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The pharynx of the nematode Caenorhabditis elegans is a neuromuscular organ 
that exhibits typical pumping motions, which result in the intake of food particles 
from the environment. In-depth inspection reveals slightly different dynamics at 
the various pharyngeal areas, rather than synchronous pumping motions of the 
whole organ, which are important for its effective functioning. While the different 
pumping dynamics are well characterized, the underlying mechanisms that gen-
erate them are not known. In this study, the C. elegans pharynx was modeled in a 
bottom–up fashion, including all of the underlying biological processes that lead 
to, and including, its end function, food intake. The mathematical modeling of all 
processes allowed performing comprehensive, quantitative analyses of the system 
as a whole. Our analyses provided detailed explanations for the various pumping 
dynamics generated at the different pharyngeal areas; a fine-resolution description of 
muscle dynamics, both between and within different pharyngeal areas; a quantitative 
assessment of the values of many parameters of the system that are unavailable in the 
literature; and support for a functional role of the marginal cells, which are currently 
assumed to mainly have a structural role in the pharynx. In addition, our model 
predicted that in tiny organisms such as C. elegans, the generation of long-lasting 
action potentials must involve ions other than calcium. Our study exemplifies the 
power of mathematical models, which allow a more accurate, higher-resolution 
inspection of the studied system, and an easier and faster execution of in silico 
experiments than feasible in the lab.

C. elegans | pharynx | pumping | muscle dynamics | mathematical model

The Caenorhabditis elegans pharynx is a double-bulbed tube, composed of a small number 
of cells, which include 20 muscle cells (Fig. 1; 1). Anatomically, the muscle cells can be 
divided into eight types due to threefold radial symmetry of most of them around the 
center of the pharynx. Functionally, they can be divided into three groups, such that 
within each group, all muscles contract and relax in synchrony, as if they were a single 
cell: a) corpus muscles: pharyngeal muscles 1-4 (pm1-4), b) isthmus muscles: pm5, and 
c) terminal bulb (TB) muscles: pm6-8.

All pharyngeal muscles (pm’s) exhibit one of two typical motions: pumping or peristalsis. 
Pumping is a repetitive contraction and relaxation cycle of most of the organ. Pumping of 
the anterior pharynx, i.e., pm1-4 and the anterior part of pm5, sucks in bacterial food from 
the environment, and pumping of the posterior part, i.e., pm6-8, crushes the food and 
pushes it into the intestine. Peristalsis is an anterior-to-posterior wave of local contractions 
and relaxations along the nonpumping pharyngeal segment, i.e., the posterior part of pm5. 
It occurs once in every 3 to 4 pumps on average, at the end of a pump cycle (2).  
This study focuses on analyzing pumping dynamics (i.e., excluding peristalsis, see “Materials 
and Methods”).

Inspecting pumping dynamics in detail reveals a more complicated picture than perfectly 
synchronized contractions and relaxations of the different pharyngeal areas (Table 1; 3–10). 
These include: 1) different contraction onset times of the corpus, anterior isthmus (AI) 
and TB; 2) different contraction-spreading speed along different pharyngeal areas: while 
corpus and TB contraction occurs simultaneously throughout their length, such that each 
contracts as one unit, contraction spreads slowly along the isthmus, within several tens of 
milliseconds, in an anterior-to-posterior wave; 3) different contraction-strength progres-
sion dynamics at different pharyngeal areas: while the corpus contracts gradually through-
out the pump—weakly at the beginning and reaching maximum contraction toward its 
end, the TB reaches maximum contraction very early after pump onset, and remains at 
maximum contraction throughout the pump.

While the various pumping dynamics are well characterized, there is currently no 
explanation for the way these variations could be obtained at the different pm’s. Come to 
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think of it, the variations in pumping dynamics are puzzling since 
they do not accord with the rather uniform dynamics of the under-
lying processes that lead to them: depolarization (DP) of the mus-
cles, which induces elevation of intracellular calcium ions, which 
in turn induces muscle contraction. Specifically, as most data are 
available for the easier-to-measure DP process, if pm’s pumping 
dynamics tightly followed those of pm’s DP, which spreads rapidly, 
almost simultaneously throughout the organ, they should have 
contracted nearly synchronously and would have then exhibited 
similar contraction dynamics (Fig. 2; 3).

In this paper, we propose comprehensive mechanisms that 
explain the various dynamics measured at the different pumping 
areas. By accurately modeling the biological processes that underlie 
pm’s dynamics, we were able to simulate and analyze in detail the 
emerging pharyngeal motions and to inspect the postulated mech-
anisms. Furthermore, the flow of fluid and particles through the 
pharyngeal lumen, which is dictated by pm’s dynamics, was also 
modeled and compared to particles motion measured in nematodes. 
This allowed us to inspect the influence of simulated muscle dynam-
ics on the emerging particles motion, and to infer some alternative 
pm’s dynamics than reported, in a reverse engineering manner. Our 
model supports a functional role of the marginal cells, which are 
currently thought to mainly serve as structural cells, and provides 
a fine-resolution description of the dynamics of the pumping pm’s.

