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ABSTRACT Pacemaker depolarization in interstitial cells of Cajal (ICCs) is believed to be induced by Ca®* transients and acti-
vation of anoctamin-1 (Ano1) channels in the plasma membrane. However, block of store-operated calcium entry (SOCE) or the
Na-K-2Cl cotransporter (NKCC1) terminates pacemaker activity in ICC, indicating these transporters are involved in the initiation
or maintenance of pacemaker activity. We hypothesized that SOCE contributes to pacemaker depolarization by maintaining
[Ca®*] in the endoplasmic reticulum, which is the underlying source of Ca®* transients for activation of Ano1. NKCC1 maintains
the CI™ gradient supporting the driving force for inward current mediated by Ano1. Currently mechanisms sustaining release of
Ca®" and activation of Ano1 channels during the plateau phase of slow waves are unknown, but the reverse mode of the Na™/
Ca®* exchange may contribute. We generated a mathematical model of pacemaker activity based on current empirical obser-
vations from ICC of mouse small intestine that incorporates functions of SOCE and NKCC1. This model reproduces experi-
mental findings, suggesting roles for SOCE and Ano1 channels: blocking of either NKCC1 or SOCE in our model terminates
pacemaker activity. Direct contribution of NKCC1 to pacemaker activity in a beat-to-beat manner is not predicted by our model.
Instead, NKCC1 plays a maintenance role supporting the driving force for CI™ efflux. Incorporation of SOCE allows the model to
drive pacemaker activity without a diastolic depolarization, as observed in cardiac pacemaking. Further biological experiments
are necessary to validate and further refine the roles of NKCC1, Na*/Ca%* exchange, and Ano1 in the pacemaker mechanism

of ICC.

INTRODUCTION

Interstitial cells of Cajal (ICC) form an electrically coupled
network in the region of the myenteric plexus (ICC-MY) be-
tween the circular and longitudinal muscle layers of the
gastrointestinal (GI) tract (1). Other populations of these
cells, with apparently different functions, are intermingled
among smooth muscle cells (SMCs) in muscle bundles
and are closely associated with the terminals of enteric mo-
tor neurons (e.g., intramuscular ICC [ ICC-IM and ICC in
the deep muscular plexus region of the small intestine
(ICC-DMP))) (1). ICC-MY have a prominent nuclear region
and multiple long and branching processes. Mitochondria
and smooth endoplasmic reticulum (ER) are abundant in
these cells (2,3). Each class of ICC forms gap junctions
with neighboring SMCs, and therefore pacemaker activity
and neural responses transduced by ICC can be conducted
to SMCs (4-6). Recently, a third type of cell was also found
to contribute to the neural regulation of SMCs, platelet-
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derived growth factor receptor a-positive cells (7). These
cells are innervated and provide responses to purinergic
neurotransmitters (8). Together, SMCs, ICC, and platelet-
derived growth factor receptor a-positive cells form a multi-
cellular syncytial structure known as the SIP syncytium.

ICC-MY display intrinsic pacemaker activity and
generate electrical slow waves that propagate in a regenera-
tive manner through the ICC-MY network and conduct,
passively, into electrically coupled SMCs (1). Slow waves
depolarize SMCs and activate Cay1.2 (L-type Ca®") chan-
nels. Ca®" entry through these channels initiates contrac-
tions. Thus, slow waves elicit the patterns of contractile
activity in GI muscles that result in stereotypic motor activ-
ities such as peristalsis and segmentation.

