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Abstract: The pharyngeal pumping motion to send food to the bowel is a rhythmic moveme€ageimorhabditis elegandNe
proposed a computer simulation of the pumping motion to investigate the mechanisms of rhythm phenomena in living organisms
To conduct the simulations we developed an electrophysiological model of the pharyngeal muscle that corresponds to the actu
structure at a muscular level, and which generates the pumping rhythms. Each of 29 cells was modeled as a membrane potent
model to simulate the internal response. The electrophysiological responses of the pharyngeal muscular cells were measured
an electropharyngeogram (EPG) that records the activities of the pharynx as a signal pattern, including the membrane potentia
in multiple cells. We also developed an EPG model that calculated EPG based on the outputs of individual membrane-potentic
models. We confirmed that our model of the pharynx could generate rhythms similar to the EPG measufdc:fegans
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1 INTRODUCTION

Living organisms exhibit various rhythmic movements
such as walking and myocardial pulsation, which are im-
portant for their survival. The mechanisms of generation In the present study, we propose a computer simulation
and control of these rhythmic movements remain largely un- with a mathematical model that is constructed based on the
known. Further understanding of these mechanisms may actual structure of th€. eleganspharynx, and which cor-
help in the treatment of diseases caused by defects in rhyth- responds to the biological response at an individual cellu-
mic control. Further, if the mechanisms can be modeled, they lar level. A previous study superficially simulated the pha-
can be applied to engineering systems including developing ryngeal motion sending food to bowel [3] and is impossi-
novel control methods of humanoid robots. ble to represent the cell-level responses. Therefore, we pro-

The nematodeaenorhabditis eleganis a well-studied pose a structure-based pharyngeal model that can be used for
model organism with a simple nervous system, and shows the cell-level analysis and simulation of rhythmic phenom-
several thythmic movements including the pumping motion €na- The first step of these simulations involves developing a
for chewing and swallowing involving the pharyngeal mus- Mathematical model of the pharyngeal musclé€otlegans
cle. The pharyngeal muscle is composed of only 20 muscu- (© reproduce the pumping rhythms.
lar cells and 9 marginal cells. Various biological signals in- In section 2, we give an outline of the pharyngeal pump-
cluding membrane potentials have been measured in pharyn-ing motion and introduce the EPG, which is caused by the
geal muscular cells using the electropharyngeogram (EPG), electrophysiological responses of muscular cells. In sec-
and there is evidence that the pumping rhythms are generatedtion 3, we model individual cells in the pharynx at the

ical techniques, and as such the mechanisms of rhythm gen-
eration and control in pharyngeal muscular cells are not well
understood.

by the pharyngeal muscular cells and controlled by pharyn-
geal neuronal cells (neurons) [1]. In addition, we recently
reported that the pumping rhythms temporarily change af-
ter ionizing irradiation [2]. Thus, the pumping motion in

C. eleganss considered a useful system to investigate the
mechanisms of rhythmic phenomena in living organisms.
However, it is difficult to measure the membrane potentials
of individual pharyngeal muscular cells by electrophysiolog-
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membrane-potential level, and propose a method to tune mul-
tiple parameters included in the model comprised of indi-
vidual muscular-cell models using a genetic algorithm. In
section 4, we confirm that an appropriate set of parame-
ters is obtained by our parameter-tuning method and that the
model can generate rhythms similar to the EPG measured
from C. elegansin section 5, we provide a conclusion to our
study and discuss future research.
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Fig. 1. Structure of the pharyngeal muscleGnelegans

2 PHARYNGEAL MUSCLE IN C. ELEGANS

2.1 Structure of the pharyngeal muscle

C. eleganshas a simple cylindrical body approximately
1 [mm] in length (Fig.1, upper panel), and the body is com-
posed of 959 cells. Neuronal networks consisting of 302 neu-

rons include approximately 5,000 chemical synapse connec-

tions, approximately 600 gap junctions and approximately
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Fig. 2. The EPG recorded by Raizen et al. (revised Fig. 6A
in the literature [5]).

geal neurons are killed. Furthermore, the activity of muscular
cells in the pharynx is synchronized by signal transduction
via gap junctions between muscular cells, as mutants with
a defect in the function of the gap junctions in the isthmus
show disrupted synchronization between the muscular cell in
the corpus and those in the terminal bulb.

