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Abstract— Detailed mathematical model of retinal cells is
useful for the quantitative understanding of the subcellular
processes of the visual system. Retinal bipolar cells receive infor-
mation from photoreceptor cells, horizontal cells and amacrine
cells, thus it can be considered as information integration
system. Despite its importance, bipolar cell model including
inputs and outputs has not been proposed. In this paper, we
propose a rod bipolar cell model which can reproduce voltage
response of light. The model includes TRPM1 channel which
receives signal from photoreceptor cells, GABA channel which
receives signal from surrounding amacrine cells, and cell body
model which is based on the model proposed by Ishihara
et al. The model was evaluated with several light signals,
where experimentally obtained photoreceptor cell responses
were used as TRPM1 channel input. Resulting bipolar cell
membrane potential showed good agreement with the reported
experimental results.

I. INTRODUCTION

Since visual impairment elevates risk of functional dis-
ability on the Quality of Life, several studies including stem
cell-based therapies and artificial retina, have been developed
as treatment for retinal diseases. In this respect, there is
need for quantitatively understanding of the physiological
characteristics of the retinal cellular functions and the related
neural networks. The retina contains several different types
of neurons, interconnected to make the retinal network:
photoreceptors, horizontal cells, bipolar cells, amacrine cells,
ganglion cells, and Muller cells.

Bipolar cells receive inputs from photoreceptors, hori-
zontal cells, and amacrine cells, and besides, send output
to amacrine cells and ganglion cells. Therefore, bipolar
cells take a significant role in signal transmission, that is,
integration of several signal inputs. Rod bipolar cell (RBC)
dominantly receives input from rod photoreceptor cells,
and relays signal to brain via amacrine cells and ganglion
cells. Membrane potential response of RBC to light can be
characterized by the fast depolarization phase and the later
hyperpolarization phase (Fig.1)[1].

Ishihara et al. proposed a mathematical model of bipolar
cell body based on the physiological characteristics of resting
state. Although the model contains ion channels reported to
exist on cell body, neurotransmitter receptors, which receive
and transmit signal of light response, were not included.
Here, we propose a retinal rod bipolar cell model which
can reproduce light response. The model is constructed
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Fig. 1. Light-induced voltage responses of a rod bipolar cells on rat retinal

slice (Euler, 2000[1]). Perforated patch clamp recordings were performed.
A: responses of a current-clamped rod bipolar cell to 50 ms light stimuli of
different light intensities (From top: 43.5, 27.4, 19.1, 16.1, 12.6, 9.4, 6.4,
3.5, 0.6, and 0 [cd/m?], respectively). B: superimposed 3 traces from A
(arrows) for comparison: with increasing stimulus intensity, the amplitude
of both the depolarization and the hyperpolarization increases. C: responses
to stimuli (12.6 [ed/ m?2]) of different durations. D: superimposed 3 traces
from A (arrows) for comparison.

by introducing two neurotransmitter receptor models and a
simple amacrine cell model to the Ishihara model.

II. BACKGROUNDS
A. Bipolar Cell

Several subtypes of bipolar cell (BC) are distinguished
by stratification of axon ramifying in inner plexiform layer,
and connection patterns with other retinal neurons, such as
photoreceptors, horizontal cells, amacrine cells, and ganglion
cells. BC can also be classified by the cell response to light
stimulus: ON-type response which depolarize with light,
and OFF-type response which hyperpolarize with light. For
mammals, bipolar cells are mainly divided into three types:
ON-type cone bipolar cell (ON CBC), OFF-type cone bipolar
cell (OFF CBC), and rod bipolar cell (RBC).

RBC shows only ON-type response, and does not have
any direct connections to ganglion cells. Many studies have
been performed on the RBC, since more than 50% of bipolar
cells in retina are RBCs. RBC is known to receive glutamate
from rods, GABA from horizontal cells at dendrite, and
GABA and glycine from amacrine cells at axon. At the
axon of RBC, there are connections to several classes of
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Fig. 2. Retinal Cells. Abbreviations; ON Cone Bipolar Cell (ON CBC),
OFF Cone Bipolar Cell (OFF CBC), Rod Bipolar Cell (RBC), Horizontal
Cell (HC), AIl Amacrine Cell (Al AC), A17 Amacrine Cell (A17 AC),
Unidentified Class Amacrine Cell (Unidentified AC), ON Ganglion Cell
(ON GCOC).

amacrine cell, and they may take different rolls of regulation
due to specific activity pattern[15]. Besides, RBC releases
glutamate depending on membrane potential to amacrine
cells, such as AIl amacrine cell (Al AC) and A17 amacrine
cell (A17 AC) (Fig.2)[2].