Release of Ca®" from inositol 1,4,5-triphosphate [IP3]-
sensitive Ca®" stores was suggested as the key event under-
lying pacemaker activity in ICC (9). However, recent
information has also suggested a fundamental role for rya-
nodine receptors, at least for the slow waves in the murine
small intestine (10). It is quite possible that the basal nature,
level of expression, and balance between IP; and ryanodine
receptors varies between different populations of ICC, so no
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single dominance of Ca®" release channels should be as-
signed as the basis for ICC functions at this time. ICC of
several species display robust expression of anoctamin-1
(Anol), a Ca®*-activated C1~ channel, and Anol was iden-
tified as one of the most highly expressed genes in ICC (11—
13). Anol™~ mice display no slow-wave activity in the
small bowels and stomachs of juvenile mice, whereas
normal slow waves are omnipresent in wild-type and hetero-
zygous litter mates (14). Anol channels in ICC are activated
by Ca’" release events (13,15,16). A challenge for a C1™
conductance in slow waves is sustaining a suitable driving
force for C1™ efflux (i.e., which by electrophysiological
convention constitutes inward current). One study reported
Ec;to be —52 mV in ICC, based on measurements of intra-
cellular C1™ using the fluorescent indicator N-(6-methoxy-
quinolyl) acetoethyl ester (17). In such a case, the
maximal depolarization obtainable during active events
involving a CI™ conductance would be —52 mV, which is
much more negative than the peak depolarization or plateau
potential of slow waves in ICC. Lees-Green et al. proposed
that a microdomain may exist where the Na-K-2Cl cotrans-
porter (NKCC) increases [C1™] to a level that would sustain
greater C1~ efflux (18). NKCCI is expressed at high levels
in ICC, and an antagonist of this transporter inhibited pace-
maker activity (19). These studies also suggested that E; of
ICC lies close to —10 mV (19). Because the activation of
Anol channels results in efflux of Cl1™ during slow waves,
it is imperative that a mechanism exists for the recovery
of C1™ loss.

The first biophysically based model of ICC reproduced
spontaneous generation of pacemaker potentials (20).
Although the model was able to reproduce some of the char-
acteristic features of pacemaker potentials in mouse intesti-
nal ICC, Anol channels were not included in this model.
Recently, a new model was developed in which store-oper-
ated calcium entry (SOCE) was included and coupled to
Anol (18). As for plausible currents contributing to the
plateau, voltage-gated Na™* channels, voltage-gated nonse-
lective channels, Ca**-activated nonselective channels,
and voltage-gated Ca>" channels were suggested and tested,
but the identity of a specific plateau current was not clari-
fied. Because the role of E; and contributions from Anol
channels to pacemaker activity appear significant, we built
a model of pacemaker activity with the inclusion of Anol,
SOCE, and NKCCI. As for the role of SOCE in the pace-
maker activity, we hypothesized that constant oscillatory
ER Ca’' depletion would activate formation of STIM-
Orai complexes and induce SOCE to yield Ca*" entry and
maintenance of store Ca>" levels. A role for NKCC1 was
conceived for restoration of E.; and maintenance of the
driving force for C1~ efflux. Because NKCC1 restores C1™
lost during each slow-wave cycle, concomitant entry of
Na*t and the depolarization during the plateau phase of
the slow waves favors reverse-mode operation of Na'/
Ca”" exchange (NCX). This may contribute to Ca>* entry,
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sustain Ca’" release events, and maintain increased
[Ca”] near the intracellular aspects of Anol channels. Sus-
tained activation of Anol is thought to play a primary role in
the plateau phase of slow waves. Here, we have developed
and present a new, to our knowledge, slow-wave model
and compare its output with experimental results.

METHODS
Model features

The model of ICC is based on a model published previously (20), with in-
clusion of new components such as NKCC1 and Anol. The same numerical
methods are employed to develop a new, to our knowledge, model of ICC.
Fig. | shows a schematic diagram of the model described, consisting of 10
ion channels, two transporters, and two pumps, which are distributed on the
membrane surrounding a chloride microdomain, the membrane surround-
ing the bulk cytosolic space, and the ER membrane. Movement of ions be-
tween the chloride microdomain and the bulk cytosolic space was assumed
to occur by diffusion. Bulk cytosolic Ca>* were assumed to be pumped into
the uptake pool of ER and subsequently diffuse into the release pool. Ca>*
in the release pool ([Ca®>,e) of ER move to cytosolic space by [IP3]-
mediated Ca>" release. Direct diffusion between ER and the chloride
microdomain was not assumed in our model. There are altogether 62
time-dependent variables and 199 equations in the model. A glossary (Table
S1), general model constants (Table S2), and initial values (Table S3) are
provided in the Supporting Materials and Methods. Complete model equa-
tions are provided in the Supporting Materials and Methods. Simulation co-
des were written and compiled with Microsoft Visual Studio Community
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FIGURE 1 Schematic drawing of cell compartments, ion channels, trans-
porters, and pumps in our model of ICC. The model of ICC is divided into
three compartments: bulk cytosol, endoplasmic reticulum (ER), and chlo-
ride microdomain. 10 ion channels, two transporters, and two pumps are
distributed along the membrane surrounding these three compartments.
Icar, L-type Ca" current; Ic,z, T-type Ca®" current; Ix;, inward rectifier
K™ current; Inarcens Na™-leak current; Icicas Ca’"-activated C1™ current;
Icip, background C1™ current; /o,4;, current carried by Orai (SOCE); Inaca,
NCX current; Iy,x, Na™/K" exchange current; Jyxcc, flux by Na-K-2Cl co-
transporter (NKCC1); I,c., ER Ca’* pump current; I;p3g, IP3-mediated
Ca®* release current from the ER; euts Ca®" leak from ER uptake pool;
I,, Ca®* transfer between ER uptake and release pool; [X];, internal or
bulk cytosolic concentration of ion X; [X]yp, [X] in uptake pool of ER;
[X]rer, [X] in release pool of ER; [X]ug, [X] in chloride microdomain;
[Ca”]Am., local [Ca*]; near Anol.




