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Biophysically Based Mathematical Modeling of Interstitial Cells of Cajal
Slow Wave Activity Generated from a Discrete Unitary Potential Basis

R. A. Faville,* A. J. Pullan, K. M. Sanders, S. D. Koh, C. M. Lloyd, and N. P. Smith
University of Auckland, Auckland, New Zealand

ABSTRACT Spontaneously rhythmic pacemaker activity produced by interstitial cells of Cajal (ICC) is the result of the entrain-
ment of unitary potential depolarizations generated at intracellular sites termed pacemaker units. In this study, we present a math-
ematical modeling framework that quantitatively represents the transmembrane ion flows and intracellular Ca2þ dynamics from
a single ICC operating over the physiological membrane potential range. The mathematical model presented here extends our
recently developed biophysically based pacemaker unit modeling framework by including mechanisms necessary for coordi-
nating unitary potential events, such as a T-Type Ca2þ current, Vm-dependent Kþ currents, and global Ca2þ diffusion. Model
simulations produce spontaneously rhythmic slow wave depolarizations with an amplitude of 65 mV at a frequency of
17.4 cpm. Our model predicts that activity at the spatial scale of the pacemaker unit is fundamental for ICC slow wave generation,
and Ca2þ influx from activation of the T-Type Ca2þ current is required for unitary potential entrainment. These results suggest
that intracellular Ca2þ levels, particularly in the region local to the mitochondria and endoplasmic reticulum, significantly influence
pacing frequency and synchronization of pacemaker unit discharge. Moreover, numerical investigations show that our ICC model
is capable of qualitatively replicating a wide range of experimental observations.
INTRODUCTION

The interstitial cells of Cajal (ICC) are a specialized group of

pacemaker cells located within the gastrointestinal (GI) tract

(1); they generate spontaneous, rhythmic electrical activity

without obligatory input from the enteric nervous system

(2). The coordinated electrical activity produced by ICC,

termed slow waves, is conducted to electrically coupled

smooth muscle cells (3). Some authors have distinguished

slow wave events recorded from ICC versus the events

recorded from smooth muscle cells with different terms.

For instance, slow waves in ICC have also been called pace-

maker or driving potentials and the same events in smooth

muscle cells have been referred to as slow waves (4,5). Since

it is now recognized that both events are of common origin,

we will refer to these events simply as slow waves

throughout this article. Over the last 25 years, experimental

studies have been performed on GI tissue to determine the

biophysical mechanisms underlying slow waves. Such

studies have yielded several possible mechanisms for pace-

maker activity (6–9), the most extensive, and experimentally

supported, being the Sanders’ Hypothesis (10–12).

The Sanders’ Hypothesis proposes that fundamental GI

pacemaker activity is generated within structures, termed

pacemaker units, which are formed by the endoplasmic retic-

ulum (ER), mitochondria, and plasma membrane. Cycling of

Ca2þwithin these structures activates the primary pacemaker

conductance, a Ca2þ-inhibited nonselective cation conduc-

tance (NSCC), resulting in small amplitude depolarizations

known as unitary potentials. Transient unitary potentials
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(Fig. 1 A) activate voltage-dependent Ca2þ channels, specifi-

cally the dihydropyridine-resistant T-Type (ICa(T)) Ca2þ

current, which accounts for the slow wave upstroke phase

(Fig. 1 B). Ca2þ entry through these channels diffuses into

the domain local to the IP3 receptors (IP3R) of pacemaker

units, which did not discharge before the initial event. This

increases the probability of the IP3R being in the open config-

uration/state, which effectively phase-advances the pace-

maker unit from its natural (unforced) oscillatory cycle.

Synchronization of pacemaker unit discharge via this

mechanism is responsible for the slow wave plateau phase

(Fig. 1 C). The subsequent activation of Kþ currents and other

restitution mechanisms return the cell to a susceptible state

(Fig. 1 D), and the pacemaker cycle continues ad infinitum.

For a full description of the Sanders’ Hypothesis, the reader

is directed to the comprehensive review of Sanders et al. (12).

Over the last decade, there have been several attempts to

mathematically model ICC pacemaker activity, each of

which is detailed in Table 1. From the list given in Table 1,

the two ICC slow wave models that are most compatible with

the Sanders’ Hypothesis are that of Edwards and Hirst (EH)

(7) and Corrias and Buist (CB) (13). The EH model assumes

that slow waves are generated by the summation of discrete

unitary conductances, which are representative of pacemaker

unit discharge. This model proves the feasibility of pacemaker

unit activity being responsible for 1), the upstroke phase, by

activating a membrane potential (Vm) dependent conduc-

tance; and 2), the plateau phase, with entrainment of pace-

maker unit discharge. However, the EH model is largely

phenomenological and therefore is incapable of representing

the underlying intracellular processes. Furthermore, the EH

model assumes that pacemaker unit entrainment occurs in

response to Vm-dependent IP3 synthesis, as opposed to the

doi: 10.1016/j.bpj.2009.03.058

mailto:r.faville@auckland.ac.nz


Modeling ICC Slow Wave Activity 4835
FIGURE 1 Schematic diagram showing the important

phases of the ICC pacemaker cycle as described by the

Sanders’ Hypothesis. (Phase 1) Discharge of pacemaker

units operating at the dominant pacing frequency. (Phase 2)

Transient unitary potential depolarizations from the domi-

nant pacemaker unit discharge activates the Vm-dependent

Ca2þ currents; specifically the dihydropyridine-resistant

T-Type Ca2þ current (ICa(T)). (Phase 3) Ca2þ diffuses

throughout the cell into pacemaker units that are not dis-

charged during the upstroke phase, resulting in advancement

of their oscillatory cycle. The staggered firing of these pace-

maker units forms the slow wave’s plateau phase. (Phase 4)

Cellular repolarization, which has been suggested to occur

via activation of the Kþ currents, from the plasma membrane

and intracellular Ca2þ handling mechanisms, such as the

Ca2þ extrusion pumps (I(Ca(Ext)), restores the cell to its orig-

inal resting state allowing for repetition of the pacemaker

cycle.
Sanders’ Hypothesis which suggests that this phenomenon is

primarily attributed to intracellular Ca2þ dynamics. The rela-

tively more complex CB model is the only established ICC

modeling framework that, to our knowledge, is both biophysi-

cally based and generates pacemaker activity from a unitary

potential basis. This model is also the only framework to

incorporate mitochondrial Ca2þ handling mechanisms, and

an NSCC as the primary pacemaker conductance. However,

the pacemaker unit subspace model used in the CB model is

representative of the aggregate pacemaker unit response. As

a result, the CB model is incapable of simulating unitary

potential entrainment as it is does not differentiate between

the responses from individual pacemaker units. In summary,

there are no biophysically based quantitative ICC modeling

frameworks in existence that strictly reproduce the mecha-

nisms detailed by the Sanders’ Hypothesis.

Recently, we developed a biophysically based mathemat-

ical modeling framework that quantitatively describes the

activity from a single isolated pacemaker unit (14). This

pacemaker unit model was developed with the intention of

being implemented within a whole-cell modeling frame-

work. The question then naturally arises as to how these

pacemaker unit representations can be combined to quantita-

TABLE 1 Properties of established ICC mathematical models

Ref.

Model

type Behavior

UP

basis

Tracks ionic

species

UP

representation

Spatial

scale

(53) P D No No N/A SC/MC

(54) P D No Yes N/A SC/MC

(55) P S Yes No P MC

(42) BB D No Yes N/A SC

(13) BB D Yes Yes BB SC

P is phenomenological; BB is biophysically based; D is deterministic; S is

stochastic; SC is single cell; MC is multiple cell; UP is unitary potential.
tively describe cellular slow wave activity. This is because

the pacemaker unit model, in its current form, does not

include any mechanisms by which to synchronize pacemaker

unit discharge.

In this study, we present the first biophysically based

computational modeling framework that simulates whole-

cell ICC pacemaker activity generated from a discrete pace-

maker unit population in accordance with the Sanders’

Hypothesis. This model is specifically designed to reproduce

slow wave activity from a single isolated myenteric ICC cell

operating over the entire physiological Vm range. The whole-

cell model framework is comprised of the following two

separate components, which we will introduce in turn: 1),

the pacemaker unit population; and 2), the bulk cytoplasmic

subspace. A schematic diagram of the ionic conductances,

pacemaker unit population, and other compartmental

volumes that comprise the slow wave model is given in

Fig. 2.

PACEMAKER UNIT MODEL MODIFICATIONS

The model of Faville et al. (14) is a generic representation of

biophysical activity from a single pacemaker unit. However,

the original framework is only representative of an isolated

pacemaker unit operating near minimum diastolic potential

(MDP), which is ~�70 mV (5,15,16). To accommodate

physiological function within a whole-cell environment

over the entire physiological Vm range, several minor modi-

fications to the model framework were required. Below we

discuss and justify each of these modifications.

A schematic diagram of the modified pacemaker unit

model is illustrated in Fig. 3. The full set of equations and

corresponding parameter values that comprise the pacemaker

unit model have been included within the Supporting

Biophysical Journal 96(12) 4834–4852
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Material (see Pacemaker Unit Model Equations and

Table S1, Table S3, and Table S4).

