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Analysis of the relationship
between rod cell membrane
currents and the photoreceptor
component of electroretinograms
using a cable model
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This study presents a one-dimensional bidomain cable model for analyzing the relationship between
rod membrane currents and rod electroretinogram (ERG) waveform components. The model
incorporates the detailed structural and electrophysiological properties of rod photoreceptors by
assuming the distribution of various ion currents. Simulation results indicate that the outer segment
current (I, . ) primarily influences the photoreceptor component of ERG in low-intensity light, while
the transient potential notch shape called “nose,” observed under high-intensity light stimulation,

is mainly attributed to the /. current in the inner segment. In addition, capacitive currents in the

outer segment play a crucial role in maintaining extracellular current loops when Lohoto is inactive.
These findings highlight that currents other than/ , . , such as / and capacitive currents, contribute
significantly to the ERG waveform, particularly under high-intensity light, as theoretically suggested
by Robson et al. The model successfully reproduced the experimentally measured rod ERG waveforms
and their local components, providing a foundational platform for further investigation of ERG
mechanisms. This enhanced understanding could lead to improved clinical applications of ERG in the
diagnosis and assessment of retinal conditions. Future work will focus on refining the ion channel
distribution, incorporating additional transport mechanisms, and validating the model using a broader
range of experimental data to better replicate the complex electrophysiological phenomena of rod
photoreceptor cells.
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The retina is the part of the eye that senses light and communicates this information to the brain via the
optic nerve. Rod photoreceptors mediate night vision, whereas cone photoreceptors enable the observation
of fine details and colors in daylight. Many retinal diseases leading to blindness are caused by photoreceptor
dysfunction. An electroretinogram (ERG) is a complex field potential widely used to monitor retinal function
and resolve the basic mechanisms of vision in the retinal. In recent years, expanding research on hereditary eye
diseases and the development of transgenic animal models have led to a growing interest in the use of ERG*™*.
Although ERG signals have long been characterized with regard to several components that vary according to
their known cellular and molecular origins, the quantitative origins and characteristics of these components
remain unresolved, limiting the application of ERG in the study of disease pathogenesis and treatment efficacy®”.
To facilitate effective and quantitative use of ERG, it is important to understand the origins of these signal
components.

Photoreceptors contribute to ERG by generating the a-wave, a negative corneal potential that is the earliest
event when a bright stimulus is applied® '°. Following the a-wave, a positive-going b-wave is generated by bipolar
and/or Muller cells'’~'°. Other components, such as the c-wave, d-wave, and oscillatory potentials (OPs), are
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associated with the retinal pigment epithelium (RPE), OFF-type bipolar cells, and middle retinal cells such as
amacrine cells®2%21,

The a-wave finding is significant and considerably guides the differential diagnosis. In both genetic diseases
(where the a-wave can narrow the list of genes likely to be associated with the disease) and acquired diseases,
abnormalities in the a-wave can serve as practical indicators for diagnosing retinal disorders, such as congenital
stationary night blindness, melanoma-associated retinopathy, and X-linked retinoschisis?*?*. Similar to an
electrocardiogram, ERG may provide a direct correlation between specific waveform changes and underlying
pathological conditions, enabling precise diagnoses®*.

The a-wave analysis was initiated by Granit, who first separated the PI, PII, and PIII components, marking
the beginning of research on ERG waveforms®. Later studies reported that the mathematical formula proposed
by Lamb and Pugh provided a good approximation for explaining the leading edge of an a-wave®!!. In these
studies, the a-wave, which is the PIII component of the ERG, was assumed to be identical to the outer segment
current of the photoreceptors. This assumption provides a good approximation in low-intensity lighting
conditions. However, experiments under high-intensity lighting conditions revealed the presence of the “nose”
waveform, a steep positive potential following the initial negative signal in the a-wave, which is not observed in
the outer segment current. This indicates that this assumption is not entirely correct>~?’.

The “nose” waveform has been reported to disappear when the I, is blocked, suggesting that the I, current
is related to its originz&”. However, whether I, alone is responsible for the formation of the “nose” waveform is
still debatable. This issue arises because the quantitative relationship between the ERG and photoreceptor ion
currents has not been clearly defined. The photoreceptors that generate a-waves have long and narrow structures
composed of an outer segment, inner segment, cell body, axon, and synaptic terminal®®. Understanding the
spatial distribution of ionic currents in these cells is essential to clarify the relationship between ionic currents
and the mechanism of a-wave generation.

To address this problem, circuit models have been used to analyze the ERG waveform generation mechanism.
Robson et al. used a current model primarily focusing on the outer segment current (I, ), including the cyclic
nucleotide-gated channel current (I ;) and potassium-gated sodium calcium exchanger current (), along
with a simple passive circuit model with a capacitor representing the membrane capacitance, to analyze the
relationship between the ERG waveform, outer segment current, and capacitive current*:32. They concluded
that the capacitive current partially contributed to the ERG waveform. However, this model does not incorporate
the physiological ion currents reported in photoreceptors other than the outer segment current, indicating
that the relationship between photoreceptor ion currents, particularly I, and the ERG waveform has not been
analyzed in detail.

Subsequent studies, such as those using circuit models by Tyler, did not implement the detailed ion currents
present in the photoreceptors, and the relationship between the ERG waveform and ion currents has not been
quantitatively analyzed*. Concerning the ion current models of photoreceptors, a salamander photoreceptor ion
current model proposed by Kamiyama et al. has been introduced®*3*. Several studies have reported ion currents
present in photoreceptors; however, research on the localization of ion currents critical for ERG generation
remains limited®3-*%. In most cases, studies have reported the localization of ion channel proteins through
immunostaining techniques, but not current densities.

To fill this gap, this study aims to develop a new mathematical model that differs from the simplified circuit
models. This model approaches the a-wave generation mechanism, which is an ERG characteristic, from the
perspective of ionic currents, which is a cellular property. A one-dimensional (1D) bidomain cable model was
developed to analyze the distribution of various ionic currents within the photoreceptors and their relationship
with a-wave generation. Through this approach, we aim to overcome the limitations of the existing models,
provide a new theoretical framework, and achieve a deeper understanding of the a-wave generation mechanism.

Methods
In this study, we hypothesized that the photoreceptor component of ERG waveforms could be explained by a 1D
electrophysiological bidomain cable model of photoreceptor cells (Fig. 1).

