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Our study has revealed the electrophysiological characteristics of several
ionic currents in photoreceptor cells, the first neurons of the retina, along with estimations of
their energy consumption. The simulation results indicate that energy consumption significantly
decreases when photoreceptors are exposed to light. This is due to an increase in the activity of
hyperpolarization-activated channels, offering new insights into photoreceptor functions. These
findings enhance the understanding of electrophysiological activity in photoreceptors under both
physiological and pathophysiological conditions, providing valuable information for further research

in this field.
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Disruption in the ion homeostasis of photoreceptors can lead to their degeneration and
cell death, contributing to various retinal disorders such as retinitis pigmentosa,
age-related macular degeneration, and retinal detachment. However, the detailed
mechanisms remain elusive. Mathematical models have offered extensive insights into
complex biophysiological phenomena and are widely used to describe clinical and
experimental studies. Several conductance-based models of rod photoreceptors have
effectively described the changes in electrical properties, ionic currents, and light-
sensitive currents in response to light in lower vertebrate photoreceptors.
Nevertheless, the changes in intracellular ion concentrations, which are crucial for
evaluating the driving force of each ionic current and estimating the energy expenditure
through Na'/K* and plasma membrane Ca* ATPase pumps, have not been thoroughly detailed.
Additionally, electrophysiological and morphological differences exist between rod
photoreceptors of lower vertebrates and mammals.

In this preliminary study, our goal was to clarify the factors contributing to ATP
consumption in mouse rod photoreceptors under both dark and light conditions. We
developed a new mathematical model by integrating formulas for ionic current activities
with a phototransduction model to estimate the energy expenditure of each ionic current.
The proposed model aims to enhance our understanding of the critical physiological
mechanisms that allow photoreceptors to maintain ion homeostasis in response to light
and darkness.

The proposed model includes various ion channels, 1ion pumps, exchangers, and
transporters identified through a gene expression database, which incorporates
available electrophysiological recording of each specific gene (Fig. 1). We introduced
mathematical formulas for ionic current activities combined with a phototransduction
model. Changes in ionic currents due to alterations in ion concentration were newly
defined using the classical Goldman-Hodgkin-Katz constant field and Nernst equations,
which are widely used to explain cell membrane electrophysiological phenomena.

ENERGY DEMAND
Outer segment CNG m NCRX .
) %

o————

. o o
Discs @
HCN Kv
Inner segment >
o
Mitochondria e |
KCa ATP\¢ NaK o
Endoplasmic reticulum .—% a
VI CC1 KCC2
Cell body i L
Nucleus
NCX ATP\Q*\ PMCA
18]
> @ 0 @ >k Y
Na* K* Ca®* CIj clca

Synaptic terminal \>
Horizontal cell
Bipolar cell w
Fig. 1 Energy demand in rod photoreceptors for malntalnlng ion homeostasis through
Na*/K* and plasma membrane Ca® ATPase pumps.




The simulation results elucidate the electrophysiological characteristics (Fig. 2) and
provide estimations of energy metabolism 1in photoreceptors under physiological
conditions, both in darkness and light.
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Fig. 2 Electrophysiological characteristics of membrane potential and ionic currents.
Simulation results of a photoreceptor in response to light were performed at various
light flash intensities: 1.7, 4.8, 15.2, 39.4, 125, 444, 1406, and 4630 photons ym? s
!, ranging from red to blue with a color gradient. The response commenced at 0.5 s,
and the stimuli lasted 20 ms. The membrane capacitance is 3.6 pF.

The majority of energy is expended on maintaining ion homeostasis under both dark and
light conditions, primarily through the activity of Na'/K* and plasma membrane Ca*
ATPase pumps (Fig. 3).
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Fig. 3 Maintaining Na" and Ca* homeostasis through the major ionic currents at the
outer segment & inner segment (Left), and synaptic terminal (Right) in darkness and in
light.

The ion flux profiles derived from our study closely match experimental data. Our
thorough mathematical model highlights the crucial factors governing ion homeostasis,
encompassing the compositions of ionic currents and energy metabolisms. Dysregulation
in these factors can contribute to the development of retinal diseases. A deeper
comprehensive of these intricate mechanisms offers potential for advancing future
treatments.
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