The inward Naþ current

To augment the influx of Naþ into the pacemaker unit from

INSCC, we have included an additional Naþ inward current,

denoted by INa. Note that, for the sake of convention, the

outward Naþ pump (which was represented by INa in the

original pacemaker unit model) is now represented hence-

forth by INaP. INa represents the passive leakage of Naþ

into the pacemaker unit, and is modeled by

INa ¼ gNaðVm � ENaÞ: (1)

The maximum conductance rate, gNa, was fitted to a value of

13.5 pS to ensure that baseline Subspace 1 [Naþ] (NS1) was

Vm-independent (see also Plasma Membrane Conductance

Voltage Dependency below). The Naþ Nernst potential,

ENa, is given by

ENa ¼
RT

F
loge

�
NO

NS1

�
; (2)

where NO is extracellular [Naþ] of 140 � 103 mM, T is body

temperature of 310.16 K, R is the universal gas constant, and

F is Faraday’s constant.

FIGURE 2 Schematic diagram illustrating the compo-

nents involved in the whole-cell model framework. Dis-

played are the ionic conductances and their respective

interactions with the pacemaker units and the bulk cyto-

plasm. Included are a population of nPU pacemaker units,

each of which has a transmembrane ionic flux contribution

denoted by Iion(PU). The two types of intracellular Ca2þ

fluxes responsible for Ca2þ movements throughout the

bulk cytoplasm are 1), the intercytoplasmic/pacemaker

unit Ca2þ flux from each pacemaker unit (JS2Cy), and 2),

the bulk cytoplasm intracellular Ca2þ flux (JCy). Also

included are six plasma conductances that regulate cellular

electrophysiology: 1), the T-Type Ca2þ current (ICa(T)); 2),

the Ca2þ extrusion pump (ICa(Ext)); 3), the K(v1.1) Kþ

current (IK(v1.1)); 4), Ether-a-go-go (ERG) Kþ current

(IK(ERG)); 5), a background Kþ leakage current (IK(B));

and 6), a nonselective inward leakage current (IL).

FIGURE 3 Schematic diagram illustrating the modified

pacemaker unit modeling framework. Modifications to

the original pacemaker unit model, detailed in Faville

et al. (14), include the introduction of the inward Naþ

current, INa (note that the outward Naþ pump is now

denoted by INaP). The full set of pacemaker unit model

equations and parameter values are given in the Supporting

Material.
Biophysical Journal 96(12) 4834–4852
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Plasma membrane conductance voltage
dependency

As mentioned previously, the original pacemaker unit model

only considered pacemaker activity generated near MDP.

However, analysis of the model under depolarized condi-

tions (Vm > �60 mV) demonstrates there is a significant

reduction in the magnitude of the primary pacemaker

conductance, INSCC (results not shown). This has the effect

of reducing both [Ca2þ] and [Naþ] within the subplasma

membrane compartment, denoted by Subspace 1 (S1). The

reduction in baseline S1 [Ca2þ] (CS1) is of particular impor-

tance, as pacemaker unit discharge has been observed by

multiple investigators to be highly dependent on [Ca2þ]

(6,17,18). This phenomenon has also been previously

demonstrated by our pacemaker unit model (14). However,

multiple investigators have also observed that the frequency

of the spontaneously rhythmic inward currents generated by

voltage-clamped ICC is Vm-independent (15,19–22). Taken

altogether, this suggests that baseline CS1 levels must also

be Vm-independent. Note that in the absence of any physio-

logical data detailing ICC intracellular [Naþ], we have

conservatively assumed that baseline NS1 levels are also

Vm-independent.

For baseline S1 ion concentrations to remain constant

during cellular depolarization, there must be either 1), an

increase in the magnitude of the inward conductances; or

2), a decrease in the magnitude of the outward conductances.

In considering the Ca2þ plasma membrane conductances, we

can discount the Ca2þ-ATPase pump, IPM, because exper-

imental evidence suggests that this conductance is not

Vm-dependent (23,24). Consequently, the conductance rate

of the remaining Ca2þ conductance, ICa, must increase

with depolarization. We model the Vm-dependent increase

in the conductance rate of ICa by

gCa ¼ ~gCae
kCaVm : (3)

The parameter values of g̃
Ca ¼ 0.148 pS and kCa ¼ 0.013

mV�1 were fitted such that baseline CS1 levels remained

constant during depolarization.

With regard to the Naþ conductances, the most likely

candidate Vm-dependent conductance is INaP. This is because

experimental observations suggest that the magnitude of

Naþ extrusion pumps, such as the sodium-potassium

exchanger (25) or the reverse Naþ pump (26), are highly

Vm-dependent. We model the decrease in the INa conduc-

tance rate with a linear relationship as

gNaP ¼ ~gNaPðENaP � VmÞ: (4)

The value of the reversal potential, ENaP, was set to 10 mV,

which is similar to values quoted for the reverse Naþ pump

(26). The maximum conductance rate, g̃NaP, of 187.5 pS, was

calculated from the original value (1.5 � 104 fA) by correct-

ing for the electrical gradient at Vm ¼ �70 mV (i.e., g̃NaP ¼
(1.5 � 104)/(10 þ 70) ¼ 187.5).
IP3R model

From the original pacemaker unit model, the rate at which the

IP3R returns to a susceptible state, denoted by f3, was

modeled by a Hodgkin-Huxley (HH) style time-dependent

variable (27). The purpose of modeling f3 as a time-depen-

dent variable was to prevent the IP3R from rapidly recovering

to an active state. However, the kinetic equations used to

describe f3 meant that it was not possible for the IP3R to

respond properly to local sudden changes in [Ca2þ] while

simultaneously retaining the receptor’s refractory properties.

To overcome this issue, the functional representation of f3

was separated into two independent components as

f3 ¼ f3ðCS2Þ � zðtÞ; (5)

where CS2 is the [Ca2þ] local to the IP3R, f3(CS2) is an

instantaneous function of CS2, and z(t) is a time-dependent

recovery variable that takes values between 0 and 1 inclu-

sively. Note that z(t) represents the instantaneous state of

the IP3R, whereby z(t) ¼ 1 denotes a fully susceptible state,

but will approach a value of 0 during ER Ca2þ release. To

highlight the functionality of z(t) within the new f3 formula-

tion, consider the following two scenarios: 1), the IP3R in

a fully susceptible state (z(t) ¼ 1); and 2), the IP3R directly

after ER Ca2þ release (z(t) / 0). Under the first scenario,

f3 z f3(CS2), meaning the IP3R will respond instantly to

changes in local [Ca2þ]. However, under the second scenario,

as z(t) is much less than unity, the value of f3 is significantly

decreased which, in turn, reduces the IP3R’s ability to

respond to CS2. Therefore, conditions that would be sufficient

for the activation of a fully susceptible IP3R may not neces-

sarily be sufficient for an IP3R directly after ER Ca2þ release.

We model the instantaneous component of f3 by

f3ðCS2Þ ¼
gf3�

1 þ
�

Kf3ðactÞ
CS2

�hf3ðactÞ
��

1 þ
�

CS2

Kf3ðinhÞ

�hf3ðinhÞ
�;

(6)

where Kf3ðXÞ and hf3ðXÞ are the half-concentration and Hill

coefficient, respectively, and X is either activation (act) or

inhibition (inh). The biphasic functional form of f3(CS2) is

a phenomenological representation of IP3R inhibition in

the presence of either very high or very low [Ca2þ]. Such

a phenomenon has been observed experimentally for the

Type-1 IP3R (28), which is the dominant IP3R isoform

present in ICC (29). We model z(t) as a HH-style gating vari-

able whose kinetics are governed by the ordinary differential

equation (ODE)

dz

dt
¼ azð1� zÞ � bzz; (7)

where az and bz are the forward and reverse rates, respec-

tively. The functional forms, and corresponding parameter

values, of these rate equations were chosen such that z(t)
Biophysical Journal 96(12) 4834–4852
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would approach zero in response to elevated CS2 levels

(CS2 R 0.5 mM) caused by ER Ca2þ release, but would

otherwise approach a value of unity.

Increased pacing frequency

Due to the availability of species-specific experimental data,

the pacemaker unit model was reparameterized specifically

to represent murine small intestinal (SI) ICC pacemaker

activity. This is because slow waves recorded from the SI

ICC have the shortest duration of all GI organs, and thus

require the least number of pacemaker units to represent

the plateau phase. Note that despite the difference in pacing

frequency and slow wave duration, we assume that the pace-

maker mechanisms are the same between cell types.

The model pacing frequency was increased, from 3 cpm,

to specifically represent that from murine SI ICC, which is

~16–26 cpm (15,5,16). This increase in pacing frequency

was achieved by increasing the intersubspace Ca2þ diffusion

rate, mS1S2, from 0.04 s�1 to 0.30 s�1 and the IP3R activation

rate parameter, r2, from 200 s�1 to 250 s�1. A comparison of

the unitary potentials generated by the original and modified

pacemaker unit models is illustrated in Fig. 4 A.

Pacemaker unit volume scaling

Analyses of electrical recordings from guinea-pig gastric

antrum tissue (18) observe that unitary potential depolariza-

tions are produced with mean amplitude of ~3 mV.