Materials and Methods

The Biological Model.
The pharyngeal muscle cells. Of the several types of cells that compose the  
C. elegans pharynx, only the pm cells were modeled (Fig. 1). Since the pm’s are 
electrically coupled within each pharyngeal area (via marginal cells; 1), and due 
to their threefold symmetry, only one cell was modeled for each type of muscle, 
where pm1-2, as well as pm6-8, were modeled by a single muscle cell that 

represented their collective activity (Fig.  3). Each muscle cell was assumed to 
occupy one-third of the volume of its corresponding pharyngeal area. The differ-
ent pm’s were assumed to have similar properties (i.e., similar parameter values), 
unless experimental data or model’s output supported heterogeneity. Generally, 
the electrophysiological and calcium-dynamics properties of different pm’s were 
similar, while many of their biomechanical properties varied. In order to obtain 
a smooth, continuous motion at the transition points between adjacent pm’s in 
cases of heterogeneity in properties, transition areas were defined (Fig. 3). Their 
position and range were set based on model’s output (SI Appendix, Table S2).
The marginal cells. While the anatomical properties of the marginal cells (mc’s) 
were not modeled, we did model their putative functional properties, where the 
mc’s were assumed to relay electrical signals (“Results”). Similar to pm’s modeling, 
due to mc’s electrical coupling within each pharyngeal area (via pm’s; 1), and due 
to their threefold symmetry, the properties of only three mc’s were modeled: mc1 
at the corpus, mc2 at the isthmus, and mc3 at the TB (Fig. 1).
The modeled dynamics. The dynamics of the biological processes that underlie 
and lead to pharyngeal pumping were modeled (Table 2): 1) generation and 
propagation of an electrical signal (action potential), 2) intracellular calcium con-
centrations, and 3) contraction and relaxation of the pm’s. Action-potential (AP) 
dynamics, induced by changes in transmembrane potential ( Vm   ), were modeled 
using the cable equation, assuming that the changes in Vm   resulted from the activ-
ity of three plasma membrane’s ion channels: CCA-1, EGL-19, and EXP-2 (16), 
whose kinetics were modeled by the Hodgkin and Huxley equations (SI Appendix, 
Figs. S3–S13). In addition, a linear ohmic leak-current channel was modeled (16). 
AP generation was assumed to initiate by the firing of the MC neurons (3, 11–13), 
where the MC’s themselves were not modeled, and their firing was modeled as 
an external electrode current, injected at the corpus–isthmus border (Fig. 2). No 
other pharyngeal neurons were modeled (SI Appendix). Calcium concentrations 
were calculated in two regions: at a thin region, ~0.2 µm deep, just beneath the 
cytoplasmic membrane, termed Cashell   , which was assumed to affect the channels 
dynamics, and at the inner cell’s region, occupying the bulk of the rest of the 
cell where the myofilaments reside, termed Cacell   , which was assumed to affect 
pm’s dynamics. A homogenous concentration was assumed within each region. 
Calcium influx from the plasma membrane channels was assumed to be sufficient 
for evoking muscle contraction (17, 18). Finally, muscle dynamics were mod-
eled using a modified four-state latch-bridge smooth muscle model, assuming 
length-dependent bonding and unbonding rates. The pm’s were modeled as 
contractile elements (CE), connected both in parallel and in series with passive 
elastic elements (PE and SE, respectively), and interconnected by orthogonal ele-
ments (OE). PE was modeled as a linear spring connected in parallel to a linear 
damper, and SE and OE were modeled as linear springs (SI Appendix). The mus-
cles’ filaments were assumed to be radially oriented so that when they contract, 
the pharyngeal lumen opens. In addition to the aforementioned processes, the 
flow of fluid and particles along the pharyngeal lumen was also modeled (Table 2 
and SI Appendix).
The posterior isthmus. The dynamics of all of the pharyngeal areas were mod-
eled, excluding those of the posterior isthmus, for several reasons (SI Appendix). 
Thus, our model’s results regard pumping motions only, of all pumping areas, 
where the posterior isthmus remained closed (by setting its calcium-removal 
dynamics to be very rapid, SI Appendix, Table S3). Except for the calcium removal 
rate, similar calcium dynamics were assumed throughout the simulated pharynx.

Fig. 1. C. elegans pharynx anatomy. In all figures, anterior is to the left, and 
dorsal is up. The pharynx is composed of 20 muscle (shades of green), 9 
structural (named marginal; purple), and several other cells (not shown). All 
types of pharyngeal muscle cells (pm; 8 types), except pm1 and pm8, and 
all types of marginal cells (mc; 3 types) are arranged in threefold symmetry 
around the pharyngeal lumen, where pm1-4 and mc1 constitute the anterior 
part of the pharynx—the corpus; pm5 and mc2 its middle part—the isthmus; 
and pm6-8 and mc3 its posterior part—the TB. Adapted from ref. 1.

Table 1. Contraction–relaxation dynamics of the pharyngeal areas
Motion Property Corpus AI Posterior isthmus TB

Contraction Onset time 0 72.7 ± 36.4
28.5 ± 14.8

~150 A few ms
38.1

Strength progression Gradual Rapid
Total time 159 ± 1

145 ± 32.3
109.7 ± 19.6

91.9 ± 30.3
94.6 ± 18.1

173 ± 2
91.4 ± 13.6

Relaxation Onset time 0 ~20
13.4 ± 9.9Total time

Onset times are relative to those of the corpus. Contraction-spreading speed refers to contraction’s spatial propagation dynamics along the pm. Gradual (rapid) contraction-strength 
progression refers to contraction’s temporal dynamics, reaching maximum contraction just before (long before) relaxation onset time. The values indicated are either mean ± STD or 
mean. For some dynamics, more than one value is indicated, in cases in which several values were found in the literature.D
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In silico experiments. 1) Flattened metacorpus. The effect of pharyngeal shape on 
particles flow was tested by flattening the metacorpus bulb. The outer radius of the 
pharynx was changed manually, and a minimal set of parameters was changed 
in order to obtain similar particles motions (see FLAT_META_CO in SI Appendix, 
Table S1). 2) Changing the injection site of the external current. The effect of the 
position of the externally injected current on particles flow was tested by moving 
the injection site to the anterior tip of the pharynx, and a minimal set of changes 
was performed in order to obtain similar particles motions (see EX_INPUT_NODE 
in SI Appendix, Table S1).

