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Introduction: Understanding the retina in health and disease is a key issue

for neuroscience and neuroengineering applications such as retinal prostheses.

During degeneration, the retinal network undergoes complex and multi-stage

neuroanatomical alterations, which drastically impact the retinal ganglion cell

(RGC) response and are of clinical importance. Here we present a biophysically

detailed in silico model of the cone pathway in the retina that simulates the

network-level response to both light and electrical stimulation.

Methods: The model included 11, 138 cells belonging to nine di�erent cell types

(cone photoreceptors, horizontal cells, ON/OFF bipolar cells, ON/OFF amacrine

cells, and ON/OFF ganglion cells) confined to a 300× 300× 210µm patch of the

parafoveal retina. After verifying that themodel reproduced seminal findings about

the light response of retinal ganglion cells (RGCs), we systematically introduced

anatomical and neurophysiological changes (e.g., reduced light sensitivity of

photoreceptor, cell death, cell migration) to the network and studied their e�ect

on network activity.

Results: The model was not only able to reproduce common findings about

RGC activity in the degenerated retina, such as hyperactivity and increased

electrical thresholds, but also o�ers testable predictions about the underlying

neuroanatomical mechanisms.

Discussion: Overall, our findings demonstrate how biophysical changes typified

by cone-mediated retinal degeneration may impact retinal responses to light and

electrical stimulation. These insights may further our understanding of retinal

processing and inform the design of retinal prostheses.
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1. Introduction

Understanding how the retina responds to light and electrical stimulation is a key

issue for neuroscience and neuroengineering applications such as retinal prostheses.

Computational models have been built either at the single-cell level or network level

to understand the response properties of the healthy retina (for a recent review, see

Guo et al., 2014). These include single-compartment models (“point models”) to simulate

neuronal response as a function of ionic currents flowing across the neuronal membrane

(e.g., Fohlmeister et al., 1990; Fohlmeister and Miller, 1997; Wohrer and Kornprobst,

2009), morphologically realistic models based on detailed anatomical representations of the

physical components of biological neurons (e.g., Smith, 1995; Greenberg et al., 1999), and
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FIGURE 4

Simulating retinal degeneration. Abbreviations same as in Figure 1. (A) To simulate Phase I/II of retinal degeneration, we gradually shortened the cone

outer segment length while simultaneously reducing the cone population. (B) The complete loss of the cone population marks the beginning of

Phase III. (C) During Phase III, we gradually reduced the population of bipolar and amacrine cells. In addition, a fraction of surviving cells migrated to

di�erent layers: amacrine cells started to migrate to the horizontal cell layer, the inner plexiform layer, and the ganglion cell layer; bipolar cells started

to migrate to the inner plexiform layer and the ganglion cell layer; RGCs started to migrate to the horizontal cell layer. At the end of Phase III, all inner

retinal neurons have degenerated. (D) Spontaneous firing rate of ON and OFF RGCs as a function of disease progression. Input was a full-field

stimulus of L(t) = 0.5 light intensity (Equation 5). Values indicate the spontaneous firing rate measured over 2,500 ms and averaged across all RGCs,

with vertical bars indicating the standard deviation. (E) To simulate disease progression over time, we assumed a constant rate of change for PR

segment length and neuron survival. (F) RGC spontaneous firing rate as a function of cone outer segment truncation (simulated as a reduction in the

cone-light conductance Glight, see Equation 5), averaged across RGCs, while the cone population size was held constant. (G) RGC spontaneous firing

rate as a function of the size of the cone population, averaged across the population of surviving RGCs, while Glight was held constant.
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FIGURE 5

RGC firing rate (in response to light stimulation) decreases with the progression of degeneration. The stimulus was a bright disk (40µm in radius with

light intensity 1) surrounded by a dark ring (40µm in inner radius and 80µm in outer radius with light intensity 0) placed on a gray background (300 ×
300µm with light intensity 0.5). (A) Firing rate of ON and OFF RGCs, measured over the 1000ms stimulus presentation, plotted against time. The

mean and standard deviation were calculated from the ON RGCs under the bright disk and the OFF RGCs under the dark ring. (B) The spatial activity

of ON RGCs (top row) and OFF RGCs (bottom row) plotted at di�erent time points of degeneration. The borders of the bright center and dark

surround are outlined in black.

segment length were at 80% of their healthy values), inhibitory

subregions at times t < 0 were much broader and much more

pronounced, and were followed by an enlarged excitatory center

that had lost its circular shape. In later stages of Phase I/II

(where cone population and outer segment length were at 40%

of their healthy values), the ON cell was no longer sufficiently

responsive to light stimulation and its spatial response profile

was lost.

