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Abstract

We propose a conductance-based model of a rod photoreceptor cell based on experimental data and other modeling works. In this
model we use four types of ionic channels identified in the inner segment of the rod: nonselective cation channel (h), delayed rectifying
potassium channel (K,), noninactivating potassium channel (Ky) and calcium channel (Ca). The model accurately reproduces the rod
response when fed with a simulated photocurrent signal. The results show that the initial transient in the voltage response is generated by
the h channel. They also show that the h channel has a role in increasing the dynamic range of rod response to light intensity. Since we
used a single compartment model and directly injected the photocurrent in this compartment instead of simulating the phototransduction

process we produced a model with low computational cost to be used in large-scale retina models.
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1. Introduction

Recent studies have shown the existence of a complex
arrangement of rod signaling pathways across the retina in
which there are at least three different circuits responsible
for the transmission of rod signals to ganglion cells [5,13].
Evidence also indicates that ecach pathway serves a
nonoverlapping range of stimulus intensities, with ganglion
cells receiving either segregated or convergent inputs.

The functional significance of having multiple rod
pathways is unclear and computational modeling can offer
some aid in the effort to understand it. The first step in the
construction of a large-scale realistic model of the retina to
study rod pathways is the construction of a model of the
rod photoreceptor itself, which is presented in this work.
Photoreceptors respond to light with graded membrane
hyperpolarization produced by voltage-gated channels in
their inner segment. The objective of this work is to
develop a rod model based on a variety of experimental
results from cat and larval tiger salamanders (Ambystoma
tigrinum) and some theoretical models [2,3,8,9,11], capable
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of reproducing light response properties at a low computa-
tional cost.

2. The rod model

The model was created using NEURON [6] and consists
of a single compartment with passive properties and four
voltage-gated channels. The outer and inner segments in
real cells were collapsed in the model to produce a single
compartment. The simulations show that there is no
significant difference between a model with a compartment
for each segment or a collapsed compartment. Fig. 1 shows
a picture of the compartment where simulated stimuli were
injected and voltage responses were measured. Instead of
simulating the phototransduction process we used as
stimulus a simulated photocurrent waveform [9].

2.1. Ionic currents in the compartment model

The single compartment model has four voltage-gated
channels, where each ionic current was modeled according
to Hodgkin—Huxley-like equations. Parameters and equa-
tions of the model are given in Tables 1 and 2.
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Fig. 1. (A) The rod photoreceptor is composed of an inner segment containing the normal cell organelles, and an outer segment composed of a stack of
about a thousand membranous disks. (B) Single compartment rod model. (C) Equivalent circuit.

Table 1
Passive properties of the compartment model
Diameter (um) Rm (Qcm?) Cm (uF/em?) Ra Leak
(Qcm) conductance
(Sfem?)
8 [12] 6000 [12] 1[12] 200 [7] 497 x 107 [8]

The references from where the parameters were taken are shown within
brackets.

Table 2
Parameters and equations of the ionic currents

Tonic current Reversal Maximum Current equation
potential conductance
(mV) (S/em?)
Iy [1,8] -32 9.1x107* I =ggn(V — En)
Ik, [8,9,10] —74 1x1073 I, = g, m*h(V — Ep)
Ik, [4.9,10] —74 4x107* Ix, = gV — Ey)
Icy [1] 40 5%x107* Icy = gean(V — Eca)

2.1.1. Hyperpolarization activated current (1)

We used the five state kinetic model proposed by Barnes
and Hille [1] to describe the inward current produced by
hyperpolarization. This model is described by two closed
and three open states with voltage dependent rate constants
o and f,

30,30 30,503, (1)
B 28 3B 4p

where the rates o and f can be described by [1]

T U+ exp(V + b))’

p= -
(I +exp(—=(V + by)/c2))

and
a;=03ms™", » =98mV, ¢ =10mV,
a=03ms™", b, =30mV, ¢ =20mV.

The channel open probability is calculated by n=
1= (1+3n1 =r?.

2.1.2. Noninactivating K current (Ix,)

The voltage-dependent current, Ik, has slow kinetics of
activation and deactivation. This current participates in
setting the rod resting potential in darkness and in
accelerating the response to dim light [3].

2.1.3. Delayed rectifying K current (Ix,)

Experimental evidence [2] shows that rod photoreceptors
have a voltage-dependent current with characteristics of a
delayed rectifier.

2.1.4. Calcium current (Ic,)

Evidence shows that vertebrate rod photoreceptors
express a noninactivating, high-voltage-activated L-type
calcium channel [9].

2.2. Photocurrent

The photocurrent waveform was reconstructed from
bright light [2,9] and has the form

1
I = ILaar +A[(1 —e /") — <m> +(1 - e’/”)},

(3)
where I4,, represents the dark current, 4 is the photo-
current amplitude and 1y, 75, 73 and b are time constants.
The values of the parameters are [2,9]: Iqax = —0.04nA,
71 = 50ms, 7, = 450ms, 73 = 800ms, b = 3800 ms.

The dark-adapted rod photoreceptor responds to
the absorption of individual photons and produces a
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