2015. All the simulations were performed on a personal computer with In-
tel(R) Core(TM) 17-4790K CPU at 4.00 GHz.

Model of NKCC1

NKCC1 is known to be involved in the regulation of cell volume and main-
tenance of ion gradients (21). Lytle et al. suggested that only fully loaded or
empty carriers are capable of undergoing the conformational change to
opposite facing membrane (22), and the complete reaction cycle is demon-
strated in Fig. 2. The first event is the Na™ binding to the transporter. Then
sequential binding of the first CI~, K*, and second Cl~ occurs. If all the
binding sites are occupied by the appropriate four ions, the transporter un-
dergoes a conformational change that allows the transporter to be translo-
cated. Then, the transporter releases Na't first and three other ions
sequentially. The empty transporter undergoes a conformational change
and is translocated to the cell exterior to begin a new cycle. All the
parameter values for NKCCI1 (Table 1) were adopted from the work of
Benjamin and Johnson (23). Among the parameters for renal epithelial
cell lines, HeLa cells, and duck erythrocytes used by these authors, the pa-
rameters for HeLa cells were chosen for our simulations because E¢;
(= —10.05 mV) obtained for HeLa cells was closest to the experimentally
obtained value (= —10.5 mV) for ICC (19). An optimum set of binding con-
stants (Kn,, Kk, and K¢;) in NKCC1 would allow the model of ICC to main-
tain [C1™]; unchanged during several episodes of pacemaker activity. We
sequentially varied those binding constants and monitored net changes in
[CI7]; (A[C17])) after 100 s of pacemaker activity. Ky, values (L/mol) be-
tween 3.16 and 31.6 were tested, and A[C1]; after 100 s of pacemaker ac-
tivity were plotted against Ky, as shown in Fig. 3 A. 4[Cl"]; was minimal
when Ky, is 18.96 L/mol, which is slightly above the value obtained from
HeLa cells (15.8 L/mol). Kk values (L/mol) between 1.844 and 18.44 were
tested, and A[CI]; after 100 s of pacemaker activity were plotted against
Ky as shown in Fig. 3 B. 4[CI"]; was minimal when Ky is 9.7067 L/
mol, which is similar to the value from HeLa cells (9.22 L/mol). K¢ values
(L/mol) between 43.38 and 433.8 were tested, and A[Cl™]; after 100 s of
pacemaker activity were plotted against K¢y as shown in Fig. 3 C. 4
[CI"]; was minimal when K¢ is 225.23 L/mol, which is again similar to
the value from HeLa cells (216.9 L/mol). A detailed method and equations
for calculating unidirectional ion fluxes are presented in Supporting Mate-
rials and Methods. The maximal rate of transport was adjusted to counter-
balance the Cl™ efflux by Anol.

