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Abstract— The interstitial cells of Cajal (ICC) generate
electrophysiological events called slow waves that regulate the
motility of the gastrointestinal (GI) tract. Recent studies have
demonstrated that the Ca2+-activated Cl−-channel, encoded by
the anoctamin1 (Ano1) protein, has a major role in regulating
intestinal slow waves and motility. The main aim of this study
was to develop a multi-scale mathematical model capable of
simulating both normal slow wave entrainment and the effects
of Ano1 knockout (KO) on the normal activity. A biophysically-
based cell model was adapted to simulate the effects of Ano1
KO at the cellular level. A 10mm one-dimensional (1D) model
was then developed to simulate entrained intestinal slow wave
propagation. Cellular KO at levels of 100% and 20% were
applied to a varying-sized middle region of the 1D model. The
main finding was that the level of loss of entrainment increased
as both cellular and spatial Ano1 KO levels increased, mostly
manifesting as ectopic activation. In the future, this model will
be extended and used in combination with Ca2+-imaging data
to quantitatively investigate the effects of Ano1 loss in ICC.

I. INTRODUCTION

Contractions in the gastrointestinal smooth muscle cells
are regulated in part by electrical slow wave activity [1], gen-
erated by a network of pacemaker cells called the interstitial
cells of Cajal. Coupling of both slow waves and intracellular
calcium transients via entrainment between regions of ICC
is one of the major mechanisms that coordinates GI motility.
The ICC can be found as an integral component in all areas
of the GI tract; pathological loss or diminished ICC function
results in slow wave dysrhythmia, and has been associated
with numerous GI disorders [2].

The ICC form networks with the ability to regulate the
propagation of slow waves via entraining the individual
intrinsic slow waves into a collective single frequency over
a part of the GI tract. For instance, slow waves occur at 30
cycles per minute (cpm) in mice intestine [3] and 3 cpm in
the human stomach [4]. At the cellular level, anoctamin1
(Ano1) encodes the Ca2+-activated Cl−-channel (CaCl)
involved in the regulation of GI vascular tone and fluid
secretion [5]. The development of a targeted knockout (KO)
of the Ano1 gene in a mice animal model has led to a
number of recent studies examining the functional changes
in terms of slow waves, motility and Ca2+ transients due

*This work was supported in part by the Rutherford Foundation admin-
istered by the Royal Society of New Zealand.

1A. Qian, LK. Cheng, S. Means, and P. Du are with Auck-
land Bioengineering Institute, University of Auckland, New Zealand;
aqia612@aucklanduni.ac.nz

2S. Means and J. Sneyd are with Department of Mathematics, University
of Auckland, New Zealand

3L.K. Cheng is also with Department of Surgery, Vanderbilt University,
Nashville, TN, USA

to ICC degradation [3]. A key observation made from these
studies was that entrainment generally decreases as the level
of Ano1 knockout increases [3], but how Ano1 regulates the
coordination of Ca2+ transients between neighbouring ICC
remains an open question.

An effective tool to bridge the knowledge gap in inter-
actions between physiological factors is mathematical mod-
elling - this has been used to great effects in predictive
simulations of GI electrophysiology [6].

The main aims of this study were to (i) develop a multi-
scale model of slow wave entrainment with an Ano1 compo-
nent, and (ii) to investigate how graded KO of Ano1 affects
slow wave entrainment.

II. METHOD

A. Cell Model

An ICC model developed by Lees-Green et al. was
adapted to simulate slow waves at the cellular level
(Fig. 1a) [7]. The cell model incorporates a number of
physiological cell components, including the Ano1 channel.
In the model, Ano1 in conjunction with store-operated Ca2+

channels (SOC) initiates cyclical slow waves. The model
follows a typical Hodgkin-Huxley representation of a cell
whereby the lipid bilayer is taken as capacitance (Cm) and
the change in transmembrane potential (Vm) over time is
dependent on the total of ionic currents across the cell (Iion),

dVm
dt

=
−Iion
Cm

(1)

Iion = ICaV + IKb + INab + IAno1 + ISOC + ICaT (2)

where ICaV is the current through the long lasting voltage
gated Ca2+ channel, IKb and INab are the background
potassium and sodium currents respectively, IAno1 is the
Ano1 channel current, ISOC is the SOC channel current and
ICaT is the T-type Ca2+ channel current.