Single-cell model

In this section, we describe the single-cell model used to construct the 1D cable model. Because this study aimed
to construct an ERG analysis platform for clinical examinations, the single-cell model needed to be based on
at least mammalian cells. However, to date, no detailed mammalian photoreceptor electrophysiological models
have been proposed. The most widely used model in which the electrophysiological properties have sufficient
accuracy is the one proposed by Kamiyama et al.3#3°. , which was constructed using data from lower vertebrates
and incorporates the newt photosensitive current model. Thus, we used this model with modifications to the
photosensitive current model to reproduce the shorter reaction times observed in mammalian data'4.

In the Kamiyama model, the outer segment current is called Lhores based on the Newt model proposed by Torre
et al.*>. Although the Torre model provides a good representation of I,  ~from newts and other amphibians, the
mammalian [,  is shorter than that of newts. Pahlberg et al.'. have reported that a typical mouse L hoto fOr rOds
has a duration of 0.5-2.0 s, while that of a newt ranges from 2.0 to 6 s.

Abtout et al.*%. proposed a mouse I\, model, which represents an actual photosensitive current carried by a
cyclic nucleotide-gated (CNG) channel. Therefore, we used the Abtout model as the basis for our I,  to achieve
abetter I time course of mouse data'*. The pigment molecule reactions are activated by a light stimulus (Rh*)
and activated transducin (Tr*). Light-activated phosphodiesterase (PDE*) was used in the proposed model,
whereas the equations of the Kamiyama model were used for the time course of cyclic guanosine monophosphate
(cGMP)-dependent Lhotor which is the summation of I, and the potassium-dependent sodium-calcium

Scientific Reports |

(2025) 15:11211 | https://doi.org/10.1038/s41598-025-95998-5 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

A Rod photoreceptor

=)

Outer  Connecting Inner  Axon Axon
- Cell g ti
segment cilium segment bod ynaptic
ody terminal
OS OSIS IS ISCB (B AX ST

B Extracellular domain

o o o o
(ﬂe,O e (ﬂe 1 e, 1 e?2 e2 e,N-2 (peN 1 e,N-1 eN
, YA A AN :
J J tNl J t,N
ext,l ext2 J - J ext,
cap, 1 cap 2 cap,N-1 capN J

Ll 2 S A Py

73
iz 0is OiN-2 Pin- OiN1 LN

i

Fig. 1. The proposed photoreceptor cell model and its circuit model. (A) The proposed photoreceptor cell
model; (B) A 1D bidomain model. The upper edge of B represents the extracellular domain, and the lower
edge, the intracellular domain. o o extracellular conductivity; P 1o extracellular potential; 0, intracellular
conductivity; ¢, |, intracellular potentlal J.» 1o Capacitive current per unit volume; J o membrane current per
unit volume; J_, |, extrusive current per unit Volume, N, number of lattice points; Vm | membrane potential.

exchanger current, I . Therefore, other ion channel and transporter model equations, including those for I,
Lo Iew Tycay Tkicay Dieate Incxe and I, ,, were incorporated into the Kamiyama model?*3>.

Several( processes Contribute to neuronal calcium dynamics?’. Once calcium ions enter a cell through
calcium channels, they diffuse and bind to various buffers. Because the intracellular mechanisms that regulate
intracellular calcium ions are not fully understood, calcium systems were modeled using minimal mechanisms
to reproduce calcium-dependent currents in a single-cell model*>%.

The intracellular Ca?* mechanism in the single-cell model is the same as that in the Kamiyama model**%>.
Intracellular calcium is divided into two areas of the cell: the space immediately below the plasma membrane
([Caz*]s) and the central space ([Ca?'] o). This allows for the regulation of intracellular calcium by facilitating
influx via I, extrusion via transporters, and both binding to and separation from internal buffers with high
affinity ([Ca**], _and [Ca?*], ) and low affinity ([Ca**], and [Ca®*],), respectively.

In the subsequent section, we elaborate on the transformation of a single-cell model into a 1D cable model.
Our exposition will encompass the meticulous elucidation of six fundamental facets: model structure, electrical
circuit model, intracellular and extracellular conductance, membrane capacitance, ion current distribution, and
calcium ion diffusion.

1D cable model
Model structure
A 1D cable model was constructed to incorporate the structural compartments of photoreceptor cells. These
are the outer segment (OS), connecting cilium (OSIS), inner segment (IS), myoid connecting the inner segment
and cell body (ISCB), cell body (CB), axons connecting the cell body and synaptic terminal (AX), and synaptic
terminal (ST) (Fig. 1A).

The size of photoreceptor cells, their cross-sectional areas, and the length of each structural compartment
vary between species and, to a lesser extent, between cells within the same retina. In our model, reported values

obtained from published information on the photoreceptors of humans and mice were used for the lengths
(Table 1)#-°2,
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Com | Diameter (um) | Ref | Length (um) | Ref
oS |2.09 ST129.41 49
OSIS | 045 2 0.70 49
IS 1.95 51 26.9 4
ISCB | 0.45 2 119.08 *
CB 4.58 49 6.96 49
AX 0.45 2 26.98 4
ST 3.0 0 1.867 0

Table 1. The diameter and length of each cell compartment in the proposed rod photoreceptor cell model.
OS outer segment, OSIS cilium, IS inner segment, ISCB myoid connecting the inner segment and the cell
body, CB cell body, AX axon connecting the cell body and the synaptic terminal, ST synaptic terminal, Com
compartment, Ref reference.

OS OSIS IS ISCB CB  AX ST

Fig. 2. A rod photoreceptor cell represented by combining multiple cylinders.

The compartments of rod photoreceptor cells have different diameters. To reflect this difference in our model,
we divided it into seven compartments (OS, OSIS, IS, ISCB, CB, AX, and ST), and used a cylinder to represent
each compartment, as shown in Fig. 2. These cylinders were connected in an appropriate sequence to create the
3D structure and shape of the entire rod photoreceptor cell.

Utilizing the length data of the rod cells, as shown in Table 1, our approach involved segmenting the 1D
cable model into 100 equidistant intervals. Individually corresponding to the length of each compartment
facilitates the determination of the segmentation points within the rod photoreceptor cell model. Specifically,
segments 1-26 delineate the OS, whereas segment 27 denotes the OSIS. Segments 28-51 encapsulate the IS, with
segments 52-68 representing the ISCB. Segments 69-74 are attributed to the CB, followed by segments 75-98,
corresponding to the AX. Finally, segments 99-100 signify ST.

Electrical circuit model

To calculate the extracellular potential, a bidomain model was used to represent the cable model (Fig. 1B).
The cable was represented by N lattice points with one extracellular point outside the cell, with intervals A_
in the longitudinal direction. Intracellular current (]i’ > extracellular current (]e, \J» capacitive current (]Cap’ "2
membrane current ( Jon, ) intracellular conductivity (O‘i) ) extracellular conductivity (O‘E) ,)» and extrusive current
( Jext, ) were included in the model.