B. Light-dependent glutamate input from photoreceptor

Rod photoreceptor cells release glutamate depending on its
membrane potential, and the glutamate is received by RBCs.
With incident light, rod becomes hyperpolarized which de-
creases glutamate secretion at synapse. Under dark condition,
abundantly existing glutamate at synaptic cleft, activates
mGluR6, metabotropic glutamate receptor on the dendrite
of ON-type bipolar cell. Activated mGluR6 produces G
protein signal which inhibits the non-selective cation chan-
nel TRPMI channel opening. After light onset, glutamate
decreases as explained above, and declines inhibiting signal
of G protein; therefore, TRPM1 opens and causes cation
influx. Thus, light response results in depolarization of ON-
type bipolar cell [3].

C. Lateral inhibition from horizontal cell and amacrine cell

GABA and glycine release from horizontal cell and
amacrine cell, activate chloride-permeable ionotropic recep-
tors. Role of GABA from horizontal cell is still controversial
since the chloride concentration at dendrite is unclear. How-
ever, at axon, chloride reversal potential (E¢;) is known to
be lower than the resting potential of intact cell. Thereby,
opening of the receptors causes chloride influx which hy-
perpolarizes the cell. Lateral inhibition is considered to
modulate light response of bipolar cell.

D. Ishihara Model

Passive membrane model of RBC was proposed by Oltedal
[12], however the only existing detailed active model is the
one proposed by Ishihara et al. [6].
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Fig. 3. Simple diagram of Ishihara model

The model proposed by Ishihara, contains five ion chan-
nels of bipolar cell soma and an intracellular calcium mech-
anism (Fig.3). The model can reproduce the experimental
data of dissociated goldfish bipolar cell [5]. g, is outward
potassium current blocked by tetraethylammonium (TEA),
and activates above -60 [mV]. I4 is current mainly car-
ried by potassium, and activates above -30 [mV]. Ik (cq)
activates above -10 [mV] and becomes maximum at +40
[mV]. 4 [mM]-Co, 1.6 [mM]-Ba, 35 [mM]-TEA, and 30
[ M]-quinine block the current. I, activates above -40
[mV], and becomes maximum at +10 [mV]. I; activates
below resting membrane potential, moreover, has relatively-
slow activation kinetics without inactivation. The model of
spatial distribution of intracellular calcium is also introduced;
intracellular calcium is assumed to interact with high affinity
buffers and low affinity buffers, in both intracellular surface
part and intracellular deep part.

ITII. PROPOSED MODEL

In this study, we added two neurotransmitter receptor
models: glutamate sensitive current and GABA sensitive
current, to the previously proposed Ishihara model. Since
lateral inhibition signal is required for GABA sensitive
current, we also incorporated a retinal tissue model from
which GABA concentration is calculated.

A. Model Structure

The detailed structure of the lateral inhibition system to
RBC still remains unclear except for the local feedback from
A17 AC [4]. However, as mentioned above, there may be
different regulation by some classes of amacrine cell; we
assumed that the signal from other bipolar cells could be
transmitted via amacrine cells. Also by assuming the flat
light exposure, we can assume that the cell activities are
homogeneous in the lateral direction.

The constructed tissue model is shown in Fig.4 where the
lateral inibition signal from amacrine cell is represented by a
first order delay system whose input is the membrane poten-
tial of bipolar cell. Note that, we omitted lateral inhibition
signal path from horizontal cells, since the signal can be
merged with the glutamate signal from rod.

B. Glutamate sensitive current

RBC has mGluR6, metabotropic glutamate receptor, on
its postsynaptic dendrite surface. Metabotropic glutamate
receptor is one of the G protein-coupled receptor(GPCR),
and has seven transmembrane regions, outside ligand-binding
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Fig. 4. Schematic diagram of proposed model.

site, and inside coupling site with G protein. According to
the reports of Kunishima [8], mGluR6 makes homodimer,
whose orientation modulation is essential to activate G
protein. Thus, mGluR6 acts with two glutamate molecules.
Since activation of G protein inhibits TRPM1, we described
deactivation against glutamate as Hill equation with Hill
coefficient of two.