However, the amplitude of these depolarizations is relatively

small when compared to the amplitude of full slow waves

(~40–70 mV) from guinea-pig gastric antrum (4,30,31) and

murine SI tissue samples (5,15,16). If unitary potentials are
Biophysical Journal 96(12) 4834–4852
responsible for 1), depolarizing the cell into the ICa(T)

Vm-activation window and 2), maintaining the slow wave

plateau phase, then potentially tens to hundreds of pace-

maker units would be required to represent slow wave

activity. The computational expense of simulating such

a large number of pacemaker units would reduce the model

framework’s tractability.

To overcome this issue, we have introduced a scale factor,

denoted by VScale, which controls S1 volume. If we assume

that 1), S1 thickness is very small relative to the cell

membrane surface area and 2), the pacemaker unit ion

channel density is constant, then the pacemaker unit plasma

membrane conductance rates should approximately increase

proportional to VScale:

IiCa ¼ VScale

�
ICa þ IPM þ INSCCðCaÞ

�
; (8)

IiNa ¼ VScale

�
INa þ INaP þ INSCCðNaÞ

�
: (9)

In other words, by increasing the volume of S1 we also

increase the individual transmembrane ion contribution

from each individual unit. As a result, we require fewer pace-

maker units overall to generate the same activity. However,

a consequence of this model construct is that pacemaker unit

activity is now representative of the equivalent pacemaker

activity generated by multiple units.

It should be noted that as the current/flux ratio (dS(PU)) is

inversely proportional to pacemaker unit volume, then the

value of dS(PU) should also be reduced by a factor of VScale.

This has also been incorporated into the differential equa-

tions governing Subspace 1 [Ca2þ] and [Naþ] (see Eq. S30

and Eq. S34). The value of VScale is related to the pacemaker

population size, nPU, by the relationship
FIGURE 4 (A) Comparison of the unitary potentials

generated by the original (solid) and modified (dashed)

pacemaker unit models. Note the differing timescales for

each scale with the bottom timescale representing the orig-

inal model, and the top timescale the modified framework.

(B) Simulated unitary potentials depolarizations for VScale

¼ 1, 5, and 10. (C) Relationship between unitary potential

amplitude and VScale.
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VScale ¼
nPUðBaseÞ

nPU

; (10)

where nPU(Base) was set to 50 pacemaker units. Analysis of

the effects of VScale on the pacemaker unit model (Fig. 4B)

demonstrates that there is a linear relationship between

unitary potential amplitude and VScale (Fig. 4 C). It should

be noted that there is a lower limit to nPU, because if VScale

is too large then the approximation of S1 cell membrane

surface area scaling with S1 volume is no longer realistic.

A consequence of this is that it would be unrealistic to scale

the plasma membrane conductance rates proportionately

with VScale. From analysis of Fig. 4 C, we suggest a lower

limit of nPU ¼ 5, because smaller population sizes would

produce unitary potentials that were greater than half the

amplitude of full slow waves (which is ~50–70 mV; see

Table 2).

THE BULK CYTOPLASMIC SUBSPACE

Parameter estimation

Where possible, model parameters were obtained either by

fitting to appropriate ICC experimental data or were based

on values quoted from other biophysically based ICC elec-

trophysiological models (7,13). All model parameters

determined by this process are explicitly stated below. The

remaining parameters, for which there was no suitable data

or appropriate alternatives, were fitted using nonlinear opti-

mization techniques. The fitting procedure optimized these

parameter values such that the whole-cell model reproduced

experimentally observed slow wave metrics. These metrics

were:

1. Amplitude (YA).

2. Frequency (YF).

3. Half-width (YHW).

4. MDP (YMDP).

5. Maximum Vm rate change, dVm/dtmax (YdVm).

Note that the YHW is defined as the duration where Vm> 50%

� YA, and YdVm is the maximum Vm rate change during the

slow wave upstroke phase. The values for these metrics were

obtained from slow waves recorded from murine SI tissue

(5,15,16), and are summarized in Table 2.

To fit the parameter values so that the model response falls

within the physiological range of experimentally observed

slow wave characteristic values, the cost function was calcu-

lated for each metric,

FXðYXÞ ¼
jYX � YXðLBÞjþjYX � YXðUBÞjþ

�
YXðLBÞ� YXðUBÞ

�
2

;

(11)

where X ¼ A, F, HW, MDP, or dVm, and YX(LB) and YX(UB)

denote the lower and upper bounding values, respectively,

for a given metric (see Table 2). The form of the cost func-

tion was chosen such that if YX was within the physiological

bounds, then the function value would be zero. For YX

outside of the bounds, the value of the cost function was

calculated as the absolute difference between the metric

and the closest bounding value. The total optimization

objective function, FCost, was calculated as the sum of the

individual metric cost function values:

FCost ¼ FA þ FF þ FHW þ FMDP þ FdVm: (12)

To obtain a feasible solution such that all metrics were within

physiological bounds, which is denoted by FCost ¼ 0, we

employed a Monte Carlo minimization algorithm (32).

Intracellular Ca2þ fluxes

The intracellular Ca2þ fluxes represent the intracellular Ca2þ

handling mechanisms responsible for unitary potential

entrainment. Furthermore, these conductances contribute to

shaping the Ca2þ spatio-temporal response within the bulk

cytoplasm. Our model includes two intracellular Ca2þ

fluxes, which are 1), the intercytoplasmic/pacemaker unit

Ca2þ flux, JS2Cy; and 2), the bulk cytoplasm intracellular

Ca2þ flux, JCy.

The intercytoplasmic/pacemaker unit Ca2þ flux represents

Ca2þ diffusion between the bulk cytoplasm and the pace-

maker units. It is via this mechanism that individual pace-

maker units are entrained to maintain the slow wave plateau

phase. The equation describing Ca2þ diffusion between the

bulk cytoplasm and the ith pacemaker unit is given as

JS2CyðiÞ ¼ mS2CyðiÞ

�
CCy � CS2ðiÞ

	
; (13)

where CCy is bulk cytoplasmic [Ca2þ], and CS2(i) and mS2Cy(i)

are the Subspace 2 (S2) [Ca2þ] and Ca2þ diffusion rates,

respectively, for the ith pacemaker unit. The distribution of

mS2Cy values that were used for the entire ICC model is

TABLE 2 Pacemaker potential characteristic values comparison

Ref. n MDP (mV) Frequency (cpm) Amplitude (mV) Half-width (s) dVm/dtmax (V s�1)

(5) 39 �69.6 5 4.5 26.1 5 2.4 56.3 5 5.3 1.00 5 0.16 1.51 5 0.30

(16) 12 �68.7 5 2.5 24.2 5 1.5 58.9 5 3.0 0.91 5 0.09 1.85 5 0.29

(15) 5 �70.0 16.2 73.1 0.49 5 0.03 6.40 5 0.60

Range (�74.1)–(�65.1) 16.2–28.5 51.0–73.1 0.46–1.16 1.21–7.00

Youm et al. (42) �78.0 20 79.2 0.64 7.10

Model simulations �69.8 5 0.14 17.4 5 0.03 64.5 5 0.16 0.72 5 0.02 1.32 5 0.05

Here, n denotes the number of observations made from separate tissue preparations.
Biophysical Journal 96(12) 4834–4852
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discussed in detail below (see Ca2þ Diffusion Rates). Note

that Ca2þ diffusion is only permitted to occur between the

bulk cytoplasm and S2, and not between the bulk cytoplasm

and the pacemaker unit’s subplasma membrane subspace

(denoted by S1). This is because Ca2þ diffusion directly

into S1 would inactivate the Ca2þ-inhibited INSCC, thereby

abolishing unitary potential depolarizations.

For Ca2þ to be conserved within the pacemaker unit

model, the ODE describing S2 [Ca2þ] (CS2) must be updated

to include JS2Cy. Therefore, with reference to Faville et al.

(14), the new ODE governing S2 [Ca2þ] for the ith pacemaker

unit is given by

dCS2ðiÞ

dt
¼ JS2CyðiÞ þ lER=S2JIPR �

�
lS1=S2JS1S2

þ lMT=S2JMCU

�
: (14)

Via this biophysical structure, it becomes evident how pace-

maker unit entrainment occurs in response to elevated CCy

levels from ICa(T) activation. As CCy increases, there is a posi-

tive increase in the magnitude of JS2Cy (Eq. 13) resulting in

Ca2þ preferentially diffusing from the bulk cytoplasm into

S2. The consequential elevation in S2 [Ca2þ] (Eq. 14) causes

an increase in IP3R open probability, hence phase-advancing

the rate at which the receptor would otherwise normally fire.

By varying the value of mS2Cy for a given pacemaker unit,

we can effectively control the rate at which the IP3R will

fire, and thus control pacemaker unit entrainment. Note

that this model construct also quantifies the effect of pace-

maker unit dominance, whereby units with the highest

mS2Cy will fire at a faster rate than those with lower Ca2þ

diffusion rates.

Also included in the model is the bulk cytoplasmic intra-

cellular Ca2þ flux, which provides an intracellular mecha-

nism to remove Ca2þ from the bulk cytoplasm. Moreover,

JCy is a phenomenological representation of the intracellular

Ca2þ handling mechanisms (such as ER/mitochondrial Ca2þ

uptake) that are not directly involved with pacemaker unit

activity. We model JCy by the diffusion equation

JCy ¼ mCy

�
CN � CCy

�
: (15)

We use values of mCy ¼ 1.3 s�1 and CN¼ 0.12 mM to shape

the restitution phase of the bulk cytoplasmic [Ca2þ] signal

and maintain resting Ca2þ levels.