Intracellular and extracellular conductance

Various values of intracellular (R,) and extracellular conductance (R,) were used in the biological bidomain
equation because a clear agreement on the appropriate values is lacking®. We used typical conductivity values
reported by Hagins et al.>*. The intra- and extracellular conductances of the cells in different compartments
were calculated based on the cross-sectional area of the defined unit segments. Conductance was calculated
using the available physiological measurement data for the intracellular space within the unit segment. However,
detailed physiological data are not available for extracellular conductance. Therefore, we conducted extensive
measurements of the extracellular space surrounding the rod photoreceptor cells using low-magnification
electron micrographs of the longitudinal section of the entire photoreceptor layer®. The average value obtained
from these measurements was used to calculate the conductance of the extracellular space within the unit
segments.
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Membrane capacitance

According to the Kamiyama model®»%, the total membrane capacitance of a single-rod photoreceptor in
vertebrates (C, ) is 20 nE, which has a scale of approximately 0.2383 relative to that of mice provided by Hagins et
al.>*. Therefore, in this model, the membrane capacitance was derived by applying this scale to the values, and the
membrane capacitance at each lattice point was obtained from the ratio of the surface area of each compartment.
Simultaneously, all ion—current conductances in the proposed model were adjusted using this ratio. The surface
area of each compartment was calculated using Eq. (1), where D and L represent the diameter and length of
compartment C, respectively.

Sq = TDLe, (C € X) (1)

where

X € {08, 0SIS, IS, ISCB, CB, AX, ST}. @)

Ion current distribution
It is known that only I, - exists in the OS, which includes I\ and Iy ***. We assumed that all cell
compartments other than the OS had I,,,. For all other currents, we referred to immunostaining studies to
determine which ion channels (or transporters) were localized in which compartments.

I, was present in the IS and ST of rod photoreceptor cells in mice according to the immunostaining results
of Fortenbach et al.*,

For I, , immunostaining by Jiang et al.*!. confirmed that Kv2.1 is present in the IS, and Kv8.2 in the IS and ST
of mouse rod photoreceptor cells.

For I .,,immunostaining by Knoflach et al.*!. confirmed that Cav1.4 is localized in the ST of rod photoreceptor
cells in mice.

For Ic1((;3)’ ANO1 (TMEM16A) was confirmed to be localized in the ST by Caputo et al.*’. and Jeon et al.*%.
Stohr et al.”. confirmed that ANO2 (TMEM16B) is localized in the IS and ST of rod photoreceptor cells in mice.

For I, immunostaining performed by Kizhatil et al.’®. revealed that NCX1 was localized in the IS and ST
of rod photoreceptor cells in mice.

For I,y,,, Morgans et al.’. confirmed that PMCA transporters are localized in the IS and ST of rod
photoreceptor cells in rats.

Tanimoto et al.*’. failed to confirm the presence of I .., in mice. However, it exhibits gene expression in the
mouse retina®®. Therefore, we assumed that all cell compartments, other than the OS and OSIS, contained Txccay

Table 2 lists the compartments in which the ion currents were implemented in our model. The cilium (OSIS)
is very short; therefore, only a I, , channel was implemented.

The channel conductance of each ion current at each lattice point varies depending on the cell compartment
in which it is present. I; and I, are mainly concentrated in the IS; we assumed that 90% of the conductance
of these two ion currents is in the IS, and the remaining 10% was determined by the ratio of the surface areas
of the compartments using Eq. (1). I,, and I, are primarily located in the ST, and we assumed that 95%
and 49% of the conductance of these two ion currents are in the ST, respectively, and the remaining 5% and
51% were determined by the ratio of the surface areas of the compartments except the ST using Eq. (1)*’. The

conductance distribution for I, and I, ., was adjusted based on the data reported by Johnson et al.>>. Finally,
the conductance distributions of I and I, were determined from the ratio of the surface areas of the
compartments using Eq. (1).
Compartment

Ref Channel | OS | OSIS |IS | ISCB | CB | AX | ST

* Ipho(o + B B B B B B

a I, - |- + |+ + o+ |+

2L e — - ot M I

38 Iyex - |- + |+ + |+ |+

36 Tovca - |- + [+ + o+ |+

40 Ica - |- + |+ + o+ |+

31 I, - |- + |+ + o+ |+

a4 I, - |- + |+ + l+ |+

» L - |+ + |+ + |+ |+

Table 2. Ion channel distribution of our proposed model of a rod photoreceptor cell. The (+) indicates that the
ion channel was implemented in the compartment, and the (-) indicates that it was not implemented. AX axon
connecting the cell body and the synaptic terminal, CB cell body, IS inner segment, ISCB myoid connecting the
inner segment and the cell body, OS outer segment, OSIS cilium, ST synaptic terminal, Ref reference.
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Calcium ion diffusion
Because each lattice point had calcium ion (Ca?*) diffusion compartments, Ca?* diffusion between adjacent
lattice points was added to the cable model. The intracellular Ca*" dynamics of the outer and inner segments in
the proposed model are shown in Fig. 3.

There were three types of Ca** concentrations in the proposed model: [Ca®*] ¢ in the OS, where IPhoto was
implemented; [Caz*] between the OSIS and ST, which is the Ca** concentration near the cell membrane; an
[Ca**];between the OSIS and ST, which is the Ca?* concentration deep in the cytoplasm. Regarding the diffusion
of Ca2+ between each compartment, we assumed that Ca** diffusion may occur between [Ca**] ¢ in the OS and
[Ca**]_in the IS, [Ca?*] in the IS, [Ca®*]_in the CB, [Ca®*],in the IS, [Ca®*], in the CB, and [Ca§*] and [Ca**];
in the IS and CB.

Note that a buffer called calbindin (Cab) is bound to [Caz*]os in the OS and was included in the I shoto model.

