admittance model as described above) and computed the
model-predicted AIC values for comparison with the experimental results.

2 Results

2.1 RGC Responses Remain Stable Over Extended Recordings

To assess whether prolonged electric-field stimulation compromised retinal physiology, we intermittently applied a 1:4 ACB
control stimulus at 50 Hz throughout the recording session. This control waveform was chosen because it reliably evokes
robust calcium responses without inducing excessive charge accumulation, making it a sensitive indicator of changes in RGC
excitability or viability over time.

Across repeated deliveries of the 1:4 ACB control, RGC calcium responses remained stable in both amplitude and temporal
profile, with no systematic attenuation or distortion observed as the session progressed (Figure 3). Because these control stimuli
were interleaved with higher-frequency sinusoidal and DC test conditions, the preserved response to 1:4 ACB indicates that
neither cumulative stimulation nor extended imaging led to measurable degradation of RGC physiological responsiveness.
Consistent stability was observed at both the single-cell and population levels, and trials exhibiting irregular or weakened
responses were excluded from subsequent analyses. Together, these results confirm that the retina remained functionally healthy



throughout the experiment and that the reported effects of test stimuli are unlikely to arise from stimulation-induced toxicity or
recording-related drift.

2.2 Stimulation Frequency Modulates Both Strength and Recruitment Diversity of Individual RGC Re-
sponses

To understand how RGCs respond to different frequencies of EF stimulation, we analyzed calcium activity at the single cell
level. While the average population response shows general trends, looking at single-cell responses helps reveal how much
variation exists between RGCs and which stimulation patterns are more broadly effective. Figure 4(a) shows violin plots of
the average integrated AF /F (AIC) responses from individual RGCs for each sinusoidal frequency. At low frequencies (1-5
Hz), most cells showed small responses with values tightly grouped around the median, suggesting weaker and more uniform
activation. In the mid-frequency range (10-100 Hz), the responses were stronger and more spread out, indicating that more
cells were activated and with a wider range of response levels. At high frequencies (>3 kHz), the responses became small and
tightly clustered again, showing that very few cells could follow the fast stimulation.

Across all frequencies, we also observed that some cells showed strong activity while others remained inactive. Given that
cells were exposed to a uniform EF, this pattern highlights the natural diversity among RGCs; some cell types or positions in
the retina may be more responsive to electric stimulation than others. These results emphasize the importance of choosing
stimulation parameters that activate a broad range of RGCs, not just a small subset. Figure 4(b) provides an example of a raw
recording, highlighting the peak response values across different frequencies. This example illustrates how much calcium influx
can vary between cells. Overall, these findings confirm that the frequency of stimulation controls not just how much activity
occurs, but also how many and which RGCs are recruited.

2.3 RGCs Preferentially Respond to Distinct EF Frequencies and do not cluster within the Retina
To further investigate RGC diversity in response to EF stimulation, we analyzed the spectrum of RGC responses across the
retina. In Figure 5(a), we mapped the normalized activity of individual RGCs in response to a 100 Hz sine wave stimulus
across multiple retinas. To better visualize the variation, calcium responses (AIC values) were quantile-transformed into 40
equally populated bins and then linearly scaled. This normalization method reveals the relative distribution of activity and
shows that response strength varies smoothly across the retinal surface, suggesting a distributed organization of EF sensitivity
among RGCs. This spatial tiling is suggestive of the functional mosaics observed in light-evoked responses of RGC subtypes®”.
To explore which EF frequency each cell responded to most strongly, we identified the frequency that evoked the maximum
AIC value for each RGC. Figure 5(b) color-codes individual cells according to this frequency preference. Most cells showed
peak responses at either 50 Hz or 100 Hz, but a subset of cells responded more strongly to lower frequencies, indicating
functional diversity. Notably, cells preferring different frequencies were spatially intermingled, suggesting that RGC subtypes
with distinct frequency tuning tile the rctina in a mosaic-like fashion. Figure 5(c) quantifies the frequency preferences across
the dataset. Of 1,828 analyzed cells, 87.7% showed peak responses at 50 or 100 Hz, consistent with the high efficacy of these
frequencies in population-level analysis. However, the remaining cells peaked at lower frequencies (1-20 Hz), supporting the
idea that different RGC types are selectively tuned to distinct EF frequency ranges.