The Mathematical Model. Each of the biological processes that lead to pump-
ing was described mathematically by a partial differential equation (PDE), which 
was solved using the finite-element method. All PDEs and their detailed solutions 
are elaborated in SI Appendix in order to allow nonspecialists to use this kind 
of approach.
The finite-element mesh of the pharynx. Mechanically, the pharynx is a 
very rigid structure—during contractions its inner lumen opens, while its outer 
shape does not change (1, 16, 24). Thus, two vectors were used for describing 
its geometry—an outer radii vector, R   , defining its outer, fixed contour, and an 
inner radii vector, z   , describing the changing contour of the lumen (SI Appendix, 
Fig. S20). R   was set based on morphological data of an adult C. elegans nematode 
(25, SI Appendix, Fig. S1). z was calculated using the muscles’ PDE. For this pur-
pose (and for Vm and calcium calculations), the pharynx was divided along its 
x-axis into equal-length segments, specified by a series of points. Each segment 
was further divided along its z-axis into a submembrane region and an inner 
cell region, respectively for Cashell and Cacell calculations (SI Appendix, Fig. S20).
Fitting of model parameters. The values of all model’s parameters (elaborated in 
SI Appendix) were initially set to best fit experimental data, when available. Since 
this initial fitting did not result in the desired AP, muscle, and particle dynamics, 
we tested the effect of changing the values of various parameters. Using a genetic 
algorithm that we developed, a range of values was inspected for each parame-
ter, and when either the emerging AP’s shape, muscle dynamics, or particles flow 
greatly improved, the initial parameter’s value was changed. Since all biological pro-
cesses affected each other and ultimately the resulting particles flow, we prioritized 
changes that improved fitting to the following data, mentioned from top to lowest 
priority: 1) particles flow data, 2) (widely available) AP data, and 3) low-level (partial) 
data of ion channels and (low temporal and spatial resolution) pm’s-dynamics data.

Results

Modeling Pharyngeal Muscles’ Action Potential. The C. elegans 
pharyngeal muscles (pm’s) exhibit repetitive, characteristic action 
potentials (APs), generated by the activity of three main ion 
channels: CCA-1, EGL-19, and EXP-2 (Fig. 4 and Table 3; 16). 
Channels activity is triggered by pm’s DP, which is initiated by 
the activity of the MC neurons (Fig. 2; 11–13). In our model, 
MC’s activity elevated the membrane potential (Vm) from a resting 
potential of −73 ms to about −40 mV (Fig. 5A and SI Appendix, 
Table S1). This activated the ion channels, which resulted in the 
generation of an AP. The modeling and analysis of the simulated 
AP was done by comparing the properties of the modeled ion 
channels, and of the emerging AP, to those measured in the 
nematode, as elaborated upon below.

The CCA-1 channels are T-type voltage-gated calcium channels 
that give rise to a large, quickly inactivating inward current, which 
drives rapid, transient membrane DP. Their activation voltage is 
~−40 mV, and their current peaks at ~−30 mV (16, 32, 33). The 
EGL-19 channels are L-type voltage-gated calcium channels, 
which activate at high Vm  ‘s in a long-lasting manner, and thus 
maintain AP’s plateau. Their activation voltage is ~−10 mV, and 
their current peaks at ~+20 mV (16, 32, 33). The EXP-2 channels 
are voltage-gated potassium channels of the Kv family, which trig-
ger rapid repolarization at the end of the plateau due to large 
outward currents (16, 26, 34).

In accordance with experimental data, the simulated CCA-1 
currents were large and transient (Fig. 5 B and C), and their acti-
vation voltage was ~−40 mV (SI Appendix, Figs. S2 and S3). In 
addition, they were necessary for a smooth, steep rise in Vm after 
pm’s DP by MC’s firings: In their absence, no AP was generated, 
and Vm reached ~−40 mV, in accordance with reported data 
(Fig. 5A; 28). In contrast to data, the simulated CCA-1 currents 
were adjusted to peak at a higher voltage of −20 mV since setting 
their peak at −30 mV did not allow generating APs with the 
desired characteristics (see “Fitting of model parameters” in 
“Materials and Methods” and SI Appendix, Fig. S2).

Similar to measurements, the simulated EGL-19 currents lasted 
for a long period of time (Fig. 5 B and C), their activation voltage 
was −10 mV, and they peaked at +20 mV (SI Appendix, Fig. S8). 
In accordance with data, they participated in the AP’s rising phase 
(28, 30, 31), and were necessary for maintaining the plateau: 
When absent, the maximal upstroke rate and peak amplitude were 
smaller (13.7 mV ms−1 and 28.7 mV, respectively), while no 
plateau was generated (Fig. 5A).

In accordance with measurements of EXP-2 currents, large out-
ward potassium currents were generated at the end of the simulated 
AP, and were necessary for hyperpolarizing Vm to −80 mV (Fig. 5 A 
and B). Similar to the nematode, the simulated EXP-2 currents could 
not be generated during the depolarizing phases of the AP due to 
channel’s ultrafast inactivation upon DP (SI Appendix, Fig. S12).

The dynamics of the simulated CCA-1 and EGL-19 channels 
described so far were obtained when assuming that these channels 
relayed both calcium (Ca2+) and sodium (Na+) ions. When assum-
ing that CCA-1 and EGL-19 were permeable to Ca2+ alone, the 
desired AP could not be generated by our model: CCA-1 channels 
exhibit very large currents (16). Permeability to Ca2+ alone required 
extremely large currents for elevating Vm, which also rapidly 
decreased calcium’s reversal potential (ECa ), preventing Vm from 
reaching its desired peak value. The lower Vm, which could not cross 
+4 mV, left the CCA-1 channels open, which, due to their large 
Ca2+ current, kept ECa at ~0 mV throughout the plateau (Fig. 6A).

Fig. 2. Spatial dynamics of pharyngeal muscles’ depolarization. Depolarization 
is initiated locally at the corpus–isthmus border, due to the firings of a pair of 
pharyngeal neurons, the MC’s (lightning; 11–13), and then propagates rapidly 
from one pm to another due to a tight electrical coupling (arrows; 1, 3, 5, 14, 15).