PLASMA MEMBRANE CONDUCTANCES

Ca2þ conductances and transporters

The Ca2þ conductances play a dual role in ICC pacemaker

activity. Firstly, the net Ca2þ influx from the activation of

the inward ionic currents causes cellular depolarization

(16). Secondly, Ca2þ diffusion between the bulk cytoplasm

and the neighboring pacemaker units coordinates unitary

potential discharge (12). The two Ca2þ plasma membrane

conductances which have been included in the whole-cell
Biophysical Journal 96(12) 4834–4852
model are the 1), T-Type Ca2þ current (ICa(T)); and the 2),

Ca2þ extrusion pump (ICa(Ext)).

The T-Type Ca2þ current is suggested to be the conduc-

tance responsible for the upstroke phase of slow wave

depolarizations (16,33,34). The ICa(T) was resolved via

voltage-clamp experiments performed on murine SI and

colon ICC (33). We model ICa(T) using the Vm-dependent

primary current as described by the EH model, which has

the functional form

ICaðTÞ ¼ gCaðTÞOCaðTÞ
�
Vm � ECaðTÞ

�
; (16)

where OCa(T) is the conductance open probability, the fitted

value of gCa(T) was 800 pS, and ECa(T) ¼ 17 mV was derived

from voltage-clamp experiments performed on rat CaV3.2

channel isoforms at 37�C (35).

Several Ca2þ extrusion mechanisms have been identified in

ICC, specifically the Ca2þ-ATPase pump and plasma

membrane Na-Ca exchange pump proteins (36). These

conductances regulate intracellular [Ca2þ] by extruding

Ca2þ across the cell membrane. However, as the kinetics of

these conductances have not been fully characterized in

ICCs, we model the action of these conductances phenomeno-

logically using the following Ca2þ-activated Hill equation:

ICaðExtÞ ¼ gCaðExtÞ

�
CCy

KCaðExtÞ þ CCy

�
: (17)

We set gCa(Ext) ¼ 100 fA and KCa(Ext) ¼ 1 mM to ensure the

resting bulk cytoplasmic [Ca2þ] was maintained over

multiple pacemaker cycles at a physiological intracellular

[Ca2þ] of 0.12 mM.

Note that the L-Type Ca2þ current (ICa(L)) has also been

identified via voltage-clamp experiments performed on

murine SI and colonic ICCs (33). However, the exact role

that ICa(L) plays in ICC pacemaker activity is unknown.

This is because experimental investigators have observed

that dihydropyridines, known ICa(L) blockers, have little-to-

no effect on ICC pacemaker activity (12). Therefore, as

ICa(L) is apparently superfluous to pacemaker activity, we

have omitted this conductance from our modeling framework.

Kþ conductances

The Kþ plasma membrane conductances contribute to pace-

maker activity by repolarizing the membrane potential and

maintaining the resting membrane potential during the pace-

maker cycle’s quiescent phase. We include in our slow wave

model three whole-cell Kþ currents, which are the 1),

voltage-dependent KV1.1 current, IK(v1.1); 2), Ether-a-go-go

(ERG) Kþ current, IK(ERG); and 3), background Kþ leakage

current, IK(B).

The functional form of the equations used to model all the

bulk cytoplasmic Kþ conductances have been adapted from

Corrias and Buist (13). It should be noted that we have

assumed a constant physiological intracellular (Ki) and extra-

cellular (KO) [Kþ] of 5.4 � 103 mM and 145 � 103 mM,



Modeling ICC Slow Wave Activity 4841
respectively. This is because all the whole-cell plasma

membrane conductances are either dependent on Vm and/or

CCy. A consequence of this assumption is that all Kþ currents

(except IK(B); see below) flow against a constant Kþ reversal

potential, denoted by EK, and are calculated by

EK ¼
RT

F
loge

�
KO

Ki

�
z� 87:9 mV: (18)

The ERG Kþ channels have been identified in murine SI

ICC by multiple investigators (37,38) and are suggested to

regulate ICC excitability and pacemaker activity. The model

for IK(ERG) is characterized using

IKðERGÞ ¼ gKðERGÞdERGðVm � EKÞ; (19)

where dERG is the activation gating variable, and the

maximum conductance rate, gK(ERG), was fitted giving a value

of 6 pS.

The voltage-dependent Kþ channel (KV1.1) was identified

in canine, murine, and guinea-pig ICC through immunohis-

tochemical colocalization (39). We model IK(v1.1) using

IKðv1:1Þ ¼ gKðv1:1Þdv1:1fv1:1ðVm � EKÞ; (20)

where dv1.1 and fv1.1 are the activation and inactivation gating

variables, and the fitted value for the maximum conductance

rate, gK(v1.1), was 10 pS.

Finally, a background Kþ leakage current was included to

represent the passive Kþ efflux, and is described by

IKðBÞ ¼ gKðBÞ
�
Vm � EKðBÞ

�
; (21)

where gK(B) is the maximum conductance rate and was fitted

giving a value of 13.5 pS, and EK(B) is the reversal potential

which was set to �70 mV to ensure slow wave MDP was

approximately equal to this value.

Other conductances

The nonselective inward leakage current represents the

aggregate background inward leakage currents. This current

shapes the slope of Vm during the quiescent phase of the

pacemaker cycle by balancing passive outward ion flows.

The equation describing IL is given as

IL ¼ gLðVm � ELÞ: (22)

The maximum conductance rate, gL, was fitted to a value of

0.8 pS and the reversal potential, EL, was set to a value of

0 mV, which is characteristic of nonselective cation channels

(20).

Gating variables

To model the time-dependent features of the whole-cell ionic

conductances, we have employed HH-style gating kinetic

variables. A list of all the whole-cell conductance gating
variables that were implemented within our modeling frame-

work are given in Table 3. The equations, and the corre-

sponding parameter values, which describe the ODE rates

parameters for all gating variables, are given in the Support-

ing Material (see Bulk Cytoplasmic Subspace Model Equa-

tions and Table S2, Table S3, and Table S4).

State variable derivatives

Combining the response from all the bulk cytoplasmic

conductances determines the ODEs governing Vm and CCy

dynamics. Referring to Fig. 2, the conservation ODE for

bulk cytoplasmic [Ca2þ] is given by

dCCy

dt
¼ JCy � lS2=Cy

XnPU

i¼ 1

JS2CyðiÞ �
dSðCyÞ

2

�
ICaðTÞ þ ICaðExtÞ

�
;

(23)

where dS(Cy) is the bulk cytoplasm current-to-flux scale

factor (2 � 10�3 mM C�1), and mS2Cy is the S2/bulk cyto-

plasm volume ratio. Note that we assumed that the bulk cyto-

plasm volume is significantly larger than that occupied by S2.

However, due to the lack of morphological data describing

the domains of the pacemaker units and bulk cytoplasm, it

is not possible to quantify the volume of these compartments.

Therefore, we set lS2Cy ¼ 1 � 10�3, which is similar to the

ratio of the compartmental volumes as quoted from Corrias

and Buist (13). The equation governing cellular membrane

potential is

dVm

dt
¼ � 1

Cm

�
IionðCyÞ þ

XnPU

i¼ 1

IionðPUÞðiÞ

	
; (24)

where Cm is cellular membrane capacitance (20 pF), IionðPUÞðiÞ
is the sum of the plasma membrane conductances from the

ith pacemaker unit (see reference (14)), and Iion(Cy) is the sum

of all the bulk cytoplasmic plasma membrane conductances:

ICa þ ICaðExtÞ þ IKðERGÞ þ IKðv1:1Þ þ IKðBÞ þ IL: (25)

Note that we have assumed that the cellular membrane is iso-

potential, with electrophysiological investigations performed

on gastric antrum ICC suggesting that this assumption is

valid (6). A consequence of this assumption is that the

bulk cytoplasm and pacemaker units are exposed to the

same Vm, meaning we only need to dynamically track a single

Vm state variable.

TABLE 3 Whole-cell gating variables

Description Variable Eq.

T-Type Ca2þ current Open probability OCa(T) 16

Activation rate dCa(T) 16

Inactivation rate fCa(T) 16

KV1.1 Kþ current Activation dK(v1.1) 20

Inactivation fK(v1.1) 20

ERG Kþ current Activation dK(ERG) 19
Biophysical Journal 96(12) 4834–4852
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Ca2þ diffusion rates

Due to the nonexistence of any physiological data by which

to describe pacemaker unit entrainment, we quantify the

mS1S2/mS2Cy distributions based on assumptions that are

consistent with the Sanders’ Hypothesis. Firstly, we assume

that the intrinsic pacemaker unit discharge frequency (i.e.,

the discharge frequency independent of global [Ca2þ])

must vary among the pacemaker units. This is because pace-

maker units discharging at the dominant pacing frequency

will be responsible for the slow wave upstroke phase,

whereas the remaining subdominant pacemaker units are en-

trained by ICa(T) activation. We quantify this phenomenon by

using the distribution to describe the pacemaker unit popula-

tion mS1S2 values

mS1S2ðiÞ ¼ mA þ ðmB � mAÞ
�

i� 1

nPU � 1

�
; (26)

where i denotes the pacemaker unit number, and mA and mB are

the mS1S2 values for the fastest and slowest discharging units,

respectively. We set mA¼ 0.30 s�1 and mB¼ 0.24 s�1, which

translates into intrinsic pacing frequencies of 17.4 and

13.0 cpm, respectively, meaning the dominant pacemaker

unit discharges 33% faster than the slowest firing unit.