The receptive field profile of the OFF cell also exhibited a

center-surround structure, though the excitatory surround was

most pronounced at t = −50ms due to the longer synaptic

delay of the OFF pathway (see Section 2.2). This also led to a

prolonged response at the center of the receptive field profile.

In early Phase I/II, the spatial response profile of the OFF cell

seemed to be largely preserved, although the overall response as

weakened. In late Phase I/II, the OFF cell was no longer sufficiently

responsive to light stimulation and its spatial response profile

was lost.

3.5. Electrical thresholds increase
throughout retinal degeneration

Understanding how the degenerated retina responds to

electrical stimulation is crucial for treatment options such as retinal

prostheses. We thus placed a simulated disk electrode (80µm)

either epiretinally (i.e., 2µm above the ganglion cell layer; Cottaris

and Elfar, 2005) or subretinally (i.e., at z = 135µm, close to

horizontal and bipolar cells) and measured the RGC response to a

20Hz cathodic-first biphasic pulse train of 1 s duration with 0.45ms

phase duration (Figure 7).

Consistent with the literature (Rizzo et al., 2003b; O’Hearn

et al., 2006; Jensen and Rizzo, 2008; Goo et al., 2011; Cho et al.,

2016), electrical thresholds in later stages of degeneration rose to

200–400% of those in the healthy retina (Figure 7). Here, threshold

was defined as the smallest stimulus amplitude that elicited a spike

on at least half of 20 trials (Sekirnjak et al., 2009; Weitz et al., 2014),

and the resulting thresholds were averaged across the population of

surviving RGCs.

Interestingly, our model predicted that degeneration should

affect the electrical thresholds of ON and OFF RGCs differently:

whereas thresholds for ON cells tended to rise rapidly in

Phase I/II, OFF cell thresholds decreased throughout Phase

I/II to a point where the threshold was effectively zero, due

to increased spontaneous firing. As cells started to migrate in

Phase III, thresholds rose again. Notably, epiretinal stimulation

thresholds kept rising (Figure 7A), reaching thresholds up to

400% of those found in a healthy retina, whereas subretinal

thresholds were more stable during Phase III and plateaued

at around 200% of the healthy thresholds (Figure 7). The

standard deviations in Phase III were significantly larger

than those in Phase I/II because of the cell migration in

Phase III.
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FIGURE 6

Generalized linear model fit for ON cells (left) and OFF cells (right) for a healthy retina (top row), early Phase I/II (middle row; 100% cones surviving

and Glight = 0.75 for ON, 60% cones surviving and Glight = 0.6 for OFF), and late Phase I/II (bottom row; 80% cones surviving and Glight = 0.75 for ON,

40% cones surviving and Glight = 0.45). The colorbar represents the range of values of the linear filters ki (see Section 2.4) at each spatial and

temporal location, where green indicates excitatory values and purple indicates inhibitory values.

In addition, the spatial response profiles were strongly affected

by degeneration (heat maps in Figure 7, here shown for a 20Hz

biphasic pulse train with 60mA amplitude). A ring-like structure

is noticeable in both ON and OFF cell responses due to the

influence of the extracellular potential being highest along the edge

of the electrode, allowing activity to spread far beyond the size of

the electrode. Epiretinal stimulation was able to elicit solid OFF

cell responses throughout Phase I/II, whereas ON cell responses

lasted only halfway through. After that, cell migration started

to disrupt spatial response profiles in Phase III. The story was

similar for subretinal stimulation, though a few differences were

noticeable. First, ON cell responses vanished almost immediately

in Phase I/II, only to come back in late stages of Phase III as

more and more ganglion cells started to migrate closer to the

subretinal electrode. Second, the spatial activation profile of OFF

cells was more confined early in Phase I/II, but began to widen

due to increased spontaneous RGC later in Phase I/II. Third, cell

migration disrupted the spatial response profiles more quickly and

more thoroughly, but continued to elicit responses all the way to

the end of Phase III.