Fig.  3. Pharyngeal and transition areas in the model. Five pm cells were 
modeled: “mouth,” procorpus, metacorpus, isthmus, and TB cell, representing 
pm1-2, pm3, pm4, pm5, and pm6-8, respectively. Transition areas (gray 
shaded) between adjacent pm’s were defined in order to set a gradual change 
in the values of parameters that varied between different pm’s.
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We therefore postulated that the CCA-1 channels might be per-
meable to an additional ion other than Ca2+. Of the most common 
ions that flow across ion channels—N+, K+, Ca2+ and Cl−—N+ 
seemed to best fit since its electrochemical gradient widely pro-
motes DP, while not changing the reversal potential (like all ions 
besides Ca2+). Assuming CCA-1 permeability to both Ca2+ and 
Na+ allowed generating a rapid membrane DP at the desired rate, 
but one that could not cross +28 mV. In addition, the resulting AP 
plateaued around ~0 mV since now the large EGL-19 Ca2+ currents 
that were required for inducing a long-lasting DP rapidly decreased 
ECa to ~0 mV (Fig. 6B).

We therefore tested the possibility of EGL-19 permeability to 
both Ca2+ and Na+. Assuming EGL-19 permeability to both ions, 
and CCA-1 permeability to Ca2+ alone, resulted in a rapid mem-
brane DP at the desired rate, but one that could not reach the 
desired +34 mV, and which did not display the notch observed in 
nematodes. In addition, the resulting AP plateaued around ~+15 
mV or below (Fig. 6C). Alternatively, assuming that both CCA-1 
and EGL-19 relayed both Ca2+ and Na+, allowed the generation 
of a rapid membrane DP at the desired rate, and to the desired 
peak voltage. The resulting AP displayed a notch, and plateaued 
around ~+25 mV for the desired period of time (Fig. 5A and 
Table 3). Under these conditions, the Na+ currents of both chan-
nels were 1 to 2 orders of magnitude larger than their correspond-
ing Ca2+ currents (Fig. 6 B and C).

Sodium dependency of AP generation stemmed from the small 
size of the pharynx, which is in the micrometer scale (1, 6): When 
assuming either CCA-1 or EGL-19 permeability to Ca2+ alone, 
the large Ca2+ currents increased submembrane Ca2+ concentra-
tion ( Cashell ) by five orders of magnitude due to the small volume 

of the pharyngeal cells. This, in turn, decreased ECa to ~0 mV, 
which is way below the desired peak or average plateau’s potentials. 
Increasing pharyngeal size by two orders of magnitude or more 
allowed generating APs by Ca2+ currents alone since at these con-
ditions, Cashell peaked to lower levels, which allowed keeping ECa 
above the desired +34 mV throughout the AP (Table 4).

Modeling Calcium Dynamics. In contrast to the well-studied pm’s 
AP, much less data are available regarding Ca2+ dynamics (9, 35, 36), 
and these are not as accurate: Ca2+ levels are measured indirectly, by 
low-sensitivity and slow-kinetics sensors, which often themselves 
alter the dynamics (21, 37). Hence, the following description and 
analysis of the simulated Ca2+ dynamics are much more laconic.

Simulated intracellular calcium ( Cacell ) dynamics at the different 
pharyngeal areas were generally similar throughout the pharynx 
(except for a rapid and continuous reduction of Ca2+ to basal levels 
at the posterior isthmus, see “Material and Methods”), in accordance 
with experimental data (35). In our model, Cacell elevation started 
shortly (~40 ms) after AP onset (Fig. 7 A–D). The simultaneous 
Cacell elevation stemmed from the rapid spreading of the simulated 
AP along the pharynx, which occurred within a few milliseconds 
(3). Different from similar Cacell elevation onset times, initial (at 
~40 ms) and maximal (at ~190 ms) Cacell levels differed between 
segments, stemming from variations in pharynx geometry (Fig. 7E).

The temporal dynamics of the simulated Cacell fitted experi-
mental data only partially (35): In our model, Cacell elevated from 
basal to maximal levels within ~150 ms and returned to basal 
levels within ~200 to 300 ms (Fig. 7 A–D). These dynamics fit 
quite well the dynamics measured at high-frequency pumping but 
are inconsistent with much slower dynamics measured at low-rate 
pumping (SI Appendix, Figs. S14 and S15). Setting Cacell dynamics 
that fitted low-rate pumping did not allow fast and large-enough 
muscle relaxation for successfully catching food particles, and 
hence high-rate pumping dynamics where set (see “Fitting of model 
parameters” in “Materials and Methods”).

Modeling Pharyngeal Muscles and Particles Dynamics. According 
to Table 1, it is obvious that at least the AI does not start contracting 
concurrently with the corpus and TB, but rather after a long delay 
[Electropharyngeogram (EPG) data (38, 39), which reflect pm’s 
electrical activity, and video-recording analyses of pm’s contraction 
times (10), conflictingly support of a near-simultaneous and an 
asynchronous contraction of the corpus and TB muscles, respec-
tively; Table 1]. In addition, the AI contracts slowly from anterior 
to posterior (3). When assuming that pm’s dynamics were governed 
by Cacell dynamics alone, the desired AI dynamics could not be 
generated by our model since simulated Cacell elevated simultane-
ously throughout the pharynx (Fig. 7). We thus postulated that a 
factor other than Ca2+ might control pm’s dynamics. Consistent 

Fig.  4. Temporal dynamics of pharyngeal muscles’ action potential. The 
AP can be divided into three phases: rising (dark blue), plateau (blue), and 
repolarization (light blue), generated, respectively, by the activity of CCA-1, 
EGL-19, and EXP-2. The AP shape can be quantified by a set of parameters 
(numbered), whose corresponding values are listed in Table 3. Adapted from 
ref. 26, using WebPlotDigitizer (27). Reprinted with permission from AAAS.