Inositol 1,4,5-trisphosphate receptors (IP3Rs) are known to
contribute to pacemaker activity because Ca2+ is moved into
and released from IP3 mediated stores in the endoplasmic
reticulum (ER) during Ca2+ cycling, and slow waves are
absent in the IP3R knockout mice [3]. The model parameter
representing Ca2+ efflux along the IP3R across the ER
was found to be suitable for modifying the slow wave
frequency [4], as shown in (Fig. 1b). The upper range
of the slow wave frequency was matched to the range
reported (approximately 26 cpm in wild-type subjects) in
mice experiments [3,5].



0 1 0

-70

-40

-10

0   0.08 0.16

 5 

 20

 35

V
m

 (
m

V
)

Time (s)

iJer (s-1)

Fr
e

q
u

e
n

c
y

 (
cp

m
)

(a)

(b)

20

Fig. 1: Interstitial cell of Cajal model simulations [7].
(a) Simulated membrane potential of slow waves. (b) The
calibration curve showing the relationship between the flux
across the IP3R (iJer) and the frequency of slow waves.

A graded Ano1 knockout was simulated by inhibiting the
Ano1 current, which is given by the following equation,

IAno1 = KOcoefgAno1dAno1(Vm − ECl) (3)

where dAno1 is the Ano1 channel activation parameter, gAno1

is the conductance of the channel, ECl is the Cl- equilibrium
potential, and KOcoef is the scaling parameter. The value of
KOcoef was adjusted between 1 (0% KO) and 0 (100% KO)
to simulate cellular inhibition and KO of the Ano1 current
in ICC.

B. Tissue Model

CMISS (Continuum Mechanics, Image analysis, Signal
processing and System identification) was used to develop a
one-dimensional (1D) model [8]. The 1D model was 10 mm
in length, with 101 solution points distributed evenly (Fig. 2),
and coupled via the monodomain equation,

Am(Cm
∂Vm
∂t

+ Iion) = ∇ • (σ∇Vm) (4)

where Am is the membrane surface-to-volume ratio, Cm

is the membrane capcitance, and σ denotes the conductivity
tensor. An intrinsic frequency gradient (IFG) of 26 to 24
cycles per minute (cpm) was prescribed linearly across the
1D model by changing the value of the parameter iJER
(Fig. 1b).

Two types of KO were prescribed to the 1D model (Fig. 2).
The first was a cellular KO at 20% and 100% levels, and the

2 mm KO

24 cpm26 cpm
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6 mm KO
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0 mm 10 mm

Fig. 2: One-dimensional model setup. A 10mm model
containing 101 solution points with a linear IFG from 26
to 24 cpm prescribed across length of the model. A middle
tissue KO region of the model (represented by the grey
regions) contained ICC models with two different cellular
Ano1 KO levels (80% and 100% KO). The size of the tissue
KO region was changed between 2 and 10 mm in 2 mm
increments.

second was a tissue/spatial KO over various size (2 to 10mm
in 2mm increments) in the middle region of the 1D model.
The amount of disruption to the slow waves was quantified
by calculating the root-mean-squared-error (RMSE),

RMSE =

√∑N
i=1(f̂i − fi)2

N
(5)

where i is the solution points, N = 101, f̂ is the frequency of
the baseline model and f is the frequency of the KO model.
When the model was completely entrained to the baseline
frequency, the RMSE would be 0 cpm. Steady-state solution
was reached after 150 s of simulated time, and a further
300 s was observed for Ano1 disruption effects.

III. RESULTS AND DISCUSSIONS

A. Normal Entrained Slow Wave Propagation

Normal entrainment of slow waves depend on both the
underlying IFG and conductivity, as shown in Fig. 3. A com-
plete entrainment was demonstrated by the slow waves with
different intrinsic frequencies (24-26 cpm) phase-locking to
a single frequency of 26 cpm, and propagating at 13 mms−1

in the direction of the IFG (Fig. 5a). In general, as the
conductivity increased, the slow wave propagation velocity
also increased linearly (Fig. 3a). On the other hand, as the
IFG increased, the slow wave propagation velocity decayed
in an exponential fashion (Fig. 3b). Overall, propagation
velocity is more sensitive to IFGs than to conductivity -
if the IFG is high enough. At lower IFGs, conductivity
variation has a more prominent impact. Similar findings of
the dependence of velocity on the underlying IFG has also
been reported in other areas of the GI tract [9].

An interesting similarity emerges here with cardiac elec-
trophysiology. The relationship between reduced velocity and
a shortened refractory period during tachycardia is widely
understood to underpin cardiac re-entry [10]. Only recently
has functional re-entry activities also been reported by in GI
tract [9,11,12]. Given the simulation results also show the
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Fig. 3: Simulated propagation velocity in varying conditions,
with normal entrainment. (a) The velocity of propagation of
slow waves increases linearly as the conductivity increased.
(b)The velocity of propagation of slow waves decreases with
an inverse root relationship with increasing IFG. Simula-
tions were performed with tissue conductivity of 35 and
45 mSmm−1.

dependence of velocity on frequency (Fig. 3), it is possible to
expand the present model to simulate intestinal re-entry [13].
Although a direct validation of this frequency conduction
relationship in the intestine has not been reported to date,
the model may be used to determine the simulation protocols
used to invoke as well as eliminate intestinal re-entry.