3.6. Cell death and migration a�ect ON and
OFF cells di�erently

To isolate the network changes responsible for the altered

electrical response properties of RGCs, we simulated frequency-

current (F-I) curves at different stages of degeneration for three

different stimulation modes: current injection, epiretinal electrical

stimulation, and subretinal electrical stimulation (Figure 8). During

Phase I/II, cone death reduced the response of ON cells for all

three stimulation modes (Figure 8, top row), but left OFF cells

unaffected. This is consistent with the retina’s light response in

Figure 4F. During Phase III, bipolar and amacrine cell death

reduced the response of OFF cells for all three stimulation modes,

but left the ON cells mostly unaffected (Figure 8, top row); the

one exception being subretinally stimulated ON cells, which saw

the greatest reduction in activity. Finally, cell migration affected

the response of both ON and OFF cells for both epiretinal and

subretinal stimulation, increasing response variability across the

RGC population.

Overall, these results demonstrate how network-level changes

may affect RGC firing at different stages of retinal degeneration.

4. Discussion

We have developed a biophysically inspired in silico model

of the cone pathway in the retina that simulates the network-

level response to both light and electrical stimulation, and found

that simulated cone-mediated retinal degeneration differentially

affects ON and OFF RGCs. Existing computational models of

retinal degeneration largely focus on RGC activity in the absence

of photoreceptor input (e.g., Cottaris and Elfar, 2005; Golden et al.,

2018), but do not consider the global retinal remodeling that may

impact the responsiveness of RGCs. To this end, our simulations do

not just reproduce commonly reported findings about the changes

in RGC activity encountered during retinal degeneration (e.g.,

hyperactivity, increased electrical thresholds) but also offer testable

predictions about the neuroanatomical mechanisms that may

underlie altered RGC activity as a function of disease progression.

Consistent with the literature (Pu et al., 2006; Stasheff, 2008;

Sekirnjak et al., 2011; Stasheff et al., 2011; Telias et al., 2019), we

found that RGCs exhibited elevated spontaneous firing rates during

retinal degeneration (Figure 4). In our model this was mainly

restricted to the OFF RGC population, which became more active

over time (Figures 4D, G). Similar observations have been made in

degenerated retinas of mousemodels (Pu et al., 2006; Stasheff, 2008;
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FIGURE 7

RGC response to electrical stimulation with a 20Hz biphasic cathodic-pulse train (0.45ms phase duration, 1 s stimulus duration). Mean values were

calculated over 1,000 ms (stimulus presentation) and averaged across neurons located directly below the electrode; vertical bars the SD. (A) Epiretinal

stimulation. Electrical stimulation thresholds during retinal degeneration reported relative to healthy thresholds (100% horizontal dotted line). The

spatial response profile of ON and OFF RGCs is given below for a pulse train of 60µA amplitude. The borders of the electrode are outlined in black.

(B) Subretinal stimulation. Electrical stimulation thresholds during retinal degeneration reported relative to healthy thresholds (100%, horizontal

dotted line). The spatial response profile of ON and OFF RGCs is given below for a pulse train of 60µA amplitude. The borders of the electrode are

outlined in black.

Sekirnjak et al., 2011), which are dominated by OFF cell activity.

However, we identified photoreceptor cell death in Phase I/II as

the main driving force behind this hyperactivity, as opposed to an

intrinsic change to RGC excitability (Telias et al., 2019). Moreover,

the complete loss of cones did not drive RGCs into an oscillatory

state (Figure A2). However, this may be due to the fact that our

simulations did not include gap junctions (see below). On the other

hand, ON cells showed increased activity in response to cone outer

segment truncation (Figure 4F), which may occur only early in

degeneration before most photoreceptors are lost, after which their

spontaneous activity is expected to quickly vanish.

As the light response of the RGC population slowly subsided

(Figure 5), ON cells saw a much quicker reduction in firing rate

than OFF cells, remaining silent for the second half of Phase I/II

and all throughout Phase III (Figure 5). A generalized linear model

revealed a brief broadening of the spatiotemporal receptive field

for ON RGCs early in Phase I/II while these cells were losing their

inhibitory surround, before the spatial properties of both ON and

OFF receptive field were lost (Figure 6). This is consistent with

studies that have documented cell type–specific functional changes

in RGCs across animal models (Pu et al., 2006; Sekirnjak et al.,

2011; Yu et al., 2017), where spatial receptive fields often lose their

circular shape and appear spotty before they vanish (Yu et al., 2017).

