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Abstract

Even though cellular volume dynamics has been linked to cell apoptosis and intrinsic optical
signals, there is no quantitative model for describing neuronal volume dynamics on the
millisecond time scale. This study introduces a multiphysics neuron model, where the cell volume
is a time-varying variable and multiple physical principles are combined to build governing
equations. Using this model, we analyzed neuronal volume responses during excitation, which
elucidated the variety of optical signals observed experimentally across the literature. Several
physiological conditions were examined to investigate their effect on the pattern of volume
response. In addition, we analyzed volume responses on a longer time scale with repetitive
stimulation to study the characteristics of slow cell swelling. This multiscale analysis of the
multiphysics model will provide not only a novel quantitative elucidation of physiologically
important issues related with cellular volume dynamics but also a chance for further studies, such
as the interesting possibility of inferring the balance of ion flux from plateau volume changes.

Index Terms
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[. Introduction

Quantitative analysis of neuronal volume dynamics would be helpful in addressing a range
of physiological issues. A number of studies have hypothesized, for example, that fast
(millisecond time scale) intrinsic optical signals of neural activity might be attributed, at
least partially, to a change in the cellular volume due to excitation of the neuron [1]-[5]. In
addition, we have seen growing interest in the role of excessive excitation-oriented cellular
volume changes in cell apoptosis [6], [7].
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Thus far, however, neuronal volume dynamics on the millisecond time scale have only been
discussed qualitatively, despite the publication of several modeling studies [8]-[10]. Such
qualitative discussion does not provide sufficient elucidation of the observed variation in the
shape of optical signals across studies [1]-[5]. For this reason, this study introduces a
multiphysics neuron model to describe how the intracellular ion concentration and the
cellular volume vary in time during excitation. At the same time, it explores how
physiological conditions, such as the initial cell size and stimulation current, affect the
neuronal volume response and produce a variety of response patterns.

In addition to the short time-scale volume dynamics, this paper also studies long-time-scale
(up to 1 min) neuronal volume responses arising from repetitive stimulation. It is well
established that repetitive stimulation causes slow cell swelling [11], [12]. Also, several
investigators have hypothesized that changes in the optical transmittance of neural tissue
were mainly related to cellular volume changes [11]-[14]. Hence, this study uses the
multiphysics neuron model to analyze the pattern of long-time-scale volume responses.

This multiscale analysis of neuronal volume dynamics, based on the multiphysics model,
will provide a novel quantitative elucidation of the wide variety of cellular volume changes
reported in the literature.

[I. Multiphysics Neuron Model

The Hodgkin—Huxley (H-H) model describes how a membrane current causes a change in
the membrane potential and, thus, initiates the action potential in neurons [15]. The H-H
model, however, cannot describe how the cellular volume varies during neuronal excitation
because it deals with the volume as a constant quantity. It is natural to assume that the
volume will vary during the excitation because the excitation is accompanied by ion flux,
producing a change in the total intracellular concentration, and the concentration change will
make water molecules diffuse through the membrane, thus causing a change in the cellular
volume. Such a volume change during excitation has also been observed experimentally
[17].

Here, we introduced the cell volume and intracellular sodium and potassium concentrations
as time-varying variables and, then, employed multiple physical principles to couple
variables (see Fig. 1). For example, the intracellular ion amount and the membrane ion
current were coupled with the continuity equation of charge conservation. As a result, we
derived coupled nonlinear differential equations of seven independent variables. A detailed
derivation of these equations was presented in [5]:
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where the first two equations were adopted from the H-H model; ¥ (9 is the gating
probability of 72, m, and /4 subunits of ion channels; ay and By are the transition rates
between the open and closed states of the subunit ¥'; V(9 is the membrane potential; ¢, is
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the membrane capacitance per unit area (1x1073 F-m2); /,(# is the membrane current (the
stimulation current in this study); a,, is the surface area of the cell; g7 is the maximum

K
conductance of the potassium channel (360 S:m~2); gu." is the maximum conductance of the
sodium channel (1200 S:-m~2); £, is the equilibrium potential of the potassium/sodium (Q is
the species of ion; Q = Na, K) channels depending on the ion concentration (baseline values
are —0.077 and 0.050 V, respectively); g; is the conductance of a passive leakage current at

resting state (3 S:-m~2); and £; is the equilibrium potential for the passive leakage (—0.0544
V); N.(#)and N,_(2) are the intracellular amounts of potassium and sodium ions,
respectively, in the unit of moles; W2 is the cell volume; /"™ and J{"™P

are active potassium and sodium ion transfers produced by the sodium—potassium pump of
the neuron membrane; D, is the diffusion coefficient of water molecules (10710 m2 .s71);

d,, is the thickness of the cellular membrane (107° m); N,I,ZO(O)/V(O) is the ordinary water
density (5.56 x 104 mol-m=3); and 7'is the room temperature (300 K). N4, & R, z and Fare
fundamental physical constants: the Avogadro’s number, the charge of a single electron, the
universal gas constant, the valence of sodium and potassium ions, and the Faraday constant,
respectively. We used equations from the literature for the voltage-dependent transition rates

ay(Vy) and By (Vi) [16].

lll. Multiscale Analysis of Volume Dynamics

A. Short-Time-Scale Neuronal Volume Response for Single Stimulation

We used the Euler method to numerically solve the governing equation of neuronal volume
dynamics (1). The solutions showed that the membrane potential exhibited behavior typical
of action potentials (see Fig. 2, top), confirming that our model performs the basic function
of a neuron model.