FicK’s first law equation was used to calculate Ca®* diffusion between lattice points. F, was calculated using
the following equation from FicK’s equation:

[Ca2+] — [Ca2+]

Ay

Fy, = Bidca k bl ©)

where d_ (um?/s) is the Ca?* diffusion coefficient; [Ca**], and [Ca®*],, (umol/m?) are the Ca®* concentrations
at pomts ‘k and k+1, respectively; x (um) is the spatial dlrectlon, . (um) is the interval between two lattice
points; B, (um?) is the cross-sectional area at k; and F, (umol/s) is the flux through lattice points k and k+ 1.
[Ca2+] is the calcium concentration at the k-th lattlce point near the cell membrane between the OSIS and
ST, and [Ca *], . is the calcium concentration at the k-th lattice point deep in the cell between the OSIS and ST.
Note that because [Ca?'] o 18 the calcium concentration involved in I, . it was assumed that diffusion occurs
between [Ca**]_ in the vicinity of the cell membrane. Denoting the name of the compartment at lattice point k as

o the cross- sectional area at lattice point k was determined using Eq. (4). Smaller values of B, , and B, |, were
used for the cross-section B,.
D 2
Boy— w( 20) @)

By representing the cell volume at lattice point k as s,, the changes in Ca?* at the k-th lattice point were calculated
using the following equation:

d I:Ca2+]k N Fk*l — Fk (5)
dt - Sk
[Ca**),e¢ Submembrane:|Ca** )¢

(~ [Ca™]os S~ [Ca’ —\Lm

[Cd b]u.\

[(.u‘*]‘ (u“‘]m \Ca *'].'.x [(-'7"].'3.,
o |
[Ca® | ,I(a ]y

Central:|Ca**],
OSIS IS ISCHB CB AX ST

Fig. 3. Ca?" system of the proposed rod photoreceptor cell model and the diffusion of Ca?* between lattice
points. AX axon connecting the cell body and the synaptic terminal, CB cell body, IS inner segment, ISCB
myoid connecting the inner segment and the cell body, OS outer segment, OSIS ciliumm, ST synaptic terminal.
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The diffusion fluxes F, , near the plasma membrane and F, , deep in the cytoplasm of the k-th Ca*" ion between
the OSIS and ST were calculated using [Ca®*]_ and [Ca®'];, respectively.

Calculation scheme

In the bidomain model, the mesh spacing must be very small to reflect the anatomical and physiological results
in sufficient detail. However, this method has a high computational cost>8-%1, Therefore, a numerical method
that considers both the speed of the bidomain model and the accuracy of the numerical results is required. To
achieve this, a solution coupled with the semi-implicit time-stepping method was used to compute the bidomain

equations®,

Results

Characteristics of the single-cell model

We first confirmed the behavior of the proposed single-cell model, which mimicked the characteristics of mouse
rod photoreceptor cells (Fig. 4). Using the proposed single-cell model, we performed an ERG generation test
with light stimulation at 10, 100, and 1000 Rh*/s intensities for 20 ms (Fig. 4).

First, in the dark condition, the membrane potential was in a state of equilibrium at about — 36 mV. After light
stimulation, the membrane potential decreased further with increasing light intensity and then returned to the
level observed in the dark (Fig. 4A).

The changes in the ion currents of I hotor I T Tew ICI(Ca), Iy Cap Lo Tnexe and Ionica ae shown in Fig. 4B-].
It can be seen that I noto T Tea IK(Ca s Fleak, and Iovca decreased with increased light intensity before recovering
to the dark equilibrium. In contrast, fh increased in response to increased light intensity before returning to dark
equilibrium.

The Iy, and Iy ion channels responded to increased light intensity by reaching a peak (higher with
increasing intensity) and then decreased further with increasing intensity to an amplitude lower than the state of
equilibrium before recovering to the dark equilibrium level.

Because our model was based on that of Kamiyama et al., its basic characteristics were very similar to those of
the Kamiyama model®*>*¢. However, the duration of each transient current flow was shorter, and the time course
of I hoto Was similar to that obtained from a mouse photoreceptor!.

Reproduction of the ERG photoreceptor component
Figure 5 shows the electrophysiological characteristics of the rod photoreceptor cells under dark conditions
and with a light stimulus. In Fig. 5A, the interstitial potential gradient along the length of the rat rod cell in

A -35, B 05 co
= = 10 [Rh*/s] - _
£ 10 [Rh*/s] - = 100 [Rh*/s] - - < N
= 100 [Rh*/s] - - gl S\ 1000 [Rh*/s] — = o 10 [Rh*/s] -
> 1000 [Rh*/s] — 0. = 100 [Rh*/s] - - 100 [Rh*/s] - -
= ' 1000 [Rh*/S] _— 1000 [Rh*/S] _
-60 95 -4.5 0
E O F-0 G5 H 3.6
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o
W

0 Time [s] 3 0 Time [s] 3

Fig. 4. Membrane potential and membrane ion currents of the proposed single-cell model of a mouse rod
photoreceptor cell responding to light stimuli of different intensities. The dotted line represents a stimulus
light intensity of 10 Rh*/s; the dashed line, a stimulus light intensity of 100 Rh*/s; and the solid line, a stimulus
light intensity of 1,000 Rh*/s. The horizontal axis represents time (s), the vertical axis of (A) represents the
membrane potential (mV), while the vertical axes of (B-J) represent the current (pA) of each ion channel.

(A) depicts the membrane potential, (B) the Iphuto current, (C) the I, current, (D) the I, current, (E) the I,
current, (F) the I current, (G) the I current, (H) the I, current, (I) the I, current, and (J) the

Cl(Ca) K(Ca)
IPMCA current.
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Fig. 5. Reported electrophysiological responses and results from the proposed computational model. (A)
Interstitial potential data (solid line) across radial depth from the studies by Hagins, Penn, and Yoshikami®,
with the proposed model result (dotted line). (B) The electroretinogram (ERG) response of the proposed
model to different intensities of light stimulus, measured in Rhodopsin molecules per second (Rh*/s). (C)
Local ERG data (solid line) from the study by Arden®, compared with corresponding local regional potential
of the model (dotted line).

the dark state is shown as a solid line; the horizontal axis represents the lattice points, that is, the positions of
the compartments of the proposed model; the vertical axis represents the interstitial potential. The simulation
model results (dotted line) showed a high degree of accuracy with the experimental data of Hagins, Penn,
and Yoshikami®, suggesting a fair reproduction of cellular electrical activity. They conducted dark-adapted
experiments for at least 10 min before being subjected to light pulses.

The proposed model was used to reproduce the photoreceptor component of the ERG waveforms with 20
ms of light stimulation at intensities of 10, 100, 1,000, 10,000, 30,000, and 50,000 Rh*/s under dark-adapted
conditions. The resulting ERG waveforms (Fig. 5B) quantify the ERG response to light stimuli of different
intensities, demonstrating the cell’s graded response to increasing photon capture, as reflected by the ascending
concentrations of rhodopsin activation. Pahlberg et al. reported transretinal ERG waveforms in mice lacking
cone phototransduction that were administered aspartate to block the activity of bipolar cells!*. The waveforms
depicted in Fig. 5B show time courses and shapes similar to those reported by Pahlberg et al.'%. When the
intensity of the light stimulation was weak, the shape of the ERG was similar to that of I . However, when the
intensity of the light stimulation reached a certain level (estimated to be between 100 and 1000 Rh*/s), the shape
of the ERG was significantly different from that of I, . The stronger the intensity of the light stimulation, the
steeper the declining edge of the ERG. The simulation results were consistent with the experimental results of
Robson*2.