To determine the population mS2Cy values, we assume that

the proportion of the pacemaker unit population that has fired

after time, t, can be described by a cumulative distribution

function, denoted by j(t). This model construct is effectively

a first-order approximation of the pacemaker unit spatial

distribution, given that our model is a zero-dimensional

(spatially independent) framework. The functional form

that we use to represent j(t) is the two-parameter Boltzmann

function, which is given as

jðtÞ ¼ 1

1 þ exp�kjðt�TjÞ
; (27)

where kj is the slope factor and Tj is the half-activation time.

This functional form is based on the relationship between slow

wave initiation and diastolic interval, which was determined

from experimental observations made from guinea-pig

antrum ICC (4). Care must be taken with this result, however,

because this relationship does not strictly represent the distri-

bution of pacemaker unit discharge. However, analysis of

pacemaker unit discharge from the EH model demonstrates

that j(t) is well approximated by Eq. 27 (data not shown).

By inverting Eq. 27 and fixing t ¼ 0 as the time at which

the first (dominant) pacemaker unit fires, then the time at

which the ith pacemaker unit discharges, t(i), is given by

the following equation (see Pacemaker Unit Firing Times

in the Supporting Material for derivation):

tðiÞ ¼
1

kj

�
logeð2nPU � 1Þ � loge

�
2nPU

2i� 1
� 1

��
: (28)
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The value of mS2Cy(i) was optimized such that tFire(i) –

tFire(1) ¼ t(i) (where tFire(j) is the firing time of the jth simu-

lated pacemaker unit) using a Newton-Raphson root-finding

method for kj ¼ 11 s�1. This value of kj is based on that

quoted from Hirst and Edwards (4) (kj ¼ 1.1 s�1), but was

scaled by a factor of 10 to compensate for the decreased SI

slow wave duration and pacing cycle period. The distribution

of mS2Cy values fitted for nPU ¼ 5–10, 15, 20, and 25 are

given in Table S5.

Model simulations

Numerical simulations of the slow wave model were con-

ducted on a 3.0 GHz Intel Pentium 4 desktop computer using

the C programming language. The model ODEs were inte-

grated using the CVODE integration package (40). All simu-

lated pacemaker activity presented in Results were generated

for nPU ¼ 10, unless specifically stated otherwise. It should

also be noted that the state variable initial conditions do

not represent a stable point in the pacemaker oscillatory

cycle. Therefore, all the model simulations discussed below

were run for 20 s of simulated pacemaker activity to achieve

a stable oscillatory cycle.

Model translation

To facilitate accurate dissemination of our modeling frame-

work for purposes of numerical simulation, we have made

the model equations available in CellML, an XML-based

modeling language (41). CellML has been developed as

a potential solution to the problems associated with

publishing and implementing a mathematical model, the

idea being that the journal article is published concurrent

with the CellML model code. Furthermore, reviewers can

test a prospective model during the peer-review process to

check the validity of the results being published.

The pacemaker unit model and whole-cell model framework

has been translated into CellML and the code is freely available

for download (http://www.cellml.org/cellml/models/faville_

pullan_lloyd_koh_sanders_smith_2008_version01_variant01)

(http://www.cellml.org/models/faville_pullan_lloyd_koh_

sanders_smith_2008_version01) and can be run using the

open source tool Physiome CellML Environment (http://

www.cellml.org/downloads/pcenv). In addition, the orig-

inal pacemaker unit model (14) has also been translated

into CellML (http://www.cellml.org/models/faville_pullan_

sanders_smith_2008_version02).

RESULTS

Slow wave depolarizations

Integration of the model equations produced slow waves

with an amplitude of 64.5 mV and half-width duration of

0.72 s from a MDP of �69.8 mV (Fig. 5 A). These slow

waves were produced at a rate of 17.4 cpm with dVm/dtmax

of 1.32 V s�1, which occurs at roughly �35.8 mV.

http://www.cellml.org/cellml/models/faville_pullan_lloyd_koh_sanders_smith_2008_version01_variant01
http://www.cellml.org/cellml/models/faville_pullan_lloyd_koh_sanders_smith_2008_version01_variant01
http://www.cellml.org/models/faville_pullan_lloyd_koh_sanders_smith_2008_version01
http://www.cellml.org/models/faville_pullan_lloyd_koh_sanders_smith_2008_version01
http://www.cellml.org/downloads/pcenv
http://www.cellml.org/downloads/pcenv
http://www.cellml.org/models/faville_pullan_sanders_smith_2008_version02
http://www.cellml.org/models/faville_pullan_sanders_smith_2008_version02
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FIGURE 5 (A) Slow wave depolarizations generated

over multiple pacemaker cycles for nPU ¼ 10. (B) Pace-

maker unit rastergram, which indicates the temporal

discharge of the pacemaker units over the entire population.

Each dot, for a given pacemaker unit, represents the time at

which peak subspace 2 [Ca2þ] occurs (for transients >1.0

mM). (C) Slow waves recorded from murine SI ICC (trace

reprinted from Fig. 2Aa of Kito et al. (16), with permis-

sion).
Depolarizations were generated with spontaneous rhyth-

micity and were stable for >5 min of simulated pacemaker

activity (data not shown). The pacemaker unit rastergram,

which indicates the temporal firing of the IP3R’s over the

pacemaker unit population, demonstrates that each unit fires

only once during each slow wave (Fig. 5 B).

We compare the results of these model simulations to slow

waves, which were recorded experimentally from murine SI

ICC (16) in Fig. 5 C. Table 2 summarizes the aforementioned

slow wave characteristic values and compares them to anal-

ogous values recorded experimentally from murine SI ICC.

In the same table, we also compare these results to those

generated by the Youm et al. (42) slow wave (YSW) model,

the only other established slow wave model that is represen-

tative of SI pacemaker activity.
Intracellular Ca2þ dynamics

Underlying cellular electrophysiological effects are the intra-

cellular Ca2þ handling mechanisms of the bulk cytoplasm

and pacemaker units. The bulk cytoplasmic [Ca2þ] and

membrane potential are shown together in Fig. 6 A, illus-

trating the one-to-one relationship between membrane poten-

tial and Ca2þ oscillations. This direct correlation has been

noted by multiple investigators who have studied ICC intra-

cellular Ca2þ dynamics (21,43–46). Further to this, we calcu-

late the spatially averaged cytosolic [Ca2þ], [Ca2þ]avg as



Ca2þ �

avg
¼

PnPU

i¼ 1

�
CS1ðiÞ þ lS2=S1CS2ðiÞ

	
þ lCy=S1CCy

nPU

�
1 þ lS2=S1

�
þ lCy=S1

; (29)
FIGURE 6 Simulated intracellular Ca2þ oscillations

generated by the slow wave model. (A) Vm (solid) and

CCy (dashed) traces showing a phase-locked correlation

between slow wave activity and Ca2þ oscillations. (B)

Spatially averaged [Ca2þ] calculated over all cytoplasmic

compartmental volumes. Note the spiking activity indi-

cating the Ca2þ hotspots that are generated from ER

Ca2þ release.
Biophysical Journal 96(12) 4834–4852
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where

lS2=S1 ¼
gS2

gS1

; and lCy=S1 ¼
lS2=S1

lS2=Cy

:

The values of gS1 and gS2, as quoted in Faville et al. (14), are

100 and 1, respectively. The [Ca2þ]avg trace produced from

model simulations (Fig. 6 B) is similar in shape to, but

approximately half the magnitude of, the bulk cytoplasmic

[Ca2þ] trace. This indicates that the majority of the model’s

intracellular Ca2þ activity that is observable on a global scale

is taking place in the bulk cytoplasm. The spiking activity

from the [Ca2þ]avg trace indicates the firing of an individual

pacemaker, due to the extremely high local [Ca2þ] hotspots

generated from ER Ca2þ release.

Effects of population size

To test the effects of pacemaker unit population size on

simulated slow wave activity, we fitted parameters for

nPU ¼ 5–10, 15, 20, and 25 (see Ca2þ Diffusion Rates

above). The fitted mS2Cy values for these populations are

given in Table S5. Fig. 7 A illustrates that the macroscopic

properties of slow wave activity such as frequency, ampli-

tude, and half-width are not significantly affected by nPU.

The pacemaker unit firing distributions that were fitted for

each population, with t ¼ 0 denoting t(dVm/dtmax), shows

that ~14% of the pacemaker unit population discharges

before dVm/dtmax (Fig. 7 B). A consequence of this is that

for nPU R 10, more than one pacemaker unit must discharge

to reach the ICa(T) activation threshold (Fig. 7 C). Interest-

ingly, the mS2Cy distributions for nPU R 10 show that there

is a discontinuity in the gradient of the Ca2þ diffusion rates

around the slow wave upstroke (i.e., 10% < Px < 30%;

Fig. 7 D). This result suggests the possibility of two different

types of pacemaker unit populations, either of which is

specifically responsible for the slow wave upstroke and

plateau phases. Such a concept is consistent with experi-

mental observations made from guinea-pig gastric antrum

ICC, suggesting that the slow wave upstroke and plateau

phases are generated separately (4).