The solutions also described the dynamics of the intracellular concentration and the cell
volume (see Fig. 2, middle and bottom). As expected, the stimulation current led to an initial
sodium influx, which initially increased the total intracellular concentration, followed by a
total concentration decrease due to the later potassium efflux. These concentration changes
led to a change in the cellular volume.

The neuronal volume dynamics exhibited three different patterns during excitation, as
shown in Fig. 2(B)—(D). These physiological condition-dependent patterns may shed light
on the variety of optical neural signals reported in the literature. The pattern in Fig. 2(C)
(pattern C) is common in optical signals measured in [1], [3]-[5] (see, e.g., Fig. 2(E),
center), while the patterns in Fig. 2(B) and (D) (patterns B and D, respectively) are quite
similar to the optical signals presented in [1], [2] (see, e.g., Fig. 2(E), left and right).
Although some discrepancies between simulation and measurement were observed in the
time constant of volume dynamics, the general shape matched quite well in the three cases.
Those discrepancies might be attributed to differences in the cell size, cell morphology, and
membrane properties between our simulation and real measurement in the literature.

To investigate how physiological conditions are related to each pattern, we examined
various stimulation current amplitudes, stimulation durations, and initial cell sizes. The
volume response was categorized as one of the three patterns according to the relationship
between its peak and the plateau volume changes (pattern B when the plateau > 1/2 peak;
pattern D when the plateau < —peak, otherwise pattern C). These three patterns were
distributed in the parameter space as shown in Fig. 3(A).
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From four slices of the 3-D pattern distribution [see Fig. 3(B)], we found that the boundary
between adjacent patterns was close to the curve of (amplitude) x (duration) = constant,
which implies that the total injected charge, i.e., (amplitude) x (duration), is more directly
related to the volume response. In addition, the identical amount of injected charge worked
as a larger stimulation when applied to a smaller cell, more likely resulting in the pattern D
as a result. This analysis led us to consider a new parameter: a total injected charge per cell
unit area, i.e., (charge density) = (amplitude) x (duration)/(cell area).

The use of this parameter helped to reveal tendencies underlying the volume response [see
Fig. 3(C)]: the peak volume change was negatively correlated with the initial cell size and
the plateau volume was negatively correlated with the injected charge density. Furthermore,
the use of the charge density simplified the classification of volume response patterns, as can
be seen in Fig. 3(D). According to our results, the peak volume change was larger in smaller
cells, and the pattern C occurred more frequently than other patterns under reasonable
physiological conditions.

B. Long-Time-Scale Neuronal Volume Response for Repetitive Stimulation

We solved (1) for repetitive stimulation on a larger time scale (up to 1 min). For two
selected stimulation amplitudes, the cell volume showed long-term responses (see Fig. 4(A),
top) that were similar to experimentally measured slow cell swelling [12]. In addition, the
zoomed response for the first 1 s (see Fig. 4(A), middle) exhibited different patterns of the
optical signals observed in the literature [13], [14].

To investigate which physiological conditions affect the pattern of the slow volume
response, we obtained volume responses for various stimulation current amplitudes and
stimulation frequencies [see Fig. 4(B)]. The maximum volume change was larger when the
stimulation frequency was higher and the stimulation amplitude was close to the threshold.
Interestingly, we noted that, for suprathreshold stimulation, the maximum volume change
was smaller for larger stimulation. This tendency is probably related to the behavior of the
short-time-scale response [see Fig. 3(C)].

It was also interesting to observe a specific region of the stimulation amplitude, where the
maximum volume change was larger than zero even though the initial slope of the volume
change was negative [the region between the dashed lines b and c in Fig. 4(B)]. An example
of this tendency can be seen in Fig. 4(A). In addition, while the slope of the volume change
decreased during the repetitive stimulation of 30 pA, the slope increased during the
stimulation when 70-pA currents were applied. This means that the second-order time
derivative of the volume response can vary with the stimulation amplitude. The origin of this
relationship requires further study.