Figure 5C further dissects the local ERG responses derived from Arden®, broken down into different
compartments of the rod photoreceptor cell, such as from the OS to the IS, from the ISCB to the ST, and others.
Compared with the experimental data, the results of our simulation model with 20 ms of light stimulation at
intensities of 30,000 Rh*/s under dark adaptation conditions showed that the local ERG of the entire model was
fairly reproduced, and the local ERG between the OS and IS was higher. In addition, the local ERG between the
ISCB and ST, CB and ST, and AX and ST was lower. The local ERG of the ST simulation model is also higher
than that of the experimental data.

From the proposed simulation model, the local ERG between the OS and IS did not produce a “nose,”
and its shape was similar to that of the Iphoto. In addition, the local ERG between the ISCB and ST showed an
obvious “nose.” This phenomenon is very similar to the experimental results of Arden® and confirms that “nose”
formation is mainly related to the outer nuclear layer (ONL).

Although there were some differences between the experimental data and the simulation model results,
this stratified representation provides insight into the localized variations in phototransduction efficiency and
kinetics, revealing how each segment contributes distinctly to the overall photoreceptor response.

Origin of the ERG waveform

To understand the mechanism of ERG waveform generation, we used a high-light intensity condition, which
produces a “nose” on the ERG waveforms. Under these conditions, the distributions of the extracellular potential,
extracellular current, membrane potential, total ion current, and extrusive current at five different time points
t,—t; (Fig. 6A) were obtained, as shown in Fig. 6B-F, respectively. The membrane currents, including ion currents
and extrusive currents shown in Fig. 6E,], are the currents of each compartment; hence, the corresponding total
cellular currents are the summation of all compartments that are confirmed to be close to the values shown
in Fig. 4. Additionally, this is the same as in Figs. 7B,F, 8B,E and 10D, and 10F, and the capacitive currents in
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Fig. 6. Dynamic changes in rod photoreceptor cell electrophysiology over time and across cell compartments.
(A) Time-course of the electroretinogram (ERG) amplitude with a high intensity light stimulus (10,000 Rh*/s).
(B-F) Extracellular potential, extracellular currents, membrane potential, total ion currents, and extrusive
currents, respectively, at different time points (t, through t; in (A)) across the rod photoreceptor’s node. (G-I)
Enlarged diagram of the extracellular currents (C), total ion currents (E), and extrusive currents (F).

Fig. 10E. The t, results in Fig. 6C show that in the dark state, the extracellular current outside the inner segment
region is hlgher than that of other compartments, which is consistent with Arden’s perspective®.

When the rod photoreceptor cells were in the dark state (t, in Fig. 6A), the ERG potential was formed based
on the extracellular potential difference between the OS and ST. The extracellular potential at the OS was lower
than that at the ST (Fig. 6B), thus, an extracellular current was formed from the ST to OS, and the amplitude
of the extracellular current increased from the ST to the IS and decreased from the IS to the OS (Fig. 6C,G). In
addition, regardless of the total ion current (J | in Figs. 1B and 6E) or extrusive current (J,,, | in Figs. 1B and
6F), the OS was the sink of the extracellular current, and the others were the sources of the extracellular current.
The membrane potential was between —35 mV and —25 mV.

When the rod photoreceptor cells were stimulated with light, the ERG amplitude decreased to a minimum
value (t, in Fig. 6A). This is because the extracellular current flow decreased and the flow separated into two loops
(Fig. 6C). One was formed from the CB to the OS, and the other was formed from the CB to the ST (Fig. 6G).
The total ion currents were outward in the IS and CB, and inward in the ST (Fig. 6H). The extrusive current had
traces of outward current in the CB and IS and inward current in the OS and ST (Fig. 61). The difference between
the total ion current and the extrusive current in the OS originates from the capacitive current. The membrane
potential decreased to —55 mV.

During the recovery to the dark state after the rod photoreceptor cells were stimulated by light, the potential
difference between the OS and ST was slightly restored in the “nose” generation stage on the ERG waveform (t,
in Fig. 6A). It should be noted that this is no longer the case in the previous current circuit. The extracellular
current increases around the CB owing to the outward current in the CB. The total ion current, in the form of
an inward current in the IS, results in a decrease in the extracellular current. The extracellular current in the
direction of the IS generated in the OS flows into the cell at the IS. Because the total ion current is not generated
in the OS (Fig. 6E,H), this current is completely discharged according to the extrusive current caused by the cell
capacitance, which can be confirmed by the difference between the total ion current and the extrusive current
(Fig. 6E,EH,I). Thus, there is an inward current in the IS and ST, and an outward current in the OS and CB,
forming one extracellular current circuit from the ST to the IS and another extracellular current circuit from the
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Fig. 7. Analysis of ionic currents in rod photoreceptor cells under high-intensity light stimulation. (A)
Electroretinogram (ERG) response over time to a light stimulus of 10,000 Rh*/s. (B-F) Detailed profiles of
individual ionic current components such as I, .., (black dashed line), I, (black solid line), I, (light blue
dashed line), I cica) (llght blue solid line), I, red) dashed line), I, (red SOllCl line), I (green dashed line),
phom (green solid line), and I}, (vellow dashed line), at spec1ﬁed time points (t, through t.).

OS to the IS. This phenomenon was theoretically predicted by Robson et al.>2. However, the rod cell membrane
potential did not change significantly.

In addition, during recovery to the dark state, in the end stage of the “nose” on the ERG waveform (t, in
Fig. 6A), the potential difference between the OS and ST did not change much compared with the generation
stage of the “nose”. The extracellular current flow was not large and only an extracellular current circuit was
formed from the ST to the IS around the cell. At this time, the extracellular current increased because of the
outward current flowing from the CB, and the inward current flowing through the OS and IS led to a decrease
in the extracellular current. The reason for this change was that there was a small amount of inward current in
the total ion current in the OS, and there was no obvious extrusive current in the OS. The membrane potential
slightly increased to —46 mV.

When the rod photoreceptor cells returned to the dark state after stimulation with light (t; in Fig. 6A), the
extracellular potential distribution completely recovered to the same shape. The extracellular current, membrane
potential, total ion current, and extrusive current almost completely returned to their spatial distributions under
dark conditions.

Individual ion current composition of photoreceptor membrane currents

To analyze the relationships between the ERG waveform and individual ion currents in each compartment, we
further analyzed the components of the membrane current shown in Fig. 6E at the five different time points
shown in Fig. 7A, which are the same as those in Fig. 6A.