CI™ influx by NKCC1

CI™ influx via NKCC1 was calculated based on the set of parameters (K.,
K¢, and Kg) for HeLa cells chosen by Benjamin and Johnson (23). The re-
lations between intracellular ion concentrations and C1™~ influx in our model
of NKCC1 are demonstrated in Fig. 4. As [Na™]; is increased, C1~ influx is

[Na*], kon' [CI]y ko [K*], kon' [CHo ko'
E; —— E;Na ——— E|NaCl ENaCIK ENaCIKClI
kot kete ke ket
kfmpty k;mply k{;ull k;’un
kgtlf L‘7(tf kd sz
E, &—= E,Cl &=—= E,KCI E,CIKCl E;NaCIKClI
[CH;: ki [K*D ke [C ke [Na*]; koi!

FIGURE 2 Schematic drawing of reaction cycle for NKCCI1 cotrans-
porter. k%", association constant; kX, dissociation rate constants for ion
X; kf™", forward rate constants for the empty cotransporter; kgmply, back-
ward rate constants for the empty cotransporter; kg“", forward rate constants
for the ion-filled cotransporter; k,g“”, backward rate constants for the ion-
filled cotransporter; [X],, external concentration of ion X; [X];, internal
concentration of ion X.

Model of Pacemaker Activity in ICCs

TABLE 1 Parametric Set for NKCC1

Parameter Value Unit Description

Kna 15.80 L/mol  equilibrium (binding) constant of Na*

Kk 9.22 L/mol  equilibrium (binding) constant of K*

K 216.90 L/mol  equilibrium (binding) constant of C1™

ffun 1002.00 57! forward rate constant in ion-filled
cotransporter

fful 2255.00 s7! backward rate constant in ion-filled
cotransporter

kgmPY 37,760.00 s forward rate constant in empty
cotransporter

kP 16,783.00 s~ backward rate constant in empty
cotransporter

decreased for three different [C1™]; (Fig. 4 A). When [C]™ ]; is 30 mM (solid
line), the Cl~ influx is positive along the whole range of [Na']; between
0 and 20 mM. When [C1™|; is 80 mM (broken line), the ClI~ flux reverses
where [Na®]; is 16.57 mM. When [Cl"]; is 130 mM (dotted line), the
C1™ flux reverses at lower [Na']; (6.26 mM). As [K']; is increased, C1~
influx is decreased with a relatively steeper slope (Fig. 4 B). In other words,
lowering the [K™]; below 40 mM greatly accelerates the rate of Cl~ influx,
especially if [Cl™]; is higher than 80 mM (dotted lines). C1™ influx is also in
an inverse relation with [C1™]; (Fig. 4 C), and the direction of C1™ flux is
reversed under the condition in which [Cl ]; exceeds 80 mM and [Na™J;
is over 15 mM (dotted line). In other words, the direction of Cl™ flux is al-
ways inward under the condition of low [Na']; (<5 mM) irrespective of
[CI"]; in the range of 0—130 mM.

Model of NCX

The model of NCX was similarly constructed to that of NKCC1 and was
used to calculate fluxes of Na™ and Ca®'. Three binding sites for Na*
and one for Ca®" were assumed to be present in the NCX. The half-satura-
tion constants of Na™ and Ca>" for NCX were adopted from the Kyoto
model (24). The calculated fluxes were basically identical (less than
0.1% difference) to those calculated by the lumped two-state model of
NCX (24).

Reverse-mode NCX

If NKCC1 recovers the Cl™ loss during pacemaker depolarization evoked
by activation of Anol, the cell would take up Na™ and K in addition to
Cl™. This raises the question, would Na* loading by NKCCI induce
reverse-mode operation of NCX in our model? Under the condition in
which extracellular [Nat] and [Ca®"] is 140 and 1.8 mM, respectively,
and the membrane potential is —20 mV, [Na*]; around 15 mM induces a
reverse-mode operation of NCX if [Ca®*]; is lower than 1 uM (Fig. 5 A).
Under the same condition in which [Ca”]i is lower than 100 nM, the
[Na*]; higher than 7 mM results in a reverse-mode operation of NCX
(Fig. 5 B). The direction of NCX operation is also reversed by membrane
depolarization (Fig. 5 C). When the extracellular [Na*] is 140 mM, extra-
cellular [Ca®*] is 1.8 mM, and [Ca®"]; is 50 nM, 15 mM [Na™*]; reverses the
direction of NCX operation at membrane potentials between —80
and +60 mV (Fig. 5 D). In short, under the condition in which [Na™]; in-
creases, [Ca2+]i decreases, and the membrane depolarizes, NCX operates
in the reverse mode, which subsequently results in a sustained increase of
[Ca®"];.