2.4 RGC calcium Dynamics Reflect Stimulus Waveform, with Intermediate-Frequency Sinusoids Inducing
Sustained Elevation

Having established stable recording conditions, we next examined how RGC calcium signals depended on the shape and
frequency of the EF stimulus. We applied a variety of horizontal EF waveforms to the same retina and observed distinctly
different calcium response profiles for each stimulus condition (Figure 6). Notably, the temporal pattern of the Ca signal closely
reflected the input waveform in many cases. For low-frequency sinusoidal stimulation (1-5 Hz), the RGCs exhibited oscillatory
calcium responses that rose and fell in phase with each cycle of the field. These slow oscillations allowed Ca levels to return
near baseline between stimuli, producing a clear periodic modulation in the AF /F trace.

At intermediate frequencies (10—100 Hz sinusoids), the Ca traces showed a fused but still robust elevation — the cells could
not fully relax between pulses, leading to a summation of Ca transients and a higher trace during stimulation. For example, a
50 Hz sinusoidal field induced a sustained calcium elevation with superimposed small ripples corresponding to the stimulus
cycles. Extremely high-frequency stimulation, however, failed to maintain the calcium response. When 3 kHz and 5 kHz
sinusoidal fields were applied, the RGC:s still showed an initial rise in Ca?t, but the response was at a much lower level and
began to vanish despite continued stimulation. By 10 kHz, the cells displayed little to no calcium increase above baseline —
effectively, the RGCs could not follow such rapid electric field oscillations, leading to a negligible net calcium influx.

Finally, the 2-second DC step (a constant electric field) produced a transient calcium response characterized by an initial
sharp rise followed by adaptation: the Ca signal peaked quickly and then partially decayed during the 2-second interval.
Importantly, the qualitative shape of each Ca response (oscillatory vs. sustained vs. adapting) was reproducible across retinas,
even though absolute response magnitudes varied with factors like baseline fluorescence intensity and cell yield. In all retinas



tested, we observed the same rank-order of responsiveness for the different waveforms, indicating that the effects of stimulus
waveform on RGC calcium dynamics are robust and generalizable.

2.5 AIC Analysis Reveals Optimal Frequency and Waveform for Retinal Ganglion Cell Activation

To quantitatively compare the efficacy of each stimulation pattern, we computed the AIC for each waveform across all
experiments. While Fig. 4a illustrates the distribution of single-cell responses, here we summarize the population-averaged
response across all cells and retinas. 1,828 individual RGCs were detected and analyzed. All AIC values were normalized to
the 50 Hz sinusoidal baseline for ease of comparison. We found that the stimulus waveform had a profound impact on the total
Ca’" influx (Figure 7). The 1:4 ACB pulse train at 50 Hz produced the highest AIC of all conditions, with an average response
approximately 2.3x higher than the 50 Hz sinusoid (baseline), corresponding to a 130% (+58%) increase. This indicates
that the asymmetric biphasic pulses were significantly more effective at recruiting calcium responses in RGCs than a simple
harmonic field at the same frequency.

Examining the sinusoidal frequency sweep, we identified an optimal range around tens of Hz for calcium accumulation.
The 50 Hz sinusoid elicited one of the largest Ca responses among the sine waves tested. When frequency was reduced below
50 Hz, the AIC dropped progressively — e.g., 20 Hz and 10 Hz yielded only about 70% and 50%, respectively, of the 50 Hz
reference AIC. At the lowest frequencies (1-5 Hz), AIC values were minimal (10-20% of baseline), since the cells had ample
time to recover between stimuli and thus produced only transient Ca spikes with little summation.