Closer inspection of the slow wave plateau phase demon-

strates that increasing nPU produces a smoother plateau

(Fig. 7 E). This phenomenon is also exemplified by the Vm

curvature (d2Vm/dt2) calculated during the slow wave plateau

(Fig. 7 E). This is primarily because reducing population size

causes an increased resolution in the unitary potential depo-

larizations, which produces a corrugated effect. Such a result

shows that there is a lower limit on nPU for which slow waves

can be feasibly represented.

Voltage-clamp

Simulations of voltage-clamp experiments were performed

to determine the effect that membrane potential has on

pacemaker activity. These simulations were run in two

phases:

Phase 1. Control conditions (t ¼ 0–30 s).

Phase 2. Vm-clamp conditions (t¼ 30–60 s) (Eq. 24 set to

zero and Vm fixed at the clamp potential).

Simulations for Vh ¼ �70 mV (Fig. 8 A) and �40 mV

(Fig. 8C) show that pacemaker activity persists under

voltage-clamp, as signified by the production of spontaneous

unitary membrane currents (Fig. 8, B and D). Comparison of

the membrane currents between clamp potentials shows a

reduction in magnitude with depolarization as regular peak

inward currents decreased from ~15 pA at Vh ¼ �70 mV

(Fig. 8 B) down to ~10 pA at Vh ¼ �40 mV (Fig. 8 D).

FIGURE 7 (A) Simulated pacemaker activity for various

population sizes (nPU ¼ 5–10, 15, 20, and 25) demon-

strating that there is little difference in the slow wave

macroscopic properties. (B) Pacemaker unit discharge

cumulative distribution function (j(t)) calculated with

respect to dVm/dtmax. The dashed line indicates that

~14% of the pacemaker unit population discharges before

dVm/dtmax. (C) Slow wave upstroke phase for nPU ¼ 5,

10, and 25. Note that larger nPU (nPU R 10) requires

multiple pacemaker units to activate ICa(T). This is reflected

in the fitted mS2Cy values for each population (D), which

shows a discontinuity in the gradient of this distribution

for pacemaker units firing around the upstroke phase

(~10–30% of population). (E) Slow wave plateau phase

for nPU ¼ 5, 10, and 25. Note that increasing nPU results

in a smoothing of the plateau phase, as indicated by a reduc-

tion in the curvature of the Vm signal (F).
Biophysical Journal 96(12) 4834–4852
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FIGURE 8 Pacemaker activity produced under simu-

lated voltage-clamp conditions. Illustrated are the Vm

(row 1) and clamped membrane currents (row 2) produced

for holding potentials of �70 mV (A and B) and �40 mV

(C and D). The vertical dashed line at t¼ 30 s indicates the

point where simulated voltage-clamp commences. Note the

persistence of pacemaker activity under voltage-clamp, as

illustrated by the generation of unitary currents (row 2;

t > 30 s). Note also that the magnitude of these unitary

currents decreases with depolarization from a holding

potential of �70 mV (B) to �40 mV (D). (E) Magnitude

of the unitary currents generated under voltage clamp

(bars indicated mean 5 SD). Extrapolation of this relation-

ship indicates that the unitary currents reverse around

0 mV.
Idealized conductance block

Numerical experiments were performed on the slow wave

model to determine the response to the simulated pharmaco-

logical inhibition of important conductances, namely the

SERCA pump proteins (JSERCA), the IP3R (JIPR), and the

mitochondrial Ca2þ uniporter (JMCU). These simulations

were conducted to determine whether the slow wave model

was capable of qualitatively reproducing experimental inves-

tigations that specifically targeted these conductances (see

Table 4).

For these simulations, it was assumed that the effects of

the simulated pharmacological agents acted specifically,

reversibly, instantaneously, and were applied in supermaxi-

mal doses sufficient to completely block the targeted conduc-

tance (i.e., flow rate of targeted conductance set to zero). The

idealized conductance block simulations were run in three

phases:

Phase 1. Control condition (t ¼ 0–40 s).

Phase 2. Conductance blockage (t ¼ 40–80s).

Phase 3. Wash-out of the inhibiting pharmacological

agent (t ¼ 80–120 s).

TABLE 4 Conductance block experiments

Conductance Parameter Drug Ref.

JMCU VMCU FCCP (22,56)

CCCP (22)

RU-360 (22)

JSERCA VSERCA Thapsigargin (22,47)

CPA (47)

JIPR kIPR Xestospongin C (22,47)

Heparin (22)
Fig. 9 illustrates the membrane potential traces (Fig. 9,

column 1) and pacemaker unit discharge rastergram

(Fig. 9, column 2) for JSERCA (row 1), JMCU (row 2), and

JIPR (row 3). In all cases, global pacemaker activity was

completely abolished during the conductance block simula-

tion phase. This abolishment of global pacemaker activity

appears to be due to the cessation of pacemaker activity

on the pacemaker unit spatial scale, as exemplified by the

S2 [Ca2þ] traces.

Further to this, it can be seen that there is a reversal in

pacemaker activity cessation during the simulated wash-out

phase. This reversal in pacemaker activity cessation has

also been observed experimentally for all the conductances

studied in these simulations. This phenomenon is due to

the reactivation of pacemaker unit activity, thus highlighting

the importance of the pacemaker units in generating global

ICC pacemaker activity.

Dose-response simulations

In addition to the conductance block simulations, we inves-

tigated the qualitative dose-response that certain experi-

mental conditions have on simulated model pacemaker

activity. These simulations were run to validate the model’s

response to the partial inhibition/reduction of physiological

parameters. In this study, we present results from numerical

investigations into the dose-response effects of mibefradil/

NiCl2, both of which are inhibitors of ICa(T), and BAPTA,

a Ca2þ chelator that reduces intracellular [Ca2þ]. Note that

further simulations of this type were conducted but, due to

reasons of brevity, have instead been included in the Sup-

porting Material (see that source’s Dose-Response Simula-

tions). The results of all dose-response simulations,
Biophysical Journal 96(12) 4834–4852
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FIGURE 9 Simulated slow wave

activity produced from the complete

inhibition of JSERCA (row 1), JMCU

(row 2), and JIPR (row 3). Displayed

are the simulated Vm (column 1) and

pacemaker unit discharge rastergrams

(column 2) to illustrate global and local

pacemaker activity, respectively. The

vertical dashed lines denotes the starts

of the conductance block (t ¼ 40 s)

and wash-out (t ¼ 80 s) phases. For

all scenarios, conductance block abol-

ishes pacemaker activity on all levels.

This effect is reversed during the

wash-out phase whereby spontaneous

pacemaker activity is restored.
compared to their corresponding experimental observations,

are summarized in Table 5.

To simulate the effects of experimental conditions,

specific model parameters (see list of targeted parameters

in Table 5) were set to a fixed proportion of their original

value. The slow wave model was then run until a steady

oscillatory cycle had been reached which, provided coordi-

nated pacemaker activity had not been lost, was usually

achieved after ~30 s of simulation time.

Simulated inhibition of ICa(T) resulted in a reduction of

both slow wave frequency and amplitude and an increase

in half-width duration compared with control conditions

(Fig. 10, A and B). Further inhibition of ICa(T) resulted in
Biophysical Journal 96(12) 4834–4852
an increased resolution of unitary potential depolarizations

(Fig. 10 C) and loss of coordinated global pacemaker activity

(Fig. 10 D). Moreover, increased inhibition of ICa(T) results

in a reduction of dVm/dtmax (Fig. 10 I). Note that despite

this, activity on the pacemaker unit spatial scale remained

regular (Fig. 10, column 2). This would suggest that the T-

Type Ca2þ conductance is essential for coordinating pace-

maker unit discharge, but is not required for generating

activity on the pacemaker unit spatial scale.

The simulated effects of BAPTA caused a significant

reduction in pacing frequency and amplitude relative to the

control conditions (Fig. 11, A and B). Increased concentra-

tions of BAPTA results in the loss of coordinated pacemaker
TABLE 5 Dose-response experiments

MDP Frequency Amplitude dVm/dtmax

Drug Parameter Ref. E MS E MS E MS E MS

Mibefradil NiCl2 gCa(T) (5,16)* NS Dec Dec Dec Dec Dec Dec Dec

BAPTA mS1S2/mS2Cy (5,47)y Inc NC Dec Dec Dec Dec Dec Dec

Low [Ca2þ]o CO (5)* Dec Dec Dec Dec Dec Dec Dec Dec

Low [Naþ]o NO (5)* Inc Inc Dec Dec Dec Dec Dec Dec

High [Kþ]o KO (5) Inc Inc Dec Dec Dec Dec Dec Dec

Norepinephrine phenylephrine P (47) NS Dec Inc Inc NS Inc NS Inc

CGP37157 clonazepam VNCX
z (57) Inc NC Dec Decx Dec Dec Dec Dec

E-4031 gK(ERG) (58) Inc Inc Dec Dec Inc Dec NS Dec

E is experimental observation; MS is model simulation; NS is not specified; Inc is increased; Dec is decreased.