In the dark state (t, in Fig. 7A), the larger ion currents in each compartment were I
and I, in the IS; IK ca) and [, in the CB; and I\, and I, in the ST (Fig. 7B).

When the rod photoreceptor cell model received light st1rnulat1on and the ERG waveform dropped to the
minimum value (t, in Fig. 7A), there was no ionic channel current in the OS (Fig. 7C). However, a capacitive
current persisted in the OS, enabling the maintenance of the extracellular current loop from the CB to the OS.
Although this capacitive current is not shown in Fig. 7 for simplicity, its presence is critical for sustaining the
extracellular current loop observed in Fig. 6G even as the extracellular potential difference between the OS and
ST approaches zero. Meanwhile, most ion channel currents in the other compartments decreased to levels close
to zero. The most apparent change was the significant reduction in the I ., of the IS, and the CB and I, of
the IS. However, although Lok also reduced, some of its current remained at the IS, CB, and ST. Similarly, large
amounts of Iy, I, and [ cI(Ca) remained in the ST, but the outward and inward currents were almost the same,
resulting in a negligible extracellular current. It can be noted that in the process of decreasing almost all ion
currents, I, of the IS increases slightly.

hoto in the OS; I IK(Ca)
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Fig. 8. (A) Comparison of electroretinogram (ERG) responses with and without I, blockage. Data derived
from experiments conducted by Vinberg, Strandman, and Koskelainen are presented on the upper panel,
with model results shown on the lower panel?®. Solid lines represent control conditions, whereas dashed lines
indicate the responses with I, blockage. (B-E) Detailed membrane potential, and profiles of the individual ion
current components such as Iy . Ioo I Ioycay Dieare T Inexe Lonotor @19 Ippica» @t specified time. Simulation
results of control model (B) and I block model (C) when the Ef{G is at minimum value; simulation results of
control model (D) and I; block model (E) when the ERG is in the beginning of the “nose”

At the beginning of the ERG recovery process, when the “nose” appeared (t, in Fig. 7A), no current was
observed in the OS (Fig. 7D). The ion channel currents in other areas gradually decreased. The most apparent
change was the significant reduction in the I, I, and Iy, of the ST; interestingly, there was a significant
increase in the I, of the IS and CB.

During the ERG recovery process at the end of the “nose” (t, in Fig. 7A), the change trends of most ion
channel currents were almost similar to those at the beginning of the “nose” (Fig. 7E). The only difference was
that Lhoto of the OS began to increase.

By the end of the recovery phase, when the waveform almost returned to the dark state (t, in Fig. 7A), the
currents of each ion channel in each compartment were similar to their dark-state amplitudes (Fig. 7F).

MCA’>

I, channel block
Vinberg et al. reported transretinal ERG waveforms of rod photoreceptor cells in mice with and without an
I, channel block (Fig. 8A, left panel)?. This was achieved by the administration of APB or aspartate to block
bipolar cell activity, and ZD7288 to block the I, channel. We reproduced the photoreceptor component of
the transretinal ERG waveform with an I, channel block by applying light stimulation of 4, 15, 50, 130, and
1,000 Rh*/s under dark adaptation. The resulting ERG waveforms are shown in the right panel of Fig. 8A. The
simulation results showed waveforms similar to those reported by Vinberg et al. This result supports the idea
suggested by Vinberg et al., that the main origin of the “nose” component is related to the I; channel current.

To understand the mechanism of “nose” generation on the ERG waveform, we used a high-light intensity
condition (1,000 Rh*/s) and compared the simulation results between the control and I, block models. For these
two conditions, the distribution of the membrane potential and the individual ion currents in each compartment
of the membrane current at two specific time points, when the ERG is at the minimum value and when the ERG
is in the beginning of the “nose,” are shown in Fig. 8B-E, respectively.

When the ERG was at its minimum value, the membrane potential difference between the control model and
I, block model was only 2 mV and the potential distributions were similar (left of Fig. 8B,C). The distribution
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Control Model

and amplitude of the individual ion currents in each compartment showed no significant differences between
the two models (Fig. 8B,C).

During the ERG recovery phase at the beginning of the “nose,” the membrane potential difference between
the control model and I, block model became 15 mV, and its distributions were completely different (left of
Fig. 8D,E). It can be observed that in the control model, the membrane potential distribution increased slightly
from the OS to the IS and then consistently decreased until it reached the ST, but the difference was ~2 mV.
However, in the I, block model, the membrane potential reached ~71 mV;, and its distribution decreased slightly
from the OS to the IS, and then consistently increased until it reached the ST. There was almost no difference
between the lowest membrane potential in the IS and the highest in the ST. Furthermore, the distribution of the
individual ion currents in each compartment at this time showed some differences, such as all the I, currents
became zero, the I, currents in the IS and CB became smaller, and the I, ., currents in the ST became larger
(right of Fig. 8B,C). A detailed analysis of these differences is presented in the Discussion section, where we
used extracellular current loop diagrams to explore the relationships between ion channel currents in different
compartments and the possible causes of these differences (Fig. 9).

Discussion
It is well-known that Ca** flux via I,  is extruded by NCKX*. In the L}, oto Of the proposed model, Ca*
homeostasis may not be achievable. To further evaluate the effects of extracellular and intracellular ion
concentrations, they must be adjusted to a model that balances these effects against those of other ions.
Nevertheless, our analyses found that the I,  current model reproduced the ERG waveform well (Figs. 5 and
8), which is considered to be the major component of the photoreceptor contribution to the ERG waveform.
Therefore, the I, current model remains useful as the base model for ERG generation because the proposed
model is intended as a basic platform for examining the relationships between photoreceptor cell ion currents
and the ERG waveform. However, the components of this photoreceptor cell model require further investigation.

Conventionally, the photoreceptor component of an ERG is believed to be dominated by the I |  current®,
Our comparison of the waveforms of I, = and the ERG found that the two were highly similar when the
intensity of the light stimulus was low (Fig. 5). In contrast, when the light intensity was higher, a “nose” shape
was observed, with a steep positive component generated immediately after the steep negative component
that directly followed light stimulation. It was confirmed that the “nose” differed from the shape of the I

) . . . . . _photo
waveform at these time points (Fig. 5). From this, we can infer that other elements work with Iphom to dominate
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Fig. 9. Relationships between the specific ion channel current and extracellular current in a rod photoreceptor
cell model. The figures represent the specific ion channel current for each compartment and the flow of the
extracellular current at different times when the proposed and the I, -blocked models are subjected to light
simulation intensity of 10,000 Rh*/s for 20 ms (Fig. 6A). The arrow above the photoreceptor cell represents

the extracellular current and its thickness represents the magnitude of the current. From left to right, the
compartments shown are the OS, OSIS, IS, ISCB, CB, AX, and ST, and the current flow direction of the channel
mounted at specific compartment is represented by an arrow, with the thickness representing the magnitude of
the current. (A-D) The control model; (E-H) the I, -blocked model. (A, E) The dark state, and the recovered
condition after light simulation; (B, F) the state with the lowest electroretinogram (ERG) due to light
stimulation; (C, G) the state at the start of the “nose;” (D, H) the state at the end of the “nose.”
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the photoreceptor component of the ERG waveform. These “hidden” dominant elements do not affect the shape
of the ERG waveform more than Lohoto when the light stimulus is of low intensity.