B. Ano1 Knockout

Complete cellular KO of Ano1 abolished slow waves
(Fig. 4), in agreement with experimental evidence [5]. How-
ever, at low cellular KO levels (<30%), the frequency of slow
wave actually increased compared to the baseline frequency
of 26 cpm (Fig. 1(a)), while the amplitude remained the
same. The frequency reached a maximum of 32 cpm at 20%
KO level.

An example of the effects of tissue KO is demonstrated
in Fig. 5b. In this case, the slow waves in the center 2 mm
region of the 1D model were inhibited by 20% at the cellular
level. An IFG was set up with a frequency of 26 cpm to
the left and 24 cpm to the right of the KO region. The
elevated frequency in the KO region led to the emergence of
an ectopic pacemaker in the model. The overall entrained fre-
quency in the 1D did not deviate from the baseline frequency
significant (RSME: 0.41 cpm). The propagation velocity was
approximately 2 mms−1 to the right of the KO region and
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Fig. 4: Cellular Ano1 KO simulations. (a) At low levels of
cellular Ano1 KO, the frequency (closed circles) of slow
waves increased while the amplitude (open circles) stayed
the same as the normal slow waves (26 cpm). Slow waves
were completely abolished when cellular KO level was more
than 35%. (b) Example slow waves with 20% KO (32 cpm)
and 100% KO (abolished).

20 mms−1 to the left of the KO region, which deviated
from the baseline velocity significantly. The difference in
propagation velocity is consistent with the difference in local
frequency gradient to each side of the KO region (Fig. 3b).
This finding is significant as ectopic activation is a common
intestinal slow wave propagation observed [13]; however, its
role as a type of dysrhythmia and/or a normal pacemaking
mechanism is still unclear. The simulation result implies even
a relatively small Ano1 KO could induce a large change in
the propagation of slow waves at the tissue level. Therefore,
it is possible that early stage Ano1 loss could be marked by
emergence of additional pacemaker, leading to fragmentation
of the normal conduction pathway in the intestine.

In the KO model, the RSME increased as the levels of
Ano1 KO at both the cellular and tissue levels increased
(Fig. 6). As expected, the most decoupled case was produced
when Ano1 was completely inhibited (100% KO), and the ef-
fect was significantly less pronounced when cellular was only
partially inhibited at 20% KO. Interestingly, even though the
20% KO produced slow waves with a frequency of 32 cpm
(Fig. 4), the frequency in the KO region less than 2 mm was
only approximately 29 cpm, but it was sufficient to induce
an ectopic activation (Fig. 5b).

Experimental validation of the the simulations could be
conducted using conditional genetic deletion of Ano1 in
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Fig. 5: 1D model simulations. (a) An example of normal
entrainment behaviour showing propagation of waves from
the left to right of the 1D model in Fig. 2. (b) An example of
an ectopic dysrhythmia was achieved by partially inhibiting
Ano1 by 20% in the centre 2 mm of the 1D model.

animal models [3]. While it is unlikely that the graded
response of Ano1 KO at the cellular level can be as pre-
cisely controlled as it is here, the extent of spatial KO
of Ano1 can be quantified from images of stained whole-
mount tissue preparations. Furthermore, by registering the
locations of Ano1 with functional recordings, such as Ca2+,
or electrophysiological data, we can quantify the degree
of entrainment at a microscopic level. Combined with the
modeling approach, these studies will better inform how
Ano1 regulates slow wave entrainment and its role as a
potential biomarker in GI motility diseases.

IV. CONCLUSION

The effects of Ano1 knockout (KO) at both the cellu-
lar and tissue levels were investigated by incorporating a
biophysically-based cell model in a 10 mm one-dimensional
(1D) model. Normal entrainment to a single frequency of
26 cpm from a prescribed IFG (24-26 cpm) was achieved.
At the cellular level, partial inhibition of Ano1 beyond 70%
eliminated slow wave completely, while under this threshold
the slow waves increased in frequency. When cellular KO
was prescribed to the 1D model, ectopic activations were
induced by partially inhibiting Ano1 over a region of 2 mm,
and deviations from the baseline model increased as both
cellular and spatial KO levels increased.
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