Model of SOCE

Because the controversy on Cl™ dynamics and the pacemaker mechanism
still remains unresolved (18,20), the model of SOCE was also incorporated.
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As for the role of SOCE and Anol in the pacemaker mechanism, we hy-
pothesized that the oscillatory depletion of Ca>* from the ER activates
STIM-Orai complexes, and SOCE activates nearby Anol by elevating
[Ca”]i near Anol. As for the role of NKCC1 and NCX in the plateau,
we hypothesized that the Anol activation results in C1™ efflux, which sub-
sequently activates NKCC1. As NKCC1 restores Cl1 lost during slow-wave
activity, the concerted actions of [Ca*]; decrease, [Na™]; increase, and
membrane depolarization favor a reverse-mode operation of NCX. This
can sustain [Ca®']; near Anol channels or evoke further Ca>" release
events. The sustained activation of Anol is thought to play a primary
role during the plateau phase of slow waves. The model of SOCE was adop-
ted from the work of Lees-Green et al. (18) and modified to generate the
cyclic Ca*" release in our model.

SOCE and Ano1 activation

Because the Ca®>-activated C1~ current (I;c,) carried by Anol is activated
by Ca®" near the mouth of channel pore (25,26), [Ca*"] diffused from
nearby Ca”" sources, such as the STIM-Orai complex or bulk cytosol,
should be first determined. The following equation derived from an analyt-
ical steady-state solution gives an answer for the level of [Ca>*] activating
Anol (27).

FIGURE 3 Relations between Ky, (4), Kx (B),
Kci (C), and net changes in [C1™]; (4[C1™];) during
100 s of pacemaker activity. Initial [Cl ]; is
87.464 mM. The small trace in the upper right
corner of (A) shows representative pacemaker ac-
\ tivity during a time period corresponding to 30 s.
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In these equations, D, is the diffusion constant of the free cytosolic Ca*™,
K, is the affinity of the mobile Ca*" buffer, & denotes the Ca>* flux through
a single Orai, r is the distance between Anol and nearby Orai, c. is the
bulk cytosolic Ca®* concentration far from the Anol, D,, is the diffusion
constant of one mobile Ca>* buffer, B,, is the concentration of one mobile
Ca®" buffer, Jo,,; is the total flux through all Orais (see equation in Support-
ing Materials and Methods), n¢,,; is the number of Orais, and Vol,,, is the
volume of the cytosol. The relation between r and [Ca®*anor is demon-
strated in Fig. 6 A. Dependencies of [Ca® upor on Ca>" flux through a
single Orai (') and bulk cytosolic Ca*" concentration (c.,) are also demon-
strated in Fig. 6, B and C, respectively. Those relations demonstrate that the
colocalization of Anol and Orai is essential for tight coupling of SOCE and
Anol activation.
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Model of Icica

Gating of Anol is not only Ca*"-dependent but also voltage-dependent,
and its current-voltage relationship is outwardly rectifying in the submi-
cromolar concentration of [Ca®"]; (25,26). Fig. 7 A shows a voltage-clamp
recordings of CaCC (I¢c,) carried by Anol activated by test potentials
between —80 and +70 mV in the presence of 100 nM [Ca2+]i. Time
courses of /¢, indicate that there is only activation process in the gating
of Anol. As for activation time constants and steady-state current-voltage
relation, the Ca*>" dependency was adopted from the work of Lees-Green