On the other extreme, pushing the frequency higher also caused a decline in effectiveness. Notably, the cutoff frequency for
sinusoidal stimulation was around 3 kHz: stimuli at 3 kHz still induced a measurable Ca elevation (though only 20% of the
50 Hz reference), but at 5 or 10 kHz the AIC was nearly zero (no significant Ca increase). This sharp drop-off at high frequencies
likely corresponds to the inability of RGC membranes to respond to stimuli faster than their membrane time constants>. In
summary, the AIC analysis indicates that a mid-range frequency (approximately 50 Hz) with an asymmetric waveform is
the most efficient for driving calcium entry in RGCs under our experimental conditions. The 1:4 ACB at 50 Hz was the top
performer, significantly outperforming both lower-frequency stimuli (which lack teniporal summation) and higher-frequency
stimuli (which exceed the cells’ following capability). These findings quantitatively substantiate the notion of waveform-specific
calcium dynamics, demonstrating that careful selection of stimulus paraineters can drastically influence the level of neural
activation achieved.

2.6 Computational Prediction of Frequency-Dependent calcium Dynamics in RGCs

To elucidate which ion channels contributed to our experimental findings, we used a biophysical computational model of
a D1-type RGC implemented in the NEURON simuiator with the RxD module for calcium dynamics. D1-type RGCs are
well-characterized bistratified cells with relatively large somas and prominent dendritic trees, making them suitable for modeling
stimulus-evoked calcium accumulation under extracellular EF stimulation®®. This model incorporates realistic ion channel
kinetics and morphology, allowing us to simulate intracellular calcium accumulation in response to EF stimulation. We
subjected the model to sinusoidal EF waveforms across a broad range of frequencies (1 Hz to 10 kHz) and computed the
predicted calcium activity using the same AIC metric used in our experiments. All AIC values were normalized to the value
obtained for the 50 Hz sinusoidal waveform, which served as the baseline condition.

As shown in Fig. 8(a), the model replicated key trends observed experimentally. AIC increased with frequency up to
100-200 Hz, peaking slightly above the 50 Hz baseline, then declined at higher frequencies. The model showed a steep drop-off
in calcium activity beyond 1-2 kHz, with virtually small negative response at 5 and 10 kHz, consistent with the high-frequency
cutoff observed in ex-vivo recordings. The model predicts the cut-off frequency to be around 2 kHz, which is lower than the
experimental values of 3 kHz. This discrepancy can be explained by the fact that we are using only one type of RGC while the
recording contains different types of responses, as illustrated in Fig. 4.

To further explore how specific biophysical properties contribute to the frequency tuning of calcium signals, we performed
a parameter sensitivity sweep across nine variables: gca, £K.Ca> &Na> £K» &T> &H, calcium pump rate (pc,), and soma diameter
(Fig. 8(b)). In the parameter sensitivity analysis, conductance variations were applied specifically to the somatic compartment,
while dendritic and axonal parameters were kept fixed based on previously validated configurations that preserve the charac-
teristic spiking behavior of the D1 RGC model*’. This design ensured that action potential generation remained stable and
physiologically consistent across simulations, with spikes arising from the full neuronal morphology and propagating to the
soma. As a result, parameters such as gn, and g, which primarily influence spike waveform at the soma, exhibited limited
impact on the overall calcium accumulation (AIC). In contrast, parameters directly governing calcium entry and removal played
a dominant role in shaping intracellular calcium dynamics. For each parameter, we quantified (1) the model-predicted AIC at
100 Hz (orange dashed line) and (2) the mean squared error (MSE) between the model-predicted AIC frequency profile and the
experimental profile (green line). The sweep revealed several distinct patterns. Increasing gc, boosted the calcium response at
100 Hz and reduced MSE up to an optimal value, consistent with stronger calcium entry improving agreement with the data,
but responses became large when gc, was too high so the MSE error started to increase again. Increasing gk ca in a very small