As degeneration progressed, electrical thresholds tended to

increase for both subretinal and epiretinal stimulation (Figure 8),

which is consistent with most literature on the subject (Rizzo

et al., 2003b; O’Hearn et al., 2006; Jensen and Rizzo, 2008;

Goo et al., 2011; Cho et al., 2016)—though see Sekirnjak et al.

(2009). Mirroring the changes in the light response, ON cells

also displayed diminished responses to electrical stimulation
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FIGURE 8

Frequency-current (F-I) curves for three modes of neuronal stimulation: current injection (two leftmost columns), epiretinal electrical stimulation

(two center columns), and subretinal electrical stimulation (two rightmost columns). F-I curves are shown for RGCs at di�erent stages of retinal

degeneration: as a function of cone death during Phase I/II (top), as a function of bipolar and amacrine cell death during Phase III (middle), and as a

function of bipolar, amacrine, and ganglion cell migration during Phase III (bottom). Values averaged across RGCs; vertical bars are the

standard deviation.

(Figure 8). This resulted in higher activation thresholds for

ON cells as compared to OFF cells (Figure 7), which is a

phenomenon previously documented in the degenerated mouse

retina (Yang et al., 2018). Interestingly, our model also predicts

a brief period of degeneration during which OFF cells are

so active that their electrical threshold is effectively zero.

Furthermore, our model offers testable predictions of how cone

death (Phase I/II), bipolar and amacrine cell death (Phase III),

and cell migration (Phase III) affect the responsiveness of RGCs

(Figure 8).

Overall, our findings demonstrate how biophysical changes

associated with retinal degeneration affect retinal responses to

both light and electrical stimulation, which may have important

implications for the design and application of retinal prostheses.

In specific, our results suggest that spatially confined responses

might be more easily elicited with subretinal stimulation in Phase

I/II and with epiretinal stimulation in Phase III (Figure 7). This

implies a role for subretinal prostheses in early stages of the

disease, whereas epiretinal prostheses may be more effective in

later stages. However, cell migration might strongly affect both

stimulation modes (Figure 8), leading to spotty activation of the

RGC population that may obscure the perceptual interpretation of

these electrical stimuli.

Moreover, both subretinal and epiretinal stimulation are

expected to more easily activate OFF cells, as they remain active

through most of Phase III. This suggests that OFF cell activity may

play a greater role in prosthetic vision than previously assumed (Im

and Fried, 2015), which could have important implications for the

differential activation of RGC subtypes (Twyford et al., 2014; Yang

et al., 2018; Chang et al., 2019; Tong et al., 2020).

Although our model captures a range of biophysical changes

common to cone-mediated retinal degeneration, we were forced

to make some simplifying assumptions due to the complex nature

of the degeneration process. Most notably, our model did not

include rod circuitry and gap junctions. This may explain why

we did not observe oscillations in our model, since rod bipolar

cells are thought to participate in an oscillatory network in the

outer retina (Haq et al., 2014; Euler and Schubert, 2015) that may
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arise from electrically coupled networks (Yee et al., 2012; Haq

et al., 2014; Euler and Schubert, 2015; Trenholm and Awatramani,

2015; Goo et al., 2016; Ahn et al., 2022). In addition, we did not

consider it feasible to model the hyperproliferation of Muller cells,

the formation of microneuromas, or other morphological changes

commonly observed during inherited retinal degeneration (Marc

et al., 2003).

Nevertheless, as we did not modify the intrinsic properties

of the RGC population, our results suggest that commonly

documented physiological changes such as RGC hyperactivity and

increased electrical thresholds (Chen et al., 2013; Saha et al.,

2016; Telias et al., 2019) may have additional network-mediate

causes that are presynaptic to RGCs. This work thus offers testable

predictions to further our understanding of retinal processing in

health and disease. Future work could focus on adding additional

morphological and topological detail to the simulation in order to

obtain a more complete picture of the changes in RGC response

properties associated with inherited retinal degeneration.
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