2.2 Electropharyngeogram (EPG)

Several methods to measure activities of muscular cells

2,000 connections between neurons and muscles [1]. The in the pharynx have been developed, including membrane-

pumping motion (chewing and swallowing) is a rhythmic

movement that is generated by the pharyngeal muscle and isand cell imaging [6].

required to send food (bacterial cells) to the bowel. The pha-
ryngeal muscle alternatively contracts and relaxes 0.3 [sec].
It is structurally divided into the corpus, the isthmus and the
terminal bulb (Fig.1, lower panel). The corpus is composed
of four different types of 10 muscular cells (pm1, pm2VL,
pm2VR, pm2D, pm3VL, pm3VR, pm3D, pm4VL, pm4VR
and pm4D) and three marginal cells (mc1V, mc1DL and
mc1DR). The isthmus is composed of one type of three mus-
cular cells (pm5VL, pm5VR and pm5D) and three marginal
cells (mc3V, mec3DL, and mc3DR). The terminal bulb is
composed of three different types of seven muscular cells
(pm6VL, pm6VR, pm6D, pm7VL, pm7VR, pm7D and pm8)
and three marginal cells (mc3V, mc3DL and mc3DR). Mus-
cular cells and marginal cells are alternately arranged in a ra-
dial manner (Fig 1, cross-section view). Each marginal cell

potential recording [4], myoelectric-potential recording [5]
In particularly, the myoelectric-
potential recording is a popular method that can record the
activities of pharyngeal cells as a signal pattern, including
the membrane potentials, in the multiple pharyngeal muscu-
lar cells. The myoelectric potential i@. elegandgs termed

the electropharyngeogram (EPG). The EPG is measured by
fitting a glass electrode into head of a fix€delegansand

is calculated as the difference of voltages between recordings
with and without the pharynx. The EPG is composed of the
time derivative of membrane potentials summed over all pha-
ryngeal muscles and the input signals from neurons. Thus,
each rapid positive change in membrane potential is observed
as a positive spike in the EPG, and vice versa. However, the
activity of the peristaltic motion present in the isthmus is not
shown in the EPG. Each spike observed in the EPG is termed
E1l,E2,1,R1and R2 (Fig. 2). E1 corresponds to the inputs by

connects with the adjacent pharyngeal muscular cells by gap MC neurons, E2 corresponds to the contraction of the corpus

junctions and does not contract and relax.

The functions of some pharyngeal neurons in the pump-
ing motion have been elucidated, including the control of the
interval between contraction and relaxation of the pharyn-
geal muscle and control of the pumping cycle. In addition,
cell ablation studies have demonstrated that the rhythm of
the pumping motion is generated by only pharyngeal muscu-
lar cells, as the pumping motion continues after all pharyn-
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and terminal bulb, | corresponds to the inputs by M3 neu-
rons, R1 corresponds to the relaxation of the corpus and R2
corresponds to the relaxation of the terminal bulb. There is
individual variability in the voltage level of the spikes de-
pending on the electrical property of the membrane and/or
the measurement environments. Therefore, we focused on
the qualitative properties of the EPG including the spiking
intervals that are largely independent of individual variance.
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Fig. 3. Electrophysiological model of the pharyngeal muscle.

3 ELECTROPHYSIOLOGICAL MODEL OF

THE PHARYNGEAL MUSCLE

In this next section, we propose an electrophysiological
model of the pharyngeal muscle, which can reproduce the
membrane potential of each cell and the EPG of the pharynx.
This model is composed of two parts; a membrane potential
model of individual cells in the pharynx (cell-level model)
and an EPG model to reproduce the EPG based on the out-
puts of membrane potential models. The parameters of the
membrane-potential models are then tuned to reproduce the
actual EPG.