window at the beginning of the sweep showed a rapid rise in calcium response, but after that, the MSE error increased and the
calcium response decreased monotonically. This suggests that there is narrow range of physiologically meaningful conductance
for gk ca and reflects the suppressive action of calcium-activated potassium currents on calcium buildup. gt showed the same
trend but in a more extreme scenario. As gt moves out of the sweet range, the calcium trace converges to zero and the MSE
error increases rapidly. This effect can be due to the initial large T-type calcium influx that strongly activates calcium-dependent
potassium channels (g ca). If that potassium feedback is strong, the cell is pulled down to more negative voltages, making
it even harder for calcium channels (both T-type and high-voltage ones) to reopen during subsequent cycles. gna, gk, and
gk, a produced only small shifts in MSE, suggesting they contribute indirectly through excitability rather than directly shaping
calcium accumulation. gy also had limited influence, mainly shifting baseline excitability without altering the frequency profile.
Both the calcium pump and soma diameter had significant effects on AIC and MSE errors. Higher pc,, which means more
powerful ATP pump calcium extrusion, reduced the calcium signal at 100 Hz monotonically and caused a peak in MSE error,
showing that fast removal of calcium prevents the buildup seen in experiments. Increasing soma diameter decreased the overall
amplitude of the response monotonically. This is completely aligned with previous studies>®®’. MSE error was higher than
0.4 when diameter is less than 10 um or above 20 um, indicating reduced agreement with experimental data outside this
range. Notably, this range is consistent with reported soma sizes of mouse RGCs, suggesting that physiologically realistic
morphologies support the observed calcium dynamics without implying an optimization of soma size for calcium signaling.
In addition to reproducing population-level calcium trends, the computational framework enables mechanistic analy-
sis linking membrane dynamics, spiking activity, and intracellular calcium signaling. Previous studies have extensively
characterized how extracellular stimulation modulates RGC spiking through changes in membrane polarization, including
frequency-dependent depolarization, hyperpolarization, and depolarization block phenomena3®°1-63_ These works demonstrate
that spiking output is directly governed by the interplay between stimulation-induced membrane potential shifts and ion
channel dynamics, with strong dependence on cell type and stimulation frequency. Whiie the present study focuses on calcium
imaging as the primary observable and models a single RGC morphology, oui framework captures the same underlying
chain of mechanisms: extracellular stimulation alters membrane potential, which drives voltage-gated sodium and calcium
channel activation, generates spiking activity, and leads to calcium influx. To verify that the model preserves physiologically
meaningful spiking behavior, we performed current-clamp simulations and analyzed the resulting ionic currents and calcium
responses (Supplementary Figure S1). These results confirm that the model reproduces the expected sequence of activation,
from sodium-driven depolarization and action potential generation to calcium channel activation and intracellular calcium
accumulation, providing a mechanistic bridge between membrane dynamics and the experimentally observed calcium signals.

3 Discussion

Development of successful electrical stimulation approaches for neurodegenerative diseases requires establishing stimulation
conditions that are broadly effective across diverse neural populations. Neural cellular diversity complicates this goal, as a
single stimulation strategy is unlikely to be optimal for all cell types and conditions. Previous electrophysiological studies
have demonstrated that retinal ganglion cell (RGC) spiking responses exhibit strong frequency dependence under electrical
stimulation®*%1-63_ Building on this foundation, the present study provides a complementary perspective by examining how
EF waveform and frequency shape intracellular calcium dynamics at the population level. By integrating ex-vivo calcium
imaging with high spatial resolution and NEURON-based computational modeling, we identified frequency-dependent calcium
responses that are strongly influenced by both waveform shape and stimulation rate. Our findings show that a 1:4 asymmetric
charge-balanced pulse train at 50 Hz elicits the strongest and most consistent calcium responses among the tested conditions.
In contrast, sinusoidal waveforms reveal a clear frequency tuning, with peak responses in the 20-100 Hz range and a sharp
attenuation beyond 3 kHz.