Table 2. Modeling methods of the underlying processes of the pharyngeal pumping motions
Process Modeling method Description Rerence work

Electrical signal Cable equation Spread of electrical signal over time and space (19)
Hodgkin–Huxley equations Change of electrical signal over time due to ion 

channels activity
(20)

Calcium dynamics Change of calcium ion concentration over time 
and space, due to ion channels activity, ion 
removal processes, and ion diffusion

(21)

Muscle dynamics Nonisometric kinetic model for 
smooth muscles

Change of pharyngeal muscle’s length over time 
due to active and passive forces exerted by 
biomechanical elements

(22, 23)

Food transport along the 
pharynx

Low Reynolds number internal 
flow equations

Fluids flow (6)
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with this idea, in smooth muscles, such as the pm’s (24), Ca2+ is a 
necessary factor for inducing contraction, yet another factor, a 
signal-transduction-activated contraction-inducing factor (CF), 
can regulate it (SI Appendix, Fig. S24). If such a CF could be acti-
vated at different pm’s with different delays following Cacell eleva-
tion, this could have explained the measured variability in pm’s 
contraction onset times, and specifically the large latency in AI 
contraction. Furthermore, if CF activation could occur in a gradual 
and local manner along the pm’s, this could have explained the 
gradual AI contraction.

While several signal transduction pathways could potentially 
enhance pm’s contraction, an explicit pathway with a specific CF 
is yet to be found. Yet, assuming that such a CF acts at the pm’s, 
then regardless of its identity, its activation should be delayed 
relative to Cacell elevation (SI Appendix, Fig. S24). In order to 
explain a gradual activation of the CF along the isthmus, we pos-
tulated that the signal transduction started at external structures 
that stretched along the entire isthmus muscles. Such structures 
should relay the signal slowly, and activate the CF locally, influ-
encing small muscle segments separately.

Anatomically, two types of cells may fulfill these requirements: 
several types of pharyngeal neurons and the marginal cells (mc’s). 
Functionally, while none of the pharyngeal neurons fit, the mc’s 
seem to be good candidates (SI Appendix). We thus added an 
arbitrary CF to our model, without modeling its upstream path-
way, and set its dynamics in a top-down fashion (in contrast to 
all other model’s dynamics, which emerged in a bottom–up fash-
ion; SI Appendix, Tables S5 and S6). Spatially, the external 
CF-activating signal was assumed to spread gradually from the 

corpus–isthmus border toward both edges of the pharynx via the 
mc’s, and to activate the CF locally (Fig. 8A). The mc2’s were 
assumed to convey the signal more slowly than the mc1’s and 
mc3’s, for inducing a more gradual contraction. Temporally, the 
external signal was assumed to act rapidly, on the scale of milli-
seconds, triggering a fast, temporary activation of the CF (Fig. 8 
B–E). While CF-activation dynamics were the major factor that 
determined pm’s dynamics in our model, several calcium param-
eters also affected them, where the dissociation constants of 
MLCK and MLCP from Ca2+ were the second major factor 
(SI Appendix, Table S4). These constants will be termed here “Cacell 
thresholds.”

Contraction dynamics of all simulated pm’s were similar: 
Contraction started once Cacell levels crossed a certain threshold 
(at ~50 to 70 ms; different Cacell thresholds were set for different 
pm’s, SI Appendix, Table S4), and became significantly stronger 
upon CF activation (at ~100 ms, Figs. 7–9). Accordingly, at the 
beginning of a pump the pharyngeal lumen opened to a lesser 
extent, followed by a more rapid and wider opening. Relaxation 
dynamics of all pm’s were also similar: Once CF activation stopped, 
muscle contraction no longer continued, while relaxation started 
once Cacell levels dropped below a certain threshold (at ~200 to 
250 ms; different Cacell thresholds were set for different pm’s, 
SI Appendix, Table S4). The opening and closing of the pharyngeal 
lumen resulted in particles flow along the pharynx (Fig. 10). As 
mentioned, the emerging particles flow was used to infer the 
dynamics of the pm’s, and its fitting to measurements was favored 
over the fitting of pm’s dynamics in cases of a conflict, as elaborated 
upon below. Hence, in the following subsections, the simulated 

Fig. 5. Simulated membrane potential and its underlying currents. (A) The pm’s AP could not be generated by CCA-1 (orange) nor EGL-19 (blue) currents alone. 
The EXP-2 current accelerated membrane hyperpolarization at the end of the AP (yellow vs. gray). Leak currents alone, or leak currents together with EGL-19 
currents, resulted in similar changes in Vm   (blue). (B and C) The currents that underlie the pm’s AP (A, yellow). Sodium (B) and calcium (C) currents are shown 
separately due to different scales. All data were measured from the widest point of the metacorpus (graphs are almost completely identical throughout the 
simulated pharynx, i.e., all pharyngeal regions exhibited similar and concurrent DP and repolarization dynamics).

Table 3. Comparison of the quantitative properties of the simulated APs to those generated by the pharyngeal muscles
Parameter Nematode Model Experimental data

1 Maximal rate of upstroke [mV ms−1] 15 ± 1 14.6 (28)

2 Peak amplitude [mV] 34 ± 3 34.6 (3, 16, 29, 30)

3 Notch exists? v v

4 Average potential of plateau [mV] ~20 to 30 25 (3, 26, 28, 29)

5 Average decrease rate of plateau [mV ms−1] −0.22 ± 0.06 −0.1 (16)

6 Action potential total duration [ms] 100 to 250 ~175 [16, 28 (WPD), 29, 30]

7 Action potential overshoot [mV] ~−80 (−67 ± 1.5) −80 [28 (WPD), 29]

8 Average interpump potential [mV] −73 ± 1 (−45 ± 1) −73 [3, 28 (WPD), 29, 30, 31]
All values were inferred from intracellular recordings from TB muscles. Experimental data for parameters 7 and 8 suggest two possible values, where the nonchosen, alternative value is 
written in brackets. WPD—WebPlotDigitizer (27).
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pm’s and particles dynamics are jointly described and analyzed. 
An animation of all of the simulated dynamics is provided in order 
to allow visualizing all of the modeled dynamics in an integrative 
manner (Movie S1).