3.1 Membrane potential model (cell-level model)

The membrane potential of each pharyngeal muscular cell
in the pharynx is important for the rhythm generation and
synchronization in the pumping motion [7]. Therefore, we
developed a mathematical model of each cell that shows the
cell response at the membrane-potential level. Based on the
actual structure of. elegang1], [8], we utilized all 29 cells
in the pharynx (i.e., 20 muscular cells and 9 marginal cells),
and modeled each of them individually. In the model of the
celln(€ pml,pm2VL, - -, me3DR), the membrane poten-
tial is represented by, (Fig. 3). To describe the behav-
ior of v,, we introduced the FitzHugh-Nagumo model [9],
[10], which is used for heart muscle modeling and analyses
of various rhythmic phenomena. Cells,andm, are con-
nected by gap junctions based on the actual structure [8],
and the connection weight is representeddy,,. Note that
Wm,n = Wn,m. 1he electrical current fromn to » is given
by wy, m (Vm — vy ) USINGw, , and the difference of potential
betweerw,, andv,,. Therefore, the membrane potential,
is represented by:

dv

3
dun 1
T, W:jl(an +vp = bpun), 2)
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whereT,, is atime constant to account for the rapid change of
the membrane potential in the pumping motian, b,,, and

¢, are constants used in the FitzHugh-Nagumo moas|.

is a recovery variable. These parameters determine the cycle
and the response rate @f, and should be tuned to generate
rhythms in the pumping motion. This is the first model to
reproduce the activities of individual cells in the pharynx at
the membrane potential level.

Since the EPG can be used to directly observe the rhythms
generated in the pharynx, we used the EPG to compare the
rhythm ofv,, with that of the pumping motion itself. For this
purpose, we developed the EPG model to calculate the EPG
based on the individual membrane potential models.

3.2 EPG model

We calculated the EPG based on the membrane poten-
tial, v,, of each cell model in3.1. The EPG is mea-
sured as the time derivative of the membrane potentials
summed over all pharyngeal muscular cells because there
is a capacitance between the electrode and the head of
the C. elegans Therefore, the EPGYEFG | generated by

model?

vp(n € pml, pm2D, - -+ mc3V) is represented by:

vERS = Y R,0% 3
model Z n dt ) ( )
v2°" = max(v,,0), 4)

wherev2t(n € pml, pm2D, - - -, mc3V) is an action poten-

tial, R,, is a resistance depending on the distance between the
electrode and the cell body, addis a capacitance. We can
compare the rhythm of,, with that of the pumping motion

by using the EPG model.

3.3 Parameter tuning method for the pharyngeal mus-
cle model

The parameters should be well tuned in order to reproduce
the actual EPG using the model. To tune parameters included
in the membrane potential model of each ceBif, we com-
pared the actual EPG recorded fronCaeleganswith the
EPG calculated by the model B12. As the recorded EPG
is affected by electrical properties of the membrane and/or
measurement environments, there is individual variability in
the voltage level of the spikes. Therefore, we used qualitative
properties, in particular spiking intervals, which are largely
independent of individual variability, for the parameter tun-
ing. The spikes that correspond to muscular activities are
E2, R1, and R2 (Fig. 2). Positive and negative membrane
potentials in the corpus cells generate E2 and R1 spikes, re-
spectively, while positive and negative membrane potentials
in the terminal-bulb cells generate E2 and R2 spikes, respec-
tively. Therefore, we tuned the membrane potential models
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to reflect the positive and negative membrane potential prop-
erties and the spiking intervals between each spike in the ac-
tual EPG.

tF2, tR1 andtR? represent the intervals of E2, R1, and
R2 (Fig. 4A), and are calculated as the peak value of each
spike. In addition, the pumping cycle measured from the
actual EPG is represented BP. The positive and nega-
tive intervals in the outputs of the membrane potential mod-
els in the corpus are representedtjy andtds™" (Fig. 4B),
wherenl is the cell name (pm1, pm2VL, pm2VR, pm2D,
pm3VL, pm3VR, pm3D, pm4VL, pm4VR, pm4D, mc1lV,
mcl1DL, and mc1DR). The positive and negative intervals in
the outputs of the membrane potential models in the terminal
bulb are represented by} andti3"® (Fig. 4C), wheren2
is the cell name (pm6VL, pm6VR, pm6D, pm7VL, pm7VR,
pm7D, pm8, mc3V, mc3DL, and mc3DR). These parameters
are calculated as the maximum/minimum values of the time
derivative of each membrane potential model. In addition,
the output cycles of the membrane potential models of the
corpus and the terminal bulb are represente@fiyyand7’S,,
respectively.
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To evaluate the fitness of the positive and negative inter-
vals calculated by the individual membrane potential models
of the pharyngeal cells, we defined the following error judg-
ment standard that compares the intervals of membrane po-
tentials output from individual cell models to the actual EPG
in the pharynx:

Ec+ E*
= ©)
‘tEQ _ tup‘ + |tR1 _ tdownl + |TD _ Td
Ec: n1 ni ni 6
> / ¥0
ni
tEQ — tuP| tR2 o tdown 4 TD . Td
Et: ‘ no ‘ | n2 | | n2 , (7)

3

na

whereE*€ is anintegrating error of the corpus cells, ant
is an integrating error of the terminal bulb cells. As the ac-
tivity of the isthmus cells is not shown in the actual EPG, we
evaluated the fitness of 23 membrane potential models in the
isthmus (6 membrane potential models were not used). The
smaller theE, the more the EPG model reproduces the ac-
tual EPG. We employed a learning and evolutionary genetic
algorithm (GA) to suitably tune the parameters included in
the membrane potential models on the basig of

First, all the parameters included in the membrane po-
tential models are represented as individual genes in a GA
string (Fig. 5). A string arranging all the parameters (genes)
is treated as an individual in the G individuals are pro-
duced, where the initial value for each gene is given as a uni-
form random number. Next, all individuals of the current
generation (the repeat number of calculation for the GA tun-
ing) are evaluated by equation (5), which are used to pro-
duce the next generation. The elif&;:. [%)] individuals
with the superior error valueE, remain as a part of the
next generation. (100 — Reiite) [%] Of the population of
the next generation is produced by the three operations of a
GA,; i.e., crossover foR,ossover [%0] Of the population, mu-
tation for R,utation [70] Of the population, and copying for
Reopying (%] of the population. These procedures (evalua-
tion, crossover, mutation, copying) are repeated every gener-
ation until the generation reaches. We essentially follow
the procedures of GA operations we previously reported [11].

4 REPRODUCTION OF PUMPING RHYTHMS

INAWILD TYPE C.ELEGANS

We evaluated the effectiveness of our proposed pharyn-
geal muscle model. To generate the actual pumping rhythms
in our model, we tuned the parameters included in the mem-
brane potential models by the GA-based tuning method. As
an example to reproduce the actual EPG, we used the EPG
of a wild typeC. elegansn which neurons except for the M4
neuron were ablated.
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4.1 Methods

The EPG includes E1 and | spikes corresponding to neu-
ronal activity and E2, R1, while R2 spikes correspond to
muscular activity. As the proposed electrophysiological
model targets only muscular activity, we employed the EPG
measured from a wild typ€. elegandn which all neurons
but the M4 neuron were ablated [5]. As shown in Fig.6, the
EPG includes only E2, R1, and R2 spikes. Although the M4
neuron controls the peristaltic motion of the isthmus, the in-
put from the M4 neuron to the pharyngeal muscle and the
peristaltic motion are not shown in the EPG. Therefore, the
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Fig. 8. Reproduction of pumping rhythms of a wild type
C. elegansat the EPG level.

201 Rclitc = 5; Rcrossovor =76 [%], Rmutation =95 [%],
Reopying = 9.5 [%], and the at-end generation was set to

spikes observed in Fig.6 can be treated as muscular activity ¢ = 1, 000.

only.