Rapid depolarization phase is reported for the light re-
sponse of retinal slice [1]. We used a simple gating model for
the channel kinetics, and manually adjusted its rate constants
to reproduce the light response of fast membrane potential
rising. The parameters where manually adjusted to reproduce
light response of bipolar cell. Reversal potential Errpasi
was set to -11.5 [mV] according to the I-V curve reported by
Yamashita [13]. Although the glutamate application response
of isolated ON-type bipolar cells saturates at 200 [puM],
according to Shiells [14], Kgi, = 50 [uM] was used to
adjust membrane potential to appropriate physiological level
on retinal organization. grgpas1 Was manually adjusted to
1.65 to reproduce the inward current of -30 [pA] at -30 [mV]
(Yamashita [13]). The relation between the glutamate and the
channel current is shown in Fig.5(a). The channel current
Irrpyn was modeled by the following equations.

[Glu)?
Om, =400(1 - —5——— (1)
TRPM1 < Gl + Ko’

(Glu]® ) .

Brm =400 ———
TRPM1 Gl + Ken?

dmrrpai
g~ OmTRPML (1 —mrrprm1)
—BmTRPM1 - MTRPM1 3)
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Fig. 5. Relationship between (a) grrpas1 and glutamate concentration,
and (b) geaBAc and GABA concentration.

C. GABA sensitive current

GABA receptor family is composed of three subtypes,
and two of them: GABA /4 receptor and GABA¢ receptor
express on RBC. Both receptors are known to be ionotropic
receptors, and have function that channel opens with GABA
binding to their binding sites. Its permeable ion is chloride,
additionally, the reversal potential of chloride ion (E¢;) is
lower than the resting membrane potential. Thus, GABA
effects on RBC is causing hyperpolarization.

Distrubution pattern of the receptors expression differs
in species. In mouse, GABA 4 receptor exists mainly at
dendrite, and GABA¢ receptor at axon [9][10]. We modeled
lateral inhibition at axon with GABA¢ receptor. While the
number of binding sites of the GABA¢ receptor is not
clear, Hill coefficient is reported between three and five [11].
Thus we used four as its Hill coefficient. Its kinetics were
manually adjusted to reproduce the GABA puff application
response of isolated mouse RBC [10]. Similarly, gcapac
and Kgapa were manually adjusted to 4.5 and 100 [pM],
respectively. Reversal potential (E;) was calculated to be -
70 [mV], by using the intracellular chloride concentration of
7.9 [mM], extracellular chloride concentration of 110 [mM].
The relation between GABA and the current is shown in
Fig.5(b). The channel current Igapacr was modeled by
the following equations.

[GABA] ©
[GABA]4 —+ KGABA4

amaapac = 300.0 (

[GABA]! o
[GABA]4 —+ KGABA4

ﬂmGABAC’ =0.8 (1 -

dmgapac
g = ©@mGaBac- (1 —mgapac)
—BmGABAC - MGABAC 8
JGABAC = JGABAC * MGABAC )

IgaBacr = gcapa - (V — Eci) (10)
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Fig. 6. Glutamate concentration used for the input of the proposed model
under (a) various light intensities, and (b) various light duration.
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Fig. 7. Membrane potential responses of the proposed model with Fig.6
signal.

D. Amacrine Cell

We modeled the membrane potential of amacrine cell
VM Amacrine as first-order delay system of the RBC mem-
brane potential as follows. According GABA secretion is
modeled to be proportional to the amacrine cell membrane
potential.

M = k]. . (Vm — VmAmacrine) (11)
dt
GABA =k2- (VmAmacrine - VTest) (12)

k1 and ko represents time constant and amplitude, respec-
tively. We used k; = 6.0, k2 = 0.2 to reproduce the cell
light response.

IV. EXPERIMENTAL RESULTS

We reproduced the RBC light response [1] with our
proposed model by providing several glutamate signal. For
the input glutamate signal, we assumed that the glutamate
release from photoreceptor depends on the rod membrane
potential. By refering to the reported rod membrane potential
trace with different intensities (Fig.6(a)) and different interval
light stimulation (Fig.6(b)), we provided mathematically
generated rod membrane potential signal . The resulting
membrane potential of the proposed model are shown in
Fig.7(a) and (b). Compared to the light response shown in
Fig.1, the model well reproduced the membrane potential.

We can find some undershoot appearing with increas-
ing light duration in the hyperpolarization phase (Fig.7(b)),
which is reported in the experimental data [1].

V. CONCLUSIONS

We proposed a RBC model by incorporating the neu-
rotransmitter receptor channel models to the previously
proposed RBC cell body model. The model could well
reproduce the reported experimental data. To improve re-
producibility of the model, description of detailed TRPM1
cascade, the essential function of ON response, would be
needed. Besides, we described amacrine cell simply; how-
ever, the model of amacrine cell, which can reproduce its
own physiological characteristics, is also needed for this
respect.
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