Corpus Dynamics. Simulated corpus muscles’ dynamics were 
similar to measurements (Fig. 9 A and B): The corpus opened 
quite simultaneously throughout its length, within 9 ms, where its 
lumen gradually opened throughout the pump, reaching maximal 
opening just before relaxation onset (3, 5). Its total contraction 
time ranged between 144 and 165 ms, in agreement with 
measurements (159 ± 1; 145 ± 32.3 ms). Corpus relaxation was 
also relatively synchronous throughout its length, within 24 ms, 
where its lumen closed within 21 to 67 ms, in partial agreement 
with measurements (35.4 ± 7.1; 34.8 ± 11 ms).

Besides the reported pm’s dynamics, the emerging simulated par-
ticles flow had to accord with the following observations, and hence 
several adjustments were made: 1) Particle 4 intake starts 10 ms 
before particle 3 intake (Fig. 10). This implies a posterior- 
to-anterior opening of the corpus. While these dynamics accord 
with those of CF activation and hence with those of late corpus 
contraction, the initial opening of the corpus already untrapped 
particles 3 to 4, where it (rapidly) propagated from anterior to pos-
terior due to a corresponding decrease in initial Cacell   levels (Figs. 7 
A and B, 8 B and C, and 9 A and B). Setting different Cacell thresh-
olds at the mouth (highest), procorpus, and metacorpus (lowest), 
allowed the desired release of particle 4 prior to particle 3; 2)  
Particles 3 to 4 do not slow down when passing through the 
metacorpus (Fig. 10). Reducing Cacell threshold at the metacorpus 
reduced the slowing-down of these particles but also undesirably 
flattened the metacorpus lumen. The minimal threshold that still 

elicited a spherical opening of the metacorpus lumen was chosen, 
which undesirably slowed-down particles 3 to 4 (Fig. 10).

The high Cacell   threshold at the mouth, together with an early 
cessation of CF activation and an underdamping ratio between 
mouth PE’s spring and damper (SI Appendix, Tables S4 and S6), 
also resulted in an earlier (16 ms) closing of the mouth relative to 
the rest of the pharynx, in accordance with measurements (7, 10), 
and was necessary for successfully trapping particles 1 to 2 within 
the pharynx during pm’s relaxation. However, the early closing of 
the mouth dictated a smaller opening of its lumen (to a 2.6-µm- 
wide diameter) than implicitly measured (≥ 3 µm; 7).

Isthmus Dynamics. Similar to all other pm’s, the simulated isth-
mus muscles exhibited a small, initial, Cacell-derived contraction 
(at ~60 to 70 ms), resulting in a small, initial opening of the 
lumen, which was followed by a delayed and more significant 
CF-derived contraction (at ~90 to 130 ms; Figs. 8D and 9C). 
While the initial contraction did not fit the measured isthmus 
dynamics, starting simultaneously (within 11 ms) throughout the 
entire isthmus, and with no delay relative to the other pharyngeal 
areas, the delayed contraction fitted well, with a contraction onset 
time of 40 to 82 ms following corpus contraction (vs. measured 
72.7 ± 36.4 ms), which spread from anterior to posterior within 
42 ms (vs. measured ~65 ms), and which lasted 80 to 115 ms (vs. 
measured 91.9 ± 30 and 94.6 ± 18.1 ms). Isthmus relaxation also 
fitted data with a total relaxation time of 42 to 54 ms (vs. measured 
40.5 ± 11.9 and 34.9 ± 15.2 ms).

Besides the reported pm’s dynamics, the emerging simulated 
particles flow had to accord with the following observations, and 
hence, several adjustments were made: 1) Particle 5 intake starts 
42 ms after particle 4 intake (Fig. 10). Different from the other 
pharyngeal areas, the initial opening of the isthmus lumen was 
very small due to a high Cacell   threshold (SI Appendix, Table S4), 
keeping particle 5 trapped. Thus, CF-activation dynamics could 
determine particle 5 intake onset time. Setting a slow mc2’s relay 
pace that fitted the measured ~65 ms contraction propagation 
time (6), resulted in a postponed release of particle 5 relative to 
measurements (7). Hence, a faster mc2’s pace was set, yielding a 
shorter propagation time (42 ms) than reported; 2) Similar ejec-
tion onset times of particles 1 to 5 (Fig. 10). For this purpose, the 

Table  4. The effect of pharyngeal size on calcium’s 
reversal potential
Scale of pharyngeal size [m] 10−6 10−5 10−4 10−3

Cashell at AP peak [mM] 3 1.3 0.18 0.002

ECa at AP peak [mV] 0 10.6 36 93
ECa was calculated for the temperature and extracellular calcium concentration indicated 
in SI Appendix, Table S3.

Fig. 6. Simulated membrane potential and its underlying currents, generated when zeroing Na+ permeability. (A–C) Simulated Vm ‘s (Top, gray scale) generated 
at different Ca2+ permeabilities (PCa’s), when zeroing Na+ permeability of both CCA-1 and EGL-19 channels (A), of EGL-19 channels (B), and of CCA-1 channels 
(C). Ca2+ permeability of either the CCA-1 (PCa_CCA) or EGL-19 (PCa_EGL) channels was set to be 2 to 3 orders of magnitude larger than the best-fitting values, in an 
attempt to elevate Vm   to +34 mV (SI Appendix, Table S3). The value of no other model’s parameter was altered. ECa (Top, yellow) and calcium current densities and 
concentrations (Bottom graphs) were plotted only for the largest PCa   (Top, darkest gray). In (A), increasing PCa_EGL did not affect the resulting Vm.
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simulated isthmus was tuned to start relaxing simultaneously with 
the metacorpus. While this resulted in the desired particles 
motion, the concurrent metacorpus and isthmus relaxation did 
not accord with a reported delay of ~20 ms (6, 10), which was 
shown to be important for a more efficient transport of food along 
the anterior pharynx (6, 7). Still, in support of Avery and Shtonda 
(6) findings, in order to successfully trap particles 3 to 4 at the 
simulated isthmus, its closing dynamics had to be slower than 
those of the corpus, which was done by setting slower CF-inhibition 
dynamics, and an overdamping ratio between isthmus PE’s spring 
and damper (SI Appendix, Tables S4 and S6).