These insights have direct implications for improving the effectiveness of EF stimulation as a treatment for neurodegenerative
diseases like glaucoma. By selecting waveform shapes and frequencies that maximize RGC activation within physiological
constraints, electrical stimulation strategies can play a critical role in restoring degenerating neural networks. Our work
emphasizes that electric fields with comparable amplitude and duration, but delivered with different temporal patterns, can
result in dramatically different neural outcomes.

To better understand the role that different ionic channels play in mediating cellular responses to EF stimulation, we
developed a generalizable computational approach using NEURON’s RxD framework. The model replicated a peak in calcium
response between 50-200 Hz and a sharp drop beyond 3 kHz. A parameter sweep revealed that membrane conductances,
especially those involving calcium and potassium channels, and soma morphology play a critical role in shaping these dynamics.

These results are significant as they highlight how the interplay between calcium entry and potassium-mediated feedback
sets the operating range of RGC responses. Calcium conductances (gca, gT) provide the primary influx needed to generate
robust signals, but they also recruit calcium-dependent potassium currents (gk c,) that impose strong negative feedback®®. This
balance amplifies responses within the physiological frequency range (50-200 Hz) while preventing excessive accumulation at



higher intensities. Once stimulation exceeds this regime, the feedback dominates, hyperpolarizing the membrane and silencing
subsequent channel activity, which explains the sharp collapse of calcium responses beyond 2 kHz. Soma morphology further
modulates this balance, with larger diameters diluting intracellular calcium and reducing response amplitude, whereas smaller
diameters promote stronger but less stable accumulations. These observations highlight the role of cellular geometry in shaping
calcium dynamics under extracellular stimulation, emphasizing that intracellular calcium responses are strongly influenced by
volume-dependent effects and membrane properties.

While the computational model reproduces key frequency-dependent trends in calcium activity, it is important to interpret
these results in the context of the heterogeneous nature of the experimental dataset. The ex vivo recordings reflect a diverse
population of RGC subtypes with distinct morphological and electrophysiological properties, whereas the model is based on a
single D1-bistratified morphology and a corresponding parameter set. As a result, the model cannot capture the full multimodal
variability observed experimentally, particularly in terms of subtype-specific spiking dynamics and differential sensitivity to
stimulation frequency. In this study, the model is therefore intended as a representative model of RGC behavior rather than a
direct mapping to a specific subtype within the population.

Despite this limitation, the modeling framework presented here provides a flexible and extensible platform for future
investigation. The admittance-method-derived extracellular voltage distributions are directly linked to experimentally measured
calcium responses at the single-cell level, enabling future studies to evaluate different morphologies and parameter sets against
a large-scale population dataset. In addition, the RxD-based implementation of intracellular calcium dynamics allows explicit
modeling of calcium-dependent signaling and its translation to GCaMP fluorescence, which was the primary measurement
modality in this study. Unlike traditional compartmental approaches that rely on simplified calcium update equations, the
RxD framework enables spatially resolved ion dynamics, including diffusion and membrane fluxes, such that intracellular
concentrations are computed dynamically based on local conditions at each time step. This provides a more direct link
between extracellular stimulation, ion movement, and intracellular calcium signaling. While this study focuses on a specific
implementation for RGC calcium dynamics, the framework opens up opportunities for future computational investigations to
explore more detailed calcium-dependent processes, including spatial gradients, subcellular compartment interactions, and
waveform-dependent modulation of intracellular signaling pathways.

The present study establishes a clear relationship between EF wavetforin properties and population-level calcium dynamics;
however, an important next step is to understand how these externally applied fields interact with physiologically relevant
visual processing. Although spontaneous calcium activity confirmied that RGCs remained viable throughout the recordings, the
extent to which EF stimulation modulates light-driven response properties, such as temporal encoding, contrast sensitivity, or
adaptation, remains to be determined. Addressing this question will require integrated experimental paradigms combining
structured visual stimulation with simultaneous EF application. Such “entangled” stimulation frameworks would enable direct
investigation of how externally applied electric fields reshape ongoing sensory-driven activity, providing a more complete
understanding of how EF stimulation can be tuned to preserve or enhance functional retinal signaling in translational settings.