80 -60 40 20 0 20 40 60

V (mV)

et al. (18), whereas the voltage dependency was derived from voltage-
clamp data in the presence of 100 nM [Ca*™]; (26). The following
equations were obtained to reproduce the voltage and Ca*" dependency
of activation time constants and steady-state current-voltage relation of
Icica
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FIGURE 6 Relations between distance from nearby Orai (A), Ca”* flux through a single Orai (B), bulk [Ca®™] (0), and [Ca®*] at the mouth of Anol pore.
(A) [Ca>*] at the mouth of Anol ([Ca*" | ano1) along the diffusion pathway from Ca" source (Orai) was calculated at four different magnitudes of Ca>" flux
through Orai (g; 0.0005, 0.001, 0.0015, and 0.002 mmol/ms). (B) [Ca®*] Ano1 Was plotted against the magnitude of Ca?" flux through Orai (¢) under the
condition of four different bulk cytosolic [Ca®*] ([Ca®™);; 50, 100, 500, and 1000 nM). (C) The relation between [Ca>t]an0; and [Ca®*]; was shown at
four different magnitudes of Ca®* flux through Orai (a; 0.0005, 0.001, 0.0015, and 0.002 mmol/ms).
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In these equations, 7 is the activation time constants of Anol (ms), Vis
the membrane potential (mV), Ocjc, is the open probability of Anol at
steady state, V), is the half-activation potential (mV), k is the slope factor
associated with the gating charge of Anol (mV™'), and ECs, is a
voltage-dependent expression of the [Ca®*anor for half-activation of I¢yc,
(mV). Then, I¢;c, could be calculated by the following equation,

Icica = &cica % Ocica ¥ (V—Eql), @)

where I¢c, is the current amplitude of Anol (pA), gcicq is the maximal
whole-cell conductance of Anol (nS), and E; is the equilibrium potential
of CI” (mV). Simulated /¢, is presented in Fig. 7 B. The activation time
constants and steady-state current voltage relations are compared between
experiment and simulation in Fig. 7, C and D. I¢c, is simulated in the
presence of different intracellular [Ca®"] near channel pore as shown in
Fig. 8, A-D. The current-voltage relation (Fig. 8 E) loses outward rectifica-
tion in the few micromolar range of [Ca”]i, which is the same case as in
experimental recordings (25).

Estimation of Cl~ efflux and influx

Because the upstroke velocity of slow-wave depolarization is ~7 V/s and
membrane capacitance is around 25 pF (28), the amplitude of pacemaker
current could be estimated to be about —175 pA. The current amplitude
of pacemaker current could then be used to estimate change in [C1] in mi-
crodomain during pacemaker depolarization by using the following
equation:
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where [Cl ]y is [C17] in CIT microdomain (mM), ¢ is time (ms), I, is
the amplitude of Ca®*'-activated CI~ current carried by Anol protein
(pA), F is the Faraday constant (= 96.4867 C - mmol "), and Vol is
the assumed volume of ClI™ microdomain (= 0.05 x 0.715 pL). Because
the maximal amplitude of I¢;c, is 140 pA and the maximal duration of /¢,
is ~50 ms, change in [C17] during one event of pacemaker depolarization
cannot exceed 2.5 mM. Maximal conductance of /¢, and flux of NKCC1
were set to match the balance of C1~ dynamics.

RESULTS
Inhibition of STICs by NKCC1 blocker

Spontaneous transient inward currents (STICs) are consis-
tently observed in ICC at constant holding potentials be-
tween —80 and +20 mV under whole-cell voltage-clamp
condition (29). It was suggested that STICs reflect periodic
activation of Anol. Cyclic ER Ca®" release or ER Ca*"
depletion with subsequent activation of SOCE is believed
to drive the periodic activation of Anol. Bumetanide, a
blocker of NKCC1, blocked STICs at a holding potential
of —80 mV within a few minutes (19). The amplitude of
STICs decreased in a time-dependent manner, whereas the
frequency was not changed. The drug presumably affects
the electrochemical gradient for CI™ across the membrane
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rather than the open probability of Anol. Because contin-
uous Cl™ influx through the NKCC1 could counterbalance
CI™ efflux by Anol, inhibition of NKCC1 would eventually
reduce the intracellular [C1 ] to a point at which the electro-
chemical gradient of C1™ is dissipated. The effect of block-
ing NKCC1 on STICs at a holding potential of —80 mV was
reproduced by our mathematical model of ICC. When the
conductance for NKCC1 was set to 0, the amplitude of
STICs (Fig. 9 A, upper panel) gradually decreased with a
time course similar to that seen empirically (Fig. 9 B).
The time course of decrease in intracellular [Cl ] is also
similar in both cases (Fig. 9 A, lower panel). The model sup-
ports the idea that the effect of NKCC1 block on STICs is
mediated by loss of the electrochemical gradient for C1™
because STICs were unaffected by numerical removal of
NKCCI1 under the condition in which the equilibrium poten-
tial of CI~ was held at a constant value (data not shown).
Measurement of intracellular [C17] during application of
bumetanide should be performed to demonstrate how the in-
hibition of NKCC1 affects the amplitude of STICs.