TB Dynamics. Unlike the radially oriented corpus and isthmus 
muscle filaments that open the pharyngeal lumen laterally upon 
contraction, some of the nematode’s TB filaments are oriented 
obliquely to the anterior-posterior axis, resulting in a rotation 
motion of the TB’s grinder upon muscle contraction (3). Since in 
our model, TB motion did not affect particles motion (due to a 
permanently closed posterior isthmus), all TB filaments were 
assumed to be radially oriented. Although the simulated TB’s 
motion was partially different from that measured in nematodes, 
several aspects could be compared and analyzed (Fig. 9D). The 
simulated TB started to contract simultaneously with the corpus 
muscles, as supported by EPG data (38, 39), but different from 
video-recording analyses of pm’s dynamics, which measured a ~40 
ms delay between corpus and TB contraction onset times (10). In 
accordance with measurements, the simulated TB contracted 

synchronously throughout its entire length (within 5 ms), reaching 
maximal contraction relatively early after pump onset and remain-
ing at maximal contraction throughout the pump (5), with a total 
contraction time of 177 to 186 ms (vs. measured 173 ± 2 ms). 
Muscle relaxation started 17 to 29 ms after the corpus, in agree-
ment with measured delays of ~20 ms, and lasted for tens of 
milliseconds (55 to 62 ms, vs. measured 52.2 ± 14.5 ms). These 
dynamics were obtained by setting CF-activation dynamics dif-
ferent from those of the other pharyngeal areas, with a very early 
cessation of activation that allowed an early cessation in the open-
ing of the lumen, and by setting a low Cacell threshold that resulted 
in a delayed and slower closing of the lumen (but also in its early 
opening; Figs. 8E and 9D and SI Appendix, Tables S4 and S6).

In Silico Experiments. The double-bulb shape of the C. elegans 
pharynx evolved from a flat-corpus ancestral shape (40). We 
tested whether such a geometrical change in C. elegans pharynx 
would affect the emerging particles motion (SI Appendix, Fig. S1), 
and found no significant effect (Fig. 10). We also tested whether 
changing the position of the injection site of the external current 
would affect the resulting particles flow. Injecting the external 
current at the anterior tip of the pharynx did not significantly 
change the emerging particles flow: Moving the injection site did 
not affect AP’s dynamics, which rapidly spread along the pharynx 
within a few milliseconds, and inversing mc1’s relaying direction 
(to anterior-to-posterior) had a very little effect on the resulting 
particles motion.

Fig. 7. Simulated Cacell   dynamics at the different pharyngeal areas. (A–D) In Figs. 7–9, the dynamics were measured throughout a pump at various segments 
along the pumping pharyngeal areas. Dynamics within each area are indicated by gray-scale graphs, where those along transition regions are depicted in blue 
(Fig. 3). The x-position of the widest segment along the metacorpus and TB is encircled in yellow. (E) An inverse relation between outer pharyngeal radius and 
maximal Cacell levels (maximal Cacell [M] was multiplied by 105 to scale with the outer radius range).

Fig. 8. CF dynamics at the different pharyngeal areas. (A) Spatial dynamics of the simulated CF activation. Activation was assumed to initiate at the corpus–
isthmus border (lightning) and to gradually spread throughout the pharynx via the mc’s. (B–E) Temporal dynamics of CF activation (arbitrary units).
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Discussion

In this study, we modeled an entire organ, the C. elegans pharynx, 
in a bottom–up fashion, including all of the underlying biological 
processes that eventually lead to its end-function—the drawing 
in of food particles from the environment. The emerging dynamics 
of all processes nicely fit most measurements. Moreover, the model 
provides both a finer-resolution description of the various pump-
ing dynamics than available from measurements, and some 
detailed explanations for their variability (Table 5). Finally, it pro-
vides a quantitative assessment of the values of many parameters 
that are unavailable in the literature.

Establishing an accurate model that reliably simulates the 
reported dynamics, at all levels of activity, allows one to further 
inspect the simulated system. Although two out of three in silico 
experiments that we conducted (changing pharyngeal size, shape, 
and injection site of the external current) did not provide new 
insights about the system, they do provide some examples for how 
easy and fast it is to conduct in silico experiments, within minutes, 
that would take years in the lab, if that is even possible at all.

Pharyngeal Muscles Repolarization. While most of the simulated 
dynamics fit measurements, there is an inconsistency between 
the two with regard to pm’s repolarization and relaxation. While 
repolarization of all simulated pm’s started simultaneously, in the 
nematode, corpus repolarization starts 50 ms before that of the 
isthmus and TB muscles (15). Similarly, while in the nematode 

relaxation onset time of the corpus precedes that of the isthmus, 
these simulated areas started to relax in synchrony (whereas both 
in the model and nematode the anterior tip of the corpus and 
the TB are, respectively, the first and last to start relaxing; 10). 
The concurrent relaxation in the model stems from a concurrent 
repolarization of all of the simulated pm’s. The concurrent 
repolarization (and DP) stems from the assumption that they are 
all tightly electrically coupled by gap junctions. One possibility for 
explaining the difference in repolarization times of the different 
pm’s in the nematode is Li et  al. (5) suggestion, that the gap 
junctions found at the metacorpus and at the isthmus might 
rectify.