Future work will expand this approach in several directions. First, we plan to simulate and experimentally validate additional
waveform families, including other ACB configurations and short biphasic pulses. Second, future experiments will examine
cell-type-specific responses by leveraging morphological and light response data, allowing for more tailored stimulation
strategies. Third, we will explore the interaction of spatial and temporal stimulation patterns in multi-electrode or patterned EF
delivery, aiming to further improve focality and efficiency. Finally, we intend to integrate closed-loop modeling and simulation
in real time, enabling adaptive waveform optimization based on observed calcium feedback. On the modeling end, by advancing
the mechanisms used in the computational model and incorporating additional morphological RGC types, we aim to improve its
generality and predictive accuracy for calcium response dynamics across the broader RGC population. Together, these efforts
aim to establish a generalizable platform for data-driven, physiologically informed design of neural stimulation protocols for
vision restoration.
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Measurement of EF in the GCaMP Stimulation Setup
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Figure 1. Uniform electric field stimulation of retinal explants. (a) Photograph of the ex-vivo retina experimental setup
under the fluorescence microscope. The isolated mouse retina is flattened in the recording chamber with perfusion to maintain
viability. (b) Three-dimensional model of the setup used for computational electric field estimation via the admittance method
(see Methods). The retina is centered between parallel plate electrodes to create a uniform horizontal field. (c) Measured
time-averaged electric field magnitude (IEl) at the retina center, averaged across retinal preparations, as a function of applied
sinusoidal voltage amplitude. For a 10 V stimulus, the mean induced field was 344.61 (49.85) V/m. The dashed red line
indicates the least-squares linear regression, demonstrating a linear relationship between applied voltage and induced field.
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Figure 2. Admittance method simulation of voltage distribution within stimulation chamber. (a) Voltage distribution
map across the retinal chamber, showing a near-uniform horizontal field between the electrode plates. (b) Corresponding
current density map in A /m?, indicating regions of elevated current flow near the tissue-electrode interfaces. These maps
validate that the stimulation setup produces a well-controlled tangential electric field across the retinal surface.
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Figure 3. RGC responses are stable over repeated 1:4 ACB stimulations. (a) Average raw fluorescence trace (f(t)) from a

representative RGC exposed to high-frequency sinusoidal stimulation. 1:4 ACB at 50 Hz was delivered intermittently to

confirm RGC health. The consistency in amplitude and shape of the calcium transients across these repeated 1:4 ACB controls
indicates that the retina maintained stable physiological responsiveness throughout the recording session. (b) Spatial location of
the representative RGC within the imaged retinal field. The orange marker indicates the centroid of the cell whose fluorescence

trace is shown in panel (a). (c) Heatmap showing normalized f(t) across all detected RGCs during the same examination

protocol. Trials with inconsistent or diminished population responses were excluded from subsequent analyses to ensure that
only robust, high-quality recordings contributed to the reported results. (d) Summary of the stimulation protocol used in this
experiment. The session consisted of intermittent 1:4 ACB control pulses delivered between sinusoidal and DC test stimuli to

verify retinal health throughout the recording. Red dashed lines denote stimulation onset, and blue dashed lines denote