*Loss of coordinated pacemaker activity.
yLoss of all pacemaker activity.
zNa-Ca exchange pump proteins.
xDecrease in slow wave frequency but an increase in rate of pacemaker unit discharge.
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activity (Fig. 11, C and E), reduction in dVm/dtmax (Fig. 11 I),
and pacemaker unit discharge becomes increasingly irregular

(Fig. 11, D and F). Further increases in BAPTA concentra-

tion resulted in a complete loss of all pacemaker activity

on both the global (Fig. 11 G) and pacemaker unit (Fig. 11

H) spatial scales.

DISCUSSION

Physiological simulations

Integration of the model equations, under normal conditions,

shows that the fundamental aspects of ICC pacemaker

activity are represented correctly. Slow waves produced by

FIGURE 10 Simulated dose-response

effects of ICa(T) inhibition on Vm (column

1) and pacemaker unit discharge (column

2). The slow wave characteristic metrics

are summarized in the bar plot given in

panel I (bars indicate mean value 5

SD). Shown are the simulated results

for 90% (row 1), 75% (row 2), 50%

(row 3), and 0% (row 4) of the original

value for gCa(T). Partial inhibition of

ICa(T) (row 2) causes a reduction in

pacing frequency and amplitude relative

to control conditions. Further inhibition

of ICa(T) results in increased resolution

of unitary potential depolarizations

(row 3) and a loss of coordinated pace-

maker activity (row 4). Moreover, ICa(T)

inhibition causes a significant decrease

in dVm/dtmax (I). Note, however, that

activity on the pacemaker unit level,

although uncoordinated, is generated in

a regular manner (column 2). This result

is important as it shows Ca2þ entry from

ICa(T) is required for coordinated pace-

maker activity.

FIGURE 11 Simulated dose-res-

ponse effects of BAPTA on Vm (column
1) and pacemaker unit discharge

(column 2). The slow wave character-

istic metrics are summarized in the bar

plot are given in panel I (bars indicate

mean value 5 SD). Shown are the

simulated results for 90% (row 1),

75% (row 2), 25% (row 3), and 0%

(row 4) of the original values for mS1S2

and mS2Cy (for all pacemaker units).

Low doses of BAPTA cause a signifi-

cant decrease in pacing frequency and

amplitude (row 2), relative to control

conditions. Higher concentrations

results in uncoordinated pacemaker

activity and irregular pacemaker unit

discharge (row 3) and abolishment of

all pacemaker activity (row 4). Note

that low doses of BAPTA have little

effect on dVm/dtmax, but increased doses

lead to a reduction in the value of this

metric (I). This result is extremely

important, as it shows pacemaker unit

activity is a necessary precursor for

slow wave generation.
Biophysical Journal 96(12) 4834–4852
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the model display spontaneous rhythmicity (Fig. 5 B), and

have characteristics that are consistent with experimental

recordings of slow wave activity (Fig. 5 A and Table 2).

The physiological basis of our modeling framework was

the Sanders’ Hypothesis (12). The mechanisms described

by Sanders et al. that have been included within the model

framework are:

1. The discrete biophysical representations of pacemaker

unit activity.

2. Inclusion of a dihydropyridine-resistant T-Type Ca2þ

current.

3. Pacemaker unit entrainment in response to elevated intra-

cellular [Ca2þ].

4. Kþ conductances to account for cellular repolarization.

These mechanisms are combined to represent ICC slow

wave activity as the coordinated discharge of discrete unitary

potentials generated from a population of pacemaker units.

This property is fundamental to the Sanders’ Hypothesis

and, to the best of our knowledge, none of the established

ICC mathematical models is capable of representing such

behavior.

The only other established model of SI ICC slow wave

activity is that of the YSW model (42), the properties of

which are given in comparison to our model in Table 2.

Both slow wave models are similar in that they are biophysi-

cally based and are dependent on cyclical [Ca2þ] oscilla-

tions. However, our model assumes that fundamental slow

wave activity occurs on the pacemaker unit spatial scale,

a phenomenon that is not considered by the YSW model.

Furthermore, pacemaker activity generated by the YSW

model incorporates Vm-dependent IP3 synthesis, whereas

we have assumed a constant [IP3] (see Vm-Dependent IP3

Synthesis below for justification). Finally, the YSW model

includes a Ca2þ-activated autonomous inward current, based

on experimental observations performed on murine SI ICC

(15), as the primary pacemaker conductance. This is opposed

to our model framework, which utilizes the Ca2þ-inhibited

INSCC. Note, however, that despite their apparent dichoto-

mous Ca2þ-dependencies, parallels can be drawn between

these two conductances for the reason that both are activated

by increases in global intracellular [Ca2þ]. This is because

our modeling framework predicts that entrained pacemaker

unit discharge, and hence INSCC activation, occurs in

response to increased global [Ca2þ].

Results of simulated pacemaker activity generated from

varying pacemaker population sizes shows that nPU has little

effect on the macroscopic slow wave properties. However,

closer inspection of the slow wave plateau phase reveals

that increasing nPU reduces unitary potential resolution, re-

sulting in a more continuous response. Of greater interest

though is the effect that nPU has on the slow wave upstroke,

with pacemaker activity generated for nPU R 10 requiring

more than one pacemaker unit to activate ICa(T) (Fig. 7, B
and C). Moreover, the distribution of mS2Cy values for
Biophysical Journal 96(12) 4834–4852
nPU R 10 suggests that there are possibly two different pop-

ulations of pacemaker units (Fig. 7 D), which have differing

sensitivities, responsible for the slow wave upstroke and

plateau. However, as the mS2Cy distribution was fitted to

produce a particular response, it is not possible to definitively

say what biophysical mechanisms are actually responsible

for these differing sensitivities.

Validation simulations

Validation simulations were performed to test and qualita-

tively compare the model’s response to specific experimental

perturbations. The differing types of numerical simulations

we performed on the modeling framework were 1),

voltage-clamp; 2), blocking of key ion transport pathways;

3), dose-response effects of reducing Ca2þ availability; and

4), buffering of intracellular Ca2þ. The results from each

of these simulations are discussed in turn below.

Voltage-clamp

Voltage-clamp numerical simulations were undertaken to

determine the influence of membrane potential on pacemaker

activity. If slow wave activity requires a voltage-dependent

step, such as activation of ICa(T), then spontaneous slow

wave activity should cease when membrane potential is

held constant. Results of this numerical simulation demon-

strate that pacemaker activity persisted under voltage-clamp,

exemplified by the generation of spontaneous membrane

currents that underlie unitary potentials (Fig. 8, row 2), but

these events failed to be entrained into slow waves. This

result is consistent with observations made by multiple

investigators studying voltage-clamped ICC (15,19–22)

and shows that the pacemaker unit oscillatory cycle is

voltage-independent, but entrainment of pacemaker unit

currents or active propagation of slow waves in a network

necessitates a voltage-dependent mechanism.

Further analysis of the ionic currents produced under

voltage-clamp demonstrates a reduction in the magnitude of

these currents with depolarization from a holding potential

of �70 mV (Fig. 8 B) to �40 mV (Fig. 8 D). However, it

should be appreciated that the magnitude of the unitary

currents in an actual cell would be less than that from the simu-

lated pacemaker units. This is because we have used nPU¼ 10

for this investigation, whereas in an actual ICC there are

potentially tens to hundreds of pacemaker units sites. The

model predicts that this is due to a reduction in the magnitude

of the primary pacemaker conductance and a Ca2þ-inhibited

NSCC, and is consistent with experimental observations

made from voltage-clamped murine SI ICC (15).

Blocking of key ion-transport pathways

There are several ion-transport pathways that are integral to

the ICC pacemaker cycle (12). Numerical simulations were

performed under conditions in which the SERCA pump,

IP3 receptors, and mitochondrial Ca2þ uptake were
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individually blocked to determine the effects on pacemaker

activity. Results from these numerical investigations predict

that conductance blockage, for each scenario, causes abolish-

ment of all pacemaker activity (Fig. 9). Furthermore, simu-

lated washout of the pharmacological agents results in

a resumption of pacemaker activity. These results are quali-

tatively similar to experimental observations and reinforce

the fact that ER/mitochondrial Ca2þ handling is essential

in generating ICC pacemaker activity (see references in

Table 4).

Dose-response effects of reducing Ca2þ

availability

Dose-response simulations were performed in which the

availability of the channels responsible for ICa(T) was

reduced by simulating the effects of mibefradil or Ni2þ.

Simulations of ICa(T) inhibition caused degradation of slow

wave activity (e.g., reduction in spontaneous frequency,

reduced upstroke velocity, dVm/dtmax, and eventual block

of slow waves) in a dose-dependent manner (Fig. 10, C
and E). As slow waves were blocked, we noted greater reso-

lution of unitary potential depolarizations (Fig. 10 D). ICa(T)

inhibition leads to reduced dVm/dtmax during the upstroke

phase of the pacemaker cycle (Fig. 10 I). These results mimic

the effects of NiCl2 (5) and mibefradil (16) on slow wave

activity recorded from ICC in situ in the murine SI. The

model predicts that the observed weakening in pacemaker

unit synchronization is due to decreased CCy levels caused

by a reduction in ICa(T)Ca2þ influx. From Eqs. 13 and 14,

we see that a reduction in CCy directly correlates with

decreased CS2 levels which, in turn, reduce the rate at which

the IP3R reaches its threshold open probability. This

phenomenon is exemplified by the pacemaker unit discharge

rastergram (Fig. 10, column 2), which shows a decrease in

pacing frequency, and hence entrainment, with increased

ICa(T) inhibition. These results are consistent with the concept

that ICa(T) activation is required to entrain pacemaker unit

discharge to produce a coordinated response (12).