Although there have been many studies on ion channels in each component of rod photoreceptor cells, very
few have studied the distribution of ion channels across the whole cell and the currents after light stimulation,
represented by the formation of the ERG waveform. Changes in currents corresponding to temporal variations
are yet to be elucidated. Based on the results shown in Figs. 6 and 7, we analyzed the ion currents in different cell
compartments and the extracellular currents of the whole cell (Fig. 9).

In the dark, the extracellular current flows out of the ST toward the OS. The extracellular current reaches its
peak value upon reaching the IS. It enters the rod photoreceptor cell through Lhoto in the OS, forming a current
loop (Fig. 9A).

Following light stimulus, the ERG gradually decreases. When it reaches its lowest value, the extracellular
current flows out of the CB and reenters the cell through the capacitive currents (Icap, dashed line) in the OS, and
the ion currents in the ST form two smaller current loops (Fig. 9B).

During the subsequent recovery of the ERG, the extracellular current loop gradually begins two current
loops, and the extracellular current flows out through I in the OS and then reenters the cell mainly through I,
in the IS (Fig. 9C). The “nose” is generated when an extracellular current is present in these two current loops.

The extracellular current loop then becomes one current loop but still reenters the cell mainly through I, in
the IS (Fig. 9D).

Finally, the extracellular current loop returns to the pattern formed by the outflow from the ST and inflow
through the Iphow of the OS (Fig. 9A).

Our analysis agrees with the theoretically predicted currents described by Robson, adding credence to
this experiment and our model*>. However, although the extracellular current loops can be reproduced
by our proposed model to some extent (because the actual ion channel distribution of each compartment is
hypothetical), whether the relevant ion channels leading to the changes in these current loops are related to I, .»
I,» or I, needs to be confirmed by future studies on the existence of ion channels in each rod photoreceptor cell
compartment.

To analyze the reasons behind the membrane potential differences observed between the I, -blocked and
control models simultaneously, we also investigated the ion currents in different cell compartments and the
extracellular currents of the whole cell in the I, -blocked model.

As shown in Fig. 9E,F, the extracellular current loops in the Ih-blocked model resembled those in the
control model before the “nose” waveform appeared after light stimulation. This suggests that I, does not play a
significant role when the membrane potential is high.

However, at t,, when the “nose” waveform was expected to occur, the extracellular current loops remained
consistent, as at t,, they flowed outward from the IS and inward through the OS and ST, respectively (Fig. 9G).
Even at t,, when the “nose” waveform ended, these current loops persisted (Fig. 9H). This indicates that in the
absence of I, a pathway for the extracellular current to re-enter the cell is missing, resulting in a continuous
outflow of intracellular current to the extracellular space. This ultimately leads to a progressive decrease in the
membrane potential. These findings highlight the critical role of I, in maintaining membrane potential stability.

Combined with the analysis of the model characteristics in Figs. 6 and 7, and 9 (especially the changes
between t, and t,), it can be seen that, when subjected to high-intensity light stimulation, the rapid rise in ERG
after reaching the valley was mainly caused by the effect of I,. This was an analysis of the positive components
of the “nose” Through the same analysis, it was hoped that the steep negative components generated by the
stimulation with high light intensity would be completely dominated by Lohotor If not, there should be other
“hidden” dominant elements that affect the change of the ERG.

After stimulation by high-intensity light, as shown in Fig. 10A, the time required for the ERG to reach the
valley value (t,) from the dark state (t,) was 45 ms (black arrow). To confirm the characteristics of the model
between t; and t,, we defined points t -t , at intervals of 5 ms between t, and t,. The red line represents the
“baseline value” which is the plateau ERG after receiving high-intensity light stimulation, and below the red
line is the “nose” According to Fig. 10B, the ERG also continued to decline after t , owing to the continuous
shrinking of the extracellular potential difference between the OS and ST. According to Fig. 10C, although the
extracellular current decreased, the extracellular current circuit did not change significantly at this time.

By analyzing the ion current composition (Fig. 10D,F), it can be found that when it is about to reach the
red line, that is, after being stimulated by light for 25 ms (t ), the I  in the OS almost decreases to zero.
Immediately after 5 ms (tn7), IPhom in the OS was zero. In other words, I hoto did not dominate “nose” formation.

Figure 10E shows that after I hoto becomes zero, the extracellular current is stored in the OS in the form of
a capacitive current; therefore, the extracellular current can still enter the cell at the OS, and the extracellular
potential difference between the OS and ST continues to decrease. Thus, the factor that has an important impact
on the change of ERG other than I, is the capacitive current in the OS (that is, the “hidden” dominant
element). This factor allows the extracellular current circuit to be maintained for a short period after IPhom does
not function, causing the ERG to leave a “baseline value” and continue declining, forming the main negative
component of the “nose” After that, the influence of I, current gradually increases, and coupled with the
influence of the capacitive current between the IS and ST, returns the ERG to the “baseline value,” forming the
main positive component of the “nose.”

Using the proposed model, the ion and capacitive currents of various compartments of the rod photoreceptor
cell were quantitatively analyzed. The results not only have no obvious contradiction with the existing research
reports but also further improve the understanding of the relationship between the current composition in the
rod photoreceptor cell and ERG!*3%

To improve the fit of the ERG of the simulation model result from the OS to the IS in Fig. 5C to the reported

experimental data, given that only I, | - was present in the OS and only I, was present in the OSIS, adjustments
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Fig. 10. Analysis of the waveform characteristics when the electroretinogram (ERG) drops to the valley

value after being stimulated by high-intensity light. (A) when the light stimulation intensity is 10,000 Rh*/s,
the overall ERG changes (left) from the dark state decline to the valley value (right). (B-E) Extracellular
potential, extracellular current, total ion currents, and capacitive currents, respectively, at different time points
(t,c though t | ) across the rod photoreceptor’s node. (F) Detailed profiles of the individual ionic current
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Fig. 11. Local electroretinogram (ERG) data from Arden®, comparing all compartments to specific regions
within the rod photoreceptor cells, with solid lines representing experimental data and dotted lines indicating
model results. The results of suppressing all outward currents of the IS at 50% and increasing the suppressed
amount to other distributed forms are re-compared with experimental data.