stimulation offset.
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Figure 4. Population response of RGCs to sinusoidal stimulation. (a) Single-cell calcium response varies across sinusoidal
stimulation frequencies. Violin plots illustrate the distribution of average integrated AF /Fy responses from individual RGCs in
a representative retina subjected to sinusoidal EF stimulation at varying frequencies (1 Hz to 10 kHz). The box values represent
the first quartile, median, and third quartile. The distribution shapes at lower frequencies (1-5 Hz) and at high-frequency
stimulations (>3 kHz) are more concentrated around the median, while mid-range frequencies (10-100 Hz) result in a stronger
and more spread-out distribution of cell activity. Additionally, in all frequencies, some cells exhibit high activity, while others
remain inactive, confirming the variability in activity among different RGC cell types. (b) A sample raw recording section of
peak values for one trial at different frequencies is presented.
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Figure 5. Spatial distribution of RGC response gradients. (a) Spatial maps of individual RGC responses to a 100 Hz sine
wave stimulus across five retinal preparations. The first three panels show one representative field of view from each of three
separate retinas (Retinas 1-3), while the remaining panels show three distinct regions from each of two additional retinas
(Retinas 4 and 5). AIC values were quantile-normalized (40 bins) to highlight response gradients. Warmer colors indicate
higher normalized activity. (b) Color-coded map from a representative retina (Retina 1), showing each RGC labeled by the
frequency at which it exhibited its peak AIC response. Cells preferring different frequencies tile the retinal space, illustrating
functional diversity. (c) Distribution of preferred stimulation frequencies across all analyzed cells from the five retinas (n =
1,828), shown as the number of cells whose peak response occurred at each frequency. The majority of RGCs showed maximal
activation at 50 or 100 Hz, though a smaller population was tuned to lower frequencies.



1 Hz sinusoidal | ,, 2 Hz sinusoidal | ,, 5 Hz sinusoidal

15
Time (s)

3 KHz sir;uisc;dal

AF/Fo

20 25 30 0 5 10 15 20 25 30
Time (s)

20 10 KHz sinusoidal | ../ 2s DC pulse ~>

) 5 1o 15 20 25 30 : 3 T s %
Time (s) Time (s)

Figure 6. RGC calcium signal time-courses under different EF stimulation waveforms. Each colored trace represents the
average normalized AF /Fy response from one recording session (over 200 cells each session) to a given waveform. Stimuli
tested include: (a) 1 Hz sinusoidal, (b) 2 Hz sinusoidal, (c) 5 Hz sinusoidal, (d) 10 Hz sinusoidal, (e¢) 20 Hz sinusoidal, (f) 50
Hz sinusoidal, (g) 100 Hz sinusoidal, (h) 3 kHz sinusoidal, (i) 5 kHz sinusoidal, (j) 10 kHz sinusoidal, and (k) a 2 s DC pulse.
The temporal profiles of the Ca responses differ markedly between low-frequency (periodic spiking and full relaxations),
mid-frequency (sustained elevation with partial modulation), high-frequency (diminished response), and DC (transient adapting
response) stimulations.
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Figure 7. Quantitative comparison of RGC calcium responses (AIC metric) across stimulation frequencies. Values are
normalized to the 50 Hz sinusoidal condition (baseline = 1.0). Bars show the mean AIC across retinas for sinusoidal
stimulation spanning low (1-5 Hz), intermediate (10-100 Hz), and high (3-10 kHz) frequency regimes. Intermediate
frequencies (10-100 Hz) produce the strongest calcium responses, while low-frequency stimulation yields reduced responses
due to insufficient temporal summation. High-frequency stimulation (>3 kHz) results in a sharp attenuation of calcium activity,
indicating a frequency-dependent cutoff in RGC responsiveness. Error bars represent £1 standard deviation across n =5

retinas per condition.
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Figure 8. Simulation of RGC calcium dynamics using a biophysical model. (a) Simulated AIC values in response to
sinusoidal EF waveforms (1 Hz to 10 kHz) normalized to the 50 Hz response (yellow bar). Bars in gray represent frequencies
not tested experimentally. The model predicts frequency tuning consistent with experimental findings: peak responses around

50-200 Hz and sharp decline beyond 2 kHz. (b) Sensitivity analysis of key biophysical parameters. For each parameter, the

effect on model MSE error (green) and the predicted AIC at 100 Hz (orange dashed line) is shown. Parameters like Ca-activated
potassium channel conductance, high-voltage-activated calcium channel conductance, T-type calcium channel conductance, Cg
extrusion pump, and A-type potassium conductance, as well as soma size, significantly modulate calcium responses.
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