V. Discussion and Conclusion

The plateau volume in the short time scale decreased when the stimulation was too large
[see Figs. 2(D) and 3(C)]. Based on the process of the action-potential initiation described in
Fig. 5, the volume initially increases due to the increase in the sodium concentration and
later decreases due to the decrease in the potassium concentration. Hence, the short-time-
scale plateau volume is related to the balance between the total change in the sodium and
potassium concentrations (specifically, the time integral of each change). In this context, a
larger stimulation current initially raises the membrane potential so much that the positive
feedback (line a in Fig. 5) mediated initial sodium influx becomes smaller, thus resulting in
a smaller increase in the sodium concentration. Also, the later potassium efflux is less
affected by the stimulation current. Therefore, this imbalance between the two ion
concentrations may lead to the decrease in the short-time-scale plateau volume and may also
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influence the behavior of the long-time-scale volume response. This modeling result
suggests the interesting possibility of inferring the balance of sodium influx and potassium
efflux from the plateau volume change. This possibility could be tested with experiments,
where multiple patch clamps and a high-resolution optical microscope are employed.
Although other membrane currents may have an effect on the prediction—our model only
accounts for sodium and potassium currents—we believe that the two currents play a
dominant role in the millisecond scale neuronal volume dynamics because the inward
calcium current and most of the other membrane currents are much slower than the sodium
and potassium currents in most types of neurons.

In conclusion, this study introduces a multiphysics neuron model for quantitative description
of cellular volume dynamics during neural activation. We analyzed the neuronal volume
response in both short (millisecond) and long (up to 1 min) time scales. The results
categorized the volume responses into three patterns, which reproduced the variety of optical
signals experimentally observed in the literature. Our multiphysics model and its multiscale
analysis provide insight into neuronal volume dynamics and its dependence on physiological
conditions.
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Fig. 1.

Diagram of our neuron model: time-varying variables and the physical principles connecting
them. In addition to the H-H model (indicated in gray), we employed multiple physical
principles, such as conservation theory, diffusion theory, and electrochemical equilibrium, to
couple newly introduced time-varying variables, such as the intracellular ion concentration
and the cell volume.
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Fig. 2.

Representative numerical solutions of our neuron model. (A)-(D) Total (Na+K) intracellular
concentration and the cell volume, as well as the membrane potential, varied during
excitation. The duration of stimulation was 1 ms, and the initial cell diameter was 10 zm.
The vertical gray lines indicate the moment of stimulation. (E) Various shapes of the optical
signals observed experimentally in the literature are very similar to our calculated cellular
volume responses. Data were extracted from the literature (left and center from [1], and right
from [2]). All horizontal scale bars indicate 10 ms.
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Fig. 3.

Analysis of neuronal volume responses for a single stimulation. (A) Distribution of volume
response patterns in the parameter space. Green, blue, and red colors indicate the patterns B,
C, and D, respectively. Only points where an action potential was fired are presented. (B)
Distribution of the volume response patterns for four selected initial cell diameters. (C) Peak
and plateau volume changes as a function of the injected charge density. The color
represents the initial cell size, ranging from 10 (cyan) to 25 um (magenta). (D) Distribution
of volume response patterns in the parameter space of the charge density and the cell size.
The dashed line b indicates the threshold of action potential firing. The dashed lines c and d
indicate the boundaries among the patterns B (green), C (blue), and D (red).
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Fig. 4.

Large-time-scale neuronal volume responses for repetitive stimulation. (A) Cellular volume
change and membrane potential for two selected stimulation amplitudes. Top traces show
the cell volume change during 1 min, while middle and bottom traces show the cell volume
and membrane potential changes during the first 1 s. The stimulation was applied at 20 Hz
for 20 s (the thick horizontal bar). (B) Behavior of the volume response in the parameter
space of the stimulation amplitude and frequency. The maximum volume change with its
sign (top) and the average slope of the volume change for the first 1 s (bottom) are
presented. The color represents the stimulation frequency, ranging from 5 (blue) to 50 Hz
(red). The dashed line a indicates the threshold current for inducing long-term volume
responses. In the region between the dashed lines b and c, the maximum change was larger
than zero even though the initial slope was negative. The initial cell diameter and the current
pulse width were fixed at 10 zm and 1 ms, respectively.
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Fig. 5.

Positive and negative feedbacks among variables during initiation of the action potential.
The stimulation current increases the membrane potential, as well as the transition rate and
the permeability of the sodium channel, while the increased sodium channel conductivity
further raises the membrane potential (positive feedback), thus initiating the action potential.
Our model suggests that the increased sodium current raises the intracellular sodium
concentration and decreases the equilibrium potential of the sodium ion channel, while the
decreased equilibrium potential inhibits the increase of membrane potential (negative
feedback), thus suppressing the initiation of the action potential. This is why the threshold
was slightly higher in our model than in the H-H model. The negative feedback of the
volume to the ion concentration occurs with a time delay due to the finite water diffusion
speed. Gray color indicates variables and feedbacks from the H-H model.
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