were made to reduce each outward ion current in the IS by 50% proportionally, aiming to decrease the ERG.
Additionally, the outward ion currents correspondingly increased in other distributed regions. This implies that
the discrepancy in the ERG of the simulation model resulting from the ISCB to the ST in Fig. 5C, which is lower
than the experimental data, might also be improved. According to the adjusted results (Fig. 11, dotted lines), the
ERG from the OS to the IS reduced, aligning more closely with the reported experimental data. Although the
ERG from the ISCB to the ST increased significantly, the “nose” waveform disappeared. From these results, it
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Fig. 12. Impact of ion channel current blocks on the electroretinogram (ERG) waveform. Each graph displays
the ERG response over a time span of 3 s under control conditions (solid line) compared to conditions of
specific ionic current inhibition (dotted line). (A) I, block; (B) Iy, block; (C) I block; (D) I, block; (E)

K(Ca)
Iycx block; (F) Iy, block.

1(Ca)

is evident that adjusting the magnitude of the ERG using the model can be relatively straightforward. However,
adjusting specific waveform shapes appears to be more challenging. Future advancements in research on ion
channel distributions or ion current magnitudes may allow our proposed model to be adjusted. Despite the
model being at a hypothetical stage in this study, the experimental results demonstrate high operability and
reproducibility.

One of the experimental results of this study was the successful reproduction of the effects of inhibiting the I
channel on the changes in the ERG waveform. Additionally, we analyzed the impact of inhibiting the I, channel
during the recovery process of the waveform after the ERG reached its minimum until it began to rise again,
as induced by light stimulation. According to the results shown in Fig. 8, the I channel plays a crucial role in
controlling the membrane potential, thereby affecting the activation of other ion channel currents and resulting
in the generation of the “nose” on the ERG. Notably, Fig. 8A shows that in the I, block condition, the “nose” after
the minimum value was delayed compared to the control, indicating a slower recovery process. While Fig. 8B,C
reveal similar membrane potentials at the minimum value, the difference in Fig. 8D,E highlights the continued
activity of Iy, in the I; block model, leading to a further membrane potential decline and a negative ERG
value. Additionally, the right panel of Fig. 8A shows a faster response than our model results shown in the left
panel, suggesting possible discrepancies in ion channel distribution or time constants in the model compared
with physiological conditions®.

However, besides I, significant changes were observed in the outward current Iovca and inward currents
I, and Iy ca) in the ST. Because of this notable change, we consider that these three ion channel currents also
influence “nose” generation. Therefore, we conducted individual inhibition experiments for each ion channel to
analyze whether factors other than I, are related to “nose” generation. During these experiments, I , - and I,

photo eal
were not included; the former only exists in the OS, and inhibiting it leads to no response, whereas the latter,
strictly speaking, is not an identified ion channel, and its mechanism remains unclear. Hence, we only inhibited
Tew Tencay Tcay Tige Inexo OF Tpmca-

As shown in Fig. 12, the differential modulation of the ERG waveform reveals the complex interaction of
various ion channel currents in shaping the electrical response of rod photoreceptor cells. In the case of blocking
I,» the change in ERG amplitude showed that I, had little impact on the formation of rod-photoreceptor cell
components in the ERG waveform (Fig. 12A). The same result was observed when I, ) was blocked; however,
the overall ERG amplitude was slightly lower (Fig. 12B). In contrast, changes in the waveform after blocking
Igicay Tkw Incoxe @nd Iy, highlighted the formation of these ion channel currents as rod photoreceptor cell
components in the ERG waveform and their contribution to the photostimulation response process (Fig. 12C-
F). If any of these four ion channels are blocked when the rod photoreceptor cells are stimulated by light, the
ERG will become negative, which means that there will still be a potential difference between the OS and ST
and not just the disappearance of the potential difference between the OS and ST, resulting in an ERG amplitude
close to zero. At this time, the extracellular potential at the OS is high, and ST is low, and the extracellular current
circuit is formed from the OS to ST. The difference between these four situations is that the ERG waveform is in
an unstable state when after blocking Iy ., or I, the rod photoreceptor cells are stimulated by light and return
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to the dark state. The final recovery of the ERG amplitude was lower than that obtained without blocking I,
or I In contrast, after blocking Iy, the rod photoreceptor cells are stimulated by light, although there wili
be a negative ERG amplitude. In the process of returning to the dark state, it almost coincides with the ERG
waveform obtained by non-blocking I . After blocking I, ., rod photoreceptor cells are stimulated by light
and return to a dark state. During this process, the overall ERG waveform is almost the same; however, the
amplitude is much lower and negative.

Although the results in Fig. 12 do not conclusively demonstrate the relationship between other ion currents
and the origin of the “nose,” the inhibition of individual ion currents is reflected in the changes observed in the
ERG waveform, especially in the I, block condition!®. However, in the proposed model, only the minimum
calcium ion transport mechanism was used to maintain intracellular calcium homeostasis. It is necessary to
make appropriate modifications or updates to the mechanism of calcium ion transport. Simultaneously, other
necessary ion transport mechanisms, such as sodium, potassium, and chloride ions, must be installed in the
model. In general, these findings emphasize the need for a multifaceted perspective on ion contribution when
building a mathematical model of rod photoreceptor cells to accurately replicate retinal electrophysiological
phenomena.

In the proposed model, the rod photoreceptor structure comprises seven compartments. The ion channel
model was distributed across each compartment, according to previously reported information on ion channel
distribution. However, depending on the experimental approach and species, various ion channel distribution
results can be obtained. Therefore, the ion channel distribution in the proposed model is largely hypothetical
and is likely to be somewhat different from the actual distribution. However, it should also be noted that the
proposed model is based on the Kamiyama model, which can reproduce real ERG results. We also considered
the results of subsequent studies on the distribution of ion channels and successfully reproduced previously
reported ERG waveforms and related experimental results. Therefore, the ion channel distribution in the model
did not appear to have a significant influence on the essential results. In the future, with increased data on the
ion channel distribution of rod photoreceptor cells, the ion channel distribution of our model can be updated
or modified to reflect this additional information, and changes in the newly obtained ERG waveforms can be
analyzed. Additionally, further refinement of the Ca** diffusion model will be incorporated to better capture
intracellular calcium dynamics.

Data availability
All data generated or analyzed during this study are included in this published article. The datasets used and/or
analyzed during the current study available from the corresponding author on reasonable request.
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