Buffering of intracellular Ca2þ

The simulated effects of BAPTA show that, similar to ICa(T)

inhibition, there is a reduction in pacemaker unit entrainment

causing a discordant membrane potential response (Fig. 11).

However, with further increases in BAPTA concentration we

observe a complete abolishment of all pacemaker activity

(Fig. 11, row 4). These results are consistent with observa-

tions from multiple investigations whereby exposure of GI

tissue to BAPTA resulted in a transient reduction in pacing

frequency and amplitude, followed by cessation of slow

wave activity (5,6,17,18,47). Loss of entrained pacemaker

unit activity is due to reduced [Ca2þ] in pacemaker units con-

taining IP3R. If Ca2þ buildup in pacemaker units is restricted

by buffering, then IP3R will not reach firing threshold,

causing the observed cessation of pacemaker activity. This
result, coupled with the conductance block simulations

mentioned above, is consistent with the Sanders’ Hypothesis

in that activity on the pacemaker unit spatial scale is essential

for generating ICC slow waves (12).

The results of other simulated dose-response numerical

investigations demonstrate that this modeling framework is

capable of reproducing a wide range of experimentally

observed phenomena (Table 5). However, we note that the

slow wave model framework fails to produce the MDP

that is consistent with experimental observations for

BAPTA, reduced extracellular [Ca2þ], and CGP37157/clo-

nazepam. As MDP is maintained by the Kþ conductances

(48), this would suggest that further investigation is required

to properly characterize the role of Kþ conductances within

the modeling framework. Despite this, as all the other simu-

lation results are consistent with experimental observations,

the modeling framework presented seems capable of

successfully replicating the biophysical mechanisms under-

lying the slow wave upstroke and plateau phases.

Competing theories

As previously mentioned, our mathematical modeling frame-

work utilizes the Sanders’ Hypothesis as a physiological

basis. However, there are several other competing theories

that, although not included in our model, have been sug-

gested to contribute to ICC pacemaker activity.

Ca2þ-activated Cl� conductance

Numerous studies have suggested that a Ca2þ-activated Cl�

conductance contributes to ICC slow waves either by acting

as the primary pacemaker conductance instead of INSCC

(30,18) or by acting in combination with unitary potential

depolarizations to maintain the slow wave plateau phase

(13). The main experimental evidence supporting the pres-

ence of a Ca2þ-activated Cl� conductance was drawn from

pharmacological investigations involving Cl� conductance

blockers (49). However, the concentration of the pharmaco-

logical agents used in this investigation brings into question

the specificity of these drugs (12). Furthermore, several

investigations have noted the absence of Ca2þ-activated

conductances contributing to cellular depolarization

(20,33,50). Finally, observations from pharmacological

investigations involving caffeine, an antagonist of ER

Ca2þ release which should theoretically activate a Ca2þ-acti-

vated Cl� conductance, demonstrate a complete abolishment

of all ICC pacemaker activity (4,6,18). Therefore, based on

measurements of conductances in ICC, a role for Ca2þ-acti-

vated Cl� channels in pacemaker activity remains unclear.

Tetrodotoxin-resistant Naþ current

A tetrodotoxin-resistant Naþ conductance, encoded by the

SCN5A gene, was identified in human intestinal ICC

(51,52). This conductance, working in combination with

ICa(T), has been suggested to influence the slow wave
Biophysical Journal 96(12) 4834–4852
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upstroke phase. However, the existence of such a Naþ

current has not been identified in any other species and/or

tissue type. As a result, it is not possible to definitely say

that this conductance is involved with pacemaker activity,

hence this conductance was not considered necessary for

the current modeling framework.

Vm-dependent IP3 synthesis

Despite the overwhelming consensus that Ca2þ release from

IP3R-operated ER stores is an essential component of the

pacemaker cycle (9,10,22,29), controversy remains over

the exact mechanism by which Ca2þ release is initiated.

Several investigators have suggested that Vm-dependent IP3

synthesis is responsible for regulating ER Ca2þ release (9),

as opposed to the Ca2þ entry method used within our

modeling framework. These conclusions were drawn from

experiments performed on guinea-pig muscle tissue whereby

membrane depolarization evoked slow waves, suggesting

that voltage-dependent synthesis of IP3 was responsible for

this event. However, the issue with this mechanism is that

[IP3] oscillations, which are phase-locked to ICC pacemaker

activity, have not been demonstrated experimentally in ICC

(12). This is juxtaposed with the fact that numerous investi-

gators have observed a one-to-one relationship between

intracellular [Ca2þ] oscillations and pacemaker activity

(21,43–46). Furthermore, the predominant IP3R isoform

found in ICC is the Type-1 isoform (29). This IP3R isoform

is characterized by a high Ca2þ-gain, low IP3-gain response

(28), meaning the receptor will be more sensitive to changes

in [Ca2þ] relative to changes in [IP3].

Ryanodine receptors

Some investigators have suggested the involvement of ryano-

dine receptors (RyRs) in ICC pacemaker activity (21,43). A

role for RyR was suggested from experiments performed on

cell clusters in which the application of ryanodine abolished

pacemaker activity. Immunohistochemical staining revealed

the existence of the Type-3 RyR isoform (21). The suitability

of cell cluster preparations for the study of ICC is question-

able, since all pharmacological responses would represent

contributions from multiple cell types. The role of RyRs in

pacemaker activity is also doubtful, since several studies

have noted little or no effect of ryanodine pacemaker activity

in ICC (22), or in intact strips of GI muscles (9). Therefore,

although RyRs may be present in ICC, they do not appear

to be directly involved in pacemaker activity.

In spite of the omission of the several mechanisms

proposed by others from the current modeling framework,

the biophysical nature of our model readily allows expansion

to account for additional features. Therefore, if future exper-

imental observations necessitate inclusion of these or addi-

tional mechanisms, then the modeling framework we have

developed can be expanded to include descriptions of this

behavior.
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Limitations

The model’s main limiting factor is the lack of usable exper-

imental data with which to characterize ionic conductances

kinetics, metabolic pathways, and intracellular ion dynamics.

Despite our best attempts to characterize model parameters

using data from ICC, or appropriate alternative cell types,

there are parameters remaining that are poorly defined in

the literature. The values of these parameters were fitted

using nonlinear optimization techniques so that the model

reproduced characteristic features from experimentally re-

corded slow waves. However, the number of fitted parame-

ters was greater than the number of characteristic features

used to constrain the optimization objective function,

meaning the model’s parameter set may not necessarily

represent a unique solution. Despite this, the biophysical

structure of the modeling framework means that data from

future experimentation can be utilized to constrain the values

of these fitted parameter values.

Another limitation of the model is the inability to repro-

duce all observations made from pharmacological investiga-

tions; specifically the dose-response numerical experiments

(see Table 5 for the results of these simulations). Although

such inconsistencies are rare, the results from the dose-

response simulations suggest that further investigation into

the contribution of Kþ, and hence, the Kþ plasma membrane

conductance, on pacemaker activity, is required. Despite

this, the results from the validation simulations suggest

that the major phases of pacemaker activity, including the

slow wave upstroke/plateau phases and pacemaker unit

entrainment, are represented well by our model.

Finally, our slow wave modeling framework does not

incorporate any mechanisms by which pacemaker units can

directly influence each other. This is because we have

assumed that 1), the cellular membrane is isopotential; and

2), Ca2þ is only permitted to diffuse into the pacemaker

unit via the bulk cytoplasm, and not from the other pace-

maker units. Although investigating inter-pacemaker unit

activity would be interesting, we would first need to deter-

mine the relative spatial orientation of the pacemaker unit

domains. However, given the lack of usable morphometric

data, we can only speculate as to the relative orientations

of the pacemaker units within the cell. Therefore, such

a model construct was deemed to add unjustified complexity,

and hence was not considered for our modeling framework.

SUMMARY

In this study, we introduced a biophysically based, mathe-

matical model that represented whole-cell small intestinal

ICC slow wave activity generated from a discrete unitary

potential basis. This model expanded on the recently devel-

oped pacemaker unit modeling framework of Faville et al.

(14) by incorporating mechanisms that are required for

producing a coordinated global response. Numerical simula-

tion of our model demonstrated that the framework is
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capable of reproducing a wide range of experimentally

observed phenomena. Ultimately, our goal is to evolve this

research effort to produce a multiscale model by embedding

the zero-dimensional framework within anatomically topolo-

gies of GI organs.

SUPPORTING MATERIAL

All model equations and parameter values are given in the Supporting Mate-

rial, which is available at http://www.biophysj.org/biophysj/supplemental/

S0006-3495(09)00794-2. Also provided within the Supporting Material

are the results of the other dose-response simulations that were not displayed

in this document (see Table 5).
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