The data of the spiking intervals used for the parameter-
tuning were derived from the EPG in Fig.6, where we defined
the spiking interval of E2 as a standard tim&%(&= 0 [sec])
and the spiking intervals of R1 and R2 were given:By =
0.28 [sec] andt®? = 0.33 [sec], respectively. The pumping
cycle was given byI'® = 1.2 [sec]. The spiking intervals
calculated by the membrane potential modg&fg andtdo™®,

4.2 Results

We conducted 50 trials using different initial values for
the GA-based tuning method. Evolution of the error judg-
ment standardE, in a top individual at each GA generation
among 50 trials is shown in Fig. 7. Values Bfamong all
trials decreased rapidly untl = 100, and were less than
E = 0.015 atg < 200. After ¢ = 200, values of E among

were normalized by those generated by a cell near the glassall trials decreased slowly, and at= 1,000 the maximal

electrode, pm4D gg@ = 0 [sec]). The range of parameters
used in this simulation werg, = [0,0.1], a,, = [0,1], b, =
[0,1], ¢, = [0, 10], andwy, ,, = [0,1]. Parameters included

and minimal values reachdd = 0.0056 and E = 0.0018,
respectively (worst and best trials in Fig. 7).
The membrane potential output of individual cell models,

in the models of the same types of cells are tuned as the sameuv,,, employing a set of the parameters obtaineg at1, 000

value. The condition settings of the GA were setRo=
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and the EPGVEPG |

m

calculated fromy,, are shown in Fig. 8.
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The outputEPGs from the actuaC. elegansand the pro-
posed modelVEFS andVEPS - are shown on the top panel.
VEPG is a replot of Fig. 6. The EPG of the model was cal-
culated based on, of the membrane potential models of 23
cells (equations (3) and (4)). Since the cells in the pharynx
are divided into 11 types based on the function, a single ex-
ample of output of each is shown on the bottom panel. The
right panel shows the position of each cell in the pharynx.
The capacitance included in equation (3) was sét te 276

[pF] based on a previous report [4]. The resistances included
in equation (3) were set tB,m4vi, = Rpmavr = Rpmap =

1 [MQ] and Rymeve = Rpmevr = Rpmrp = Rpmrvr =
Ryomp = 0.3 [MQ]. The resistances corresponding to the
isthmus were set t®,, = 0 [M ] as the activity of the cells

in the isthmus is not shown in the actual EPG. Other resis-
tances were set t®,, = 0.01 [MQ]. From Fig. 8, we con-
firmed that the shapes of the membrane potentiglwere
similar in all cells. In the membrane potential models of all
cells, the rising time of,, is the same as that of the spike E2

in the actual EPGu,, in the corpus decreased correspond-
ing to the decrease of the spike R1, andin the terminal
bulb decreased at the same time as R2 in the actual EPG.
Furthermore, the EPG of the proposed modé&ff'S,, cal-
culated based on,, was similar to the actual EP®,EF¢,.

As such, the proposed electrophysiological model of the pha-
ryngeal muscle composed of the membrane potential models
accurately reproduced the pumping rhythms (i.e., spiking in-
tervals of the actual EPG).

5 CONCLUSION

In this paper, we developed a membrane potential model
of individual muscular cells in the pharynx based on the ac-
tual structure of th€. elegando investigate the mechanisms
of rhythm generation and control in living organisms. In ad-
dition, we proposed an EPG-level model that calculates the
electropharyngeogram (EPG) based on outputs of individual
membrane potential models. In the parameter tuning for the
membrane potential models, we focused on the spiking in-
tervals in the actual EPG and tuned the parameters so as to
reproduce the intervals rather than the EPG itself. In our
numerical experiment of rhythm generation, the proposed
model successfully generated similar pumping rhythms to
those observed in a wild type. elegans

As our model was based on the actual structure of cell
connections and each cell corresponds to the actual cell in
the C. elegansby ablating each connection included in this
model virtually, we can investigate the role of the gap junc-
tions on the rhythmic phenomena. In pilot experiments, we
virtually ablated gap junctions in the isthmus, as seen in the
eat-5 mutant that exhibits functional gap junctions deficits
in the isthmus and shows disrupted synchronization between
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the muscular cells in the corpus and those in the terminal
bulb. Similarly, we found that the membrane potential mod-
els generated rhythms that were not synchronized between
the corpus and the terminal bulb (data not shown). Thus, this
model will be useful for further studies examining mecha-
nisms of rhythmic phenomena @ elegans
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