Electrical synapses can rectify, i.e., pass current preferentially 
in one direction, when the two sides of the junction contribute 
hemichannels with different properties to the gap junction (41). 
Since the metacorpus and isthmus exhibit two different types of 
innexins (14), Fig. 4), these areas could hypothetically allow a 
concurrent DP of all of the pm’s, by allowing depolarizing currents 
to pass from the corpus–isthmus border to both edges of the 
pharynx, while also allowing different repolarization dynamics, 
by not passing repolarizing currents from the corpus to the TB 
muscles (or alternatively, by not passing depolarizing currents from 
the TB to the corpus). Future experiments that will examine Li 
et al. (5) hypothesis in the nematode should be conducted before 
the integration of such a mechanism in our model.

Sodium Dependency of AP Generation. Our model predicts that in 
tiny creatures such as C. elegans, the generation of APs that exhibit a 
long, above-zero-millivolt plateau, must involve ions other than Ca2+. 
In the C. elegans pharynx, our model supported the permeability of 
both the CCA-1 and EGL-19 channels to both Ca2+ and Na+ (Fig. 6). 
Other models of the pm’s (e.g., refs. 21, 42, and 43) did not find 
such Na+ dependency since the Ca2+ currents were modeled as linear 
ohmic currents rather than using the more appropriate, nonlinear 
Goldman–Hodgkin–Katz equation, which we used. Permeability of 
C. elegans CCA-1 channels to Na+ was already suggested by Senatore 
et al. (44), while previous studies could not determine whether these 
channels were selective for Ca2+ alone (16, 30). In contrast, no 
experimental data support EGL-19 permeability to Na+. Still, the 
additional permeability of either type of channels to Na+ accords with, 
and provides a possible explanation for Franks et al. (30) findings 
that show that extracellular Na+ is required for the generation of, and 
affects the shape of, pharyngeal APs.

A Functional Role for the Marginal Cells. The marginal cells (mc’s) 
are understudied relative to other pharyngeal cells like neurons or 
muscles. The mc’s are assumed to mainly fulfill a structural role, 

Fig. 10. Particles flow along the pharyngeal lumen during one pharyngeal 
pump cycle.Comparison between the trajectories of five particles measured 
in the nematode [“data”; adapted from ref. 7, using WebPlotDigitizer (27)], and 
of the corresponding simulated particles, when assuming either a spherical 
(“sphere”) or a flat (“flat”) metacorpus (“Materials and Methods”).

Fig. 9. Pm’s dynamics at the different pharyngeal areas. (A–D) Simulated pm’s dynamics, indicated by the radii of the pharyngeal lumen. (E) An inverse relation 
between pharyngeal outer radius and maximal lumen radius, where the latter is also expressed in %, relative to its corresponding outer radius.
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whereas it was previously suggested that they could also serve as 
fast conductors that excite the electrically coupled muscle cells, 
for achieving synchronous contractions along pm’s of similar types 
(1, 3, 45). However, these are mostly high-level hypotheses, which 
we have not yet seen being tested in the nematode. Here, we 
postulated and examined in detail a functional role for the mc’s. 
Our model supports the hypothesized functioning of the mc’s 
as electrical signal relaying cells. However, in contrast to their 
previously suggested fast transmission, our model suggests that 
these cells are slow conductors, allowing some a-synchronous 
contractions along the muscle cells, by triggering a gradual and 
delayed activation of a CF. The model predicts that the CF-
activation dynamics are the major factor in determining the 
contraction-relaxation dynamics, rather than the Ca2+ dynamics. 
Such a-synchronies, both within and between pharyngeal areas, 
are important for the proper functioning of the pharynx (6, 7).

Our model integrates all levels of activity that underlie the func-
tion of an organ. Such multilevel modeling has several advantages: 
Examining the dynamics of each of the underlying processes in a 
wider context can point at different dynamics than those that best 
fit measurements when analyzing it as a stand-alone process (i.e., 
when improving, in overall, the activity of the entire system), thus 
providing some insights about its dynamics. Moreover, it allows 
one to use experimental data that describe, say, one process for 
inferring the dynamics of other processes, and hence to gain more 
information from available data. Finally, the comprehensive inte-
gration of all processes allows us to obtain and analyze the emerging 
behavior of the organ, and hence to greatly improve the intuition 
and understanding of the way the system works as a whole.

Our study demonstrates the high complexity of biological sys-
tems, as exemplified even in a tiny, low-number-cell organ such as 
the C. elegans pharynx, and illustrates the importance of mathe-
matical models: The high temporal and spatial complexities of the 
biological processes, together with the reciprocal effect of each 
process on all others (with the activity of the Ca2+ channels affect-
ing Ca2+ concentrations, with Ca2+ concentrations affecting both 
ion channels activity and the extent of muscle contraction, and 
with the extent of muscle contraction affecting Ca2+ concentrations 
and hence also AP generation), make it impossible to integrate and 
analyze all of the dynamics by mere thought. A mathematical 
model that comprehensively and quantitatively integrates all of 
these dynamics by simulating them all together, can allow the 
analysis of the inclusive behavior of the entire organ, and of each 
of its underlying processes.

We hope that following this work, our model’s predictions will 
be examined and verified in the nematode. We also hope that the 
model itself will be useful to others, either for further inspecting 
additional questions regarding the C. elegans pharynx (which can 
be done by expanding the model) or for the modeling of other 
neuro-muscular systems. For these purposes, the detailed solutions 
of all of the model’s PDEs are provided in SI Appendix, and the 
code of our model is also provided (46).

Data, Materials, and Software Availability. Model’s code (c++) data have 
been deposited in GitHub (https://github.com/DanaSherman/CelegansPharynx) 
(46). All other data are included in the manuscript and/or supporting information.
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