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Background

In the mouse retina, rod and cone photoreceptors capture light and

convert it into electrical signals. These
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Rod

signals can reach the retinal

ganglion cells (RGCs) through different pathways with distinct sensitivities:

three rod pathways and the cone pathway (figure 1). These pathways

combine together to ensure continuous s

operating range of the retina. Recent findings have provided insights into

the

xRGC) [1]. However, the precise way these
retinal output under varying lighting condit
the circadian adaptive mechanisms remains

Purpose

relative contributions of these different pathways to the
responses of a particular type of RGC: the transient OFF alpha RGC (tOFF
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This study aims to build a comprehensive mathematical model of the

retinal circuitry integrating realistic representations of the three rod
pathways. This model serves as a powerful tool for studying the

Figure 1. lllustration of the retinal neuronal circuit.

OFF CBC: OFF cone bipolar cell; RBC: rod bipolar cell; AIL: AII amacrine cell.
ONL: outer nuclear layer, OPL: outer plexiform layer; INL: inner nuclear layer;
IPL: inner plexiform layer, GCL: ganglion cell layer.

I: primary rod pathway; II: secondary rod pathway; III: tertiary rod pathway,
C: cone pathway.

relative weighting of rod- and cone-derived signals and their routing
within retinal circuits under varying lighting conditions.

Methodology

Each retinal cell class is modeled using conductance-based models (CBMs) following Hodgkin-Huxley

formalism

, whose parameters are based on morphologic and biophysical data mined in the literature

. In CBMs, the dynamics of the membrane potential V is described by a general equation in the form:

ion currents

lion = &ion* Mion Rion:(V —Ejon)

The model includes 38,416 rods, 1,225 co

inputs [

Photocurrent [6] (photoreceptors only):
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Interactions

e Chemical synapse model

Iehem = 8chem * Schem = (V — Ecpem)
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e Gap junction model

Ieap = 8gap* Vpre — Vpost)

nes, 1,600 RBCs, 650 OFF-CBCs and 256 Alls, distributed in a

circular-grid with a diameter of 300 um, mirroring the dendritic field diameter of a single tOFF «RGC
The number of cells in each class is determined based on cell densities and synaptic convergence and

divergence ratio. The connections between
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Figure 2. Topology of the simulated portion of mouse
retina. Left: whole-set of tOFF «RGC presynaptic cells
included in the simulated network. Right: portion of the
simulated retinal cell grid, centered on the tOFF cRGC.
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Figure 3. Diagram of the simulated primary, secondary and tertiary rod pathways to a single tOFF «RGC.
The number below each cell name denotes the number of cells in the class.
X Npre : X Npost denotes the convergence:divergence ratio between the pre- and post-synaptic groups.
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Light responses of the retinal rods

Exposure to a background of light triggers an inward current within
isolated rod photoreceptors. The magnitude and kinetics of this
current depend on both the duration and the intensity of the light
stimulus. Rod photoreceptors are able to signal a wide spectrum of
light intensities, ranging from single-photon absorption events to
the absorption of hundreds of photons.

Rod photocurrent. We reproduce the experimental settings
described in In particular, a 500-ms background of light
stimulus was presented at different intensities. The experimental
recordings exhibit noise — replicated in simulations — originating
from various sources
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Figure 4. Rod simulated (left) and experimental (right) photocurrent triggered by isolated rods (no rod/cone coupling)
by a 500-ms background light stimulus exposure, at 0.02, 0.2, 2, 20 and 200 effective isomerizations per rod per
second (R*/rod/sec)

Rod photovoltage. The photocurrent entering the rod photoreceptor
induces hyperpolarization of the cell membrane.
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Figure 5. Rod simulated (left) and experimental (right) photovoltage without rod/cone coupling.

Simulations

Simulations are performed using Brian2 python package neuron
simulator , with exponential Euler integration method (timestep
of 0.1 ms). Running simulations of 35,000+ neurons and their
connections (~30 equations per neuron) for a duration of 4s requires
approximately 8m50s.
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Thresholds of the rod-driven pathways

Rod signaling at the retinal output extends beyond the operating range of single rods to cover more
than 6 log units in intensity, due to the high convergence of rod to intermediate retinal cells. Rod-
driven signals contribute to the retinal output via three different rod pathways, including different
intermediate retinal cell populations:

e The primary rod pathway: rods > RBCs > Alls > (ON or OFF) CBCs > (ON or OFF) RGCs
e The secondary rod pathway: rods > cones > (ON or OFF CBCs) > (ON or OFF) RGCs
e The tertiary rod pathway: rods > OFF CBCs > OFF RGCs

tOFF xRGC light-responses. Here, we present examples of tOFF aRGC light responses at three
distinct intensities: 0.06, 2, and 20 R*/rod/second. By eliminating one pathway at a time, we delineate
the relative contributions of the three rod pathways to the tOFF «RGC light responses. Comparing our
simulations with experimental recordings (1], we demonstrate the model's ability to accurately predict,
at the retinal output level, the sensitivity and operational range of each rod pathway — their activation
and saturation thresholds (defined as 5% and 95% of maximal response, respectively).
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Figure 6. Contribution of the rod pathways to thre retinal output

Top: Simulated (left) and experimental (right) tOFF «RGC responses to three different 500-ms background light intensities (0.06, 2, and 20 R*/rod/sec)

under three conditions (all three rod pathways, primary rod pathway eliminated, primary and secondary rod pathways eliminated).

Bottom: Mean firing rates calculated from 10 different simulations (left) and 25 consecutive recordings (right) under the three conditions.

*1 rod to RBC synaptic conductance; *2 L-(+)-2-amino-4-phosphonobutyric acid; ** rod/cone transjunctional conductance; ** rod- or cone- Connexin36 knockout.
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Our mathematical model accurately depicts the spatial topology and connectivity of rod pathways

within the mouse retina, providing a realistic framework for understanding retinal circuitry.

Our model closely replicates the essential quantitative and qualitative features of the tOFF aRGC

dynamics observed in the experimental settings

These results validate our model and its suitability for further in silico

hypothesis testing.

Perspectives

Currently, our focus lies on investigating the impact of light and circadian adaptive mechanisms on
signal processing within retinal circuits, particularly their influence on tOFF «xRGC light responses
holds promise for advancing our comprehension of visual
(patho)physiology. Its potential extends to biomedical applications, such as quantifying the effects
of blinding diseases on retinal function and evaluating the efficacy of novel treatments.

Our model

[1] Jin N. et. al. Science Advances. 8, eabm4491(2022).

[2] Hodgkin AL. and Huxley AF. J. Physiol. 117,500-544 (1952).
[3] Helmstaedter M. et. al. Nature. 500, 168-174 (2014).

[4] Behrens C. et. al. Elife. 5,e20041 (2016).

[5] Krieger B. et. al. PLoS One. 12,e0180091 (2017).
[6]JinN.et.al. J. Physiol. 593, 1597-1631 (2015).

[7] Dowling J.E. Harvard University Press. (1987).

[8] Ishibashi M. et. al. Elife. 11,e73039 (2021).

[9] Field G.D. et. al. J. Neurophysiol. 121, 255-268 (2019).

[10] Stimberg M. et. al. Elife. 8,e47314 (2019).

[11] Raison-Aubry L. et. al. IEEE /EMBS Conf. NER. 1-4 (2023).

Acknowledgment

We thank the INS2I-CNRS and LORIA for their financial support on
the ModERN-Psy project. Research in the Ribelayga lab is supported
by NIH grants RO1EY029408, RO1EY032508, RF1IMH127343, and
P30EY007551, and an Endowed Professorship from the FERV.

processing