Inhibition of pacemaker activity by NKCC1
blocker

If the inhibition of NKCCI1 dissipates the electrochemical
gradient for Cl, the pacemaker activity of ICC should
be disrupted because slow waves are thought to depend
upon activation of Anol, and its amplitude is dependent
on the electrochemical gradient for CI™ as well as
intracellular [Ca®"]. Indeed, application of bumetanide
gradually decreased the amplitude of pacemaker poten-
tials, whereas its frequency was unaffected (19). The
mathematical model faithfully reproduced the effects of
blocking NKCC1 on pacemaker activity (Fig. 10 A). The
amplitude of pacemaker depolarization and intracellular
[CI7] are both slowly reduced with a similar time
course to that of experimental results (Fig. 10 B), whereas
the frequency of pacemaker potentials was unaffected.
These results indicate again that the effect of blocking
NKCC1 is primarily mediated by dysregulation of intracel-
lular [C17].
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FIGURE 9 Effects of NKCC1 block on STICs in simulation (A) and experimental recording (B). (A) Simulated effects of NKCC1 block on STICs and
[CI7] at a holding potential of —80 mV are shown and compared for the same time period (~200 s). (B) Effects of bumetanide (40 uM), a blocker of
NKCCI1, on STICs are examined in the murine small intestine at a holding potential of —80 mV (Zhu et al. (19), with permission). The expanded trace

of STICs is presented below. To see this figure in color, go online.

Inhibition of STICs by SOCE blocker

There is a growing body of evidence that SOCE is involved
in pacemaker activity of ICC (10,30,31). Inhibitors of
SOCE such as GSK7975A or SK&F96365 reduce the pace-
maker activity of ICC (32-34). Lees-Green et al. proposed
that periodic ER Ca”" depletion induces SOCE through the
STIM-Orai complex, which subsequently activates nearby
Anol (18). Because the inhibitory effect of SOCE blockers
on STICs or pacemaker activity is not mediated by change
in the electrochemical gradient across the cell membrane,
one could predict the effect would be rapid in comparison
to that of NKCC1 blockers. GSK7975A, a specific blocker
of SOCE, was found to inhibit STICs at a holding potential
of —80 mV, but complete inhibition was not achieved until
the drug had been perfused for ~100 s (31). The slower
effect of GSK7975A on the STIM-Orai complex was pre-
viously demonstrated in Orail-transfected HEK cells
where the t;, was in the range 75-100 s (35). It was spec-
ulated that the GSK7975A may interfere with the perme-
ation of Ca’" through the pore of the STIM-Orai
complex by binding to a site near the selectivity filter.
Alternatively, GSK7975A might cross the cell membrane

A B

removal of NKCC conductance

Bumetanide (40uM)

by diffusion to reach its binding site given its moderate lip-
ophilicity (35).

Our mathematical model reproduces the disappearance of
STICs (Anol) when the conductance of Orai is set to
0 (Fig. 11). The inhibitory effect on Anol caused by block-
ing Orai, however, is rapid compared to the effect of
GSK7975A on STICs in experiments on ICC. The discrep-
ancy may be due to the fact that our mathematical model
does not consider the kinetics of the actions of
GSK7975A on STIM-Orai complexes. Interestingly, Ca>"
transients were almost completely blocked by elimination
of Orai, indicating SOCE might be a prerequisite for peri-
odic Ca** release, another phenomenon also observed in
ICC (31).

Inhibition of pacemaker activity by SOCE blocker

The inhibitory effect of GSK7975A on pacemaker activity
was faster than the effect of GSK7579A on STICs (31).
In contrast to the NKCCI1 blocker, the main impact
of GSK7579A on the pacemaker potential was not on
the amplitude but on the frequency. Application of

0+ C-C (I=0) gramicidin perforated patch

FIGURE 10 Effects of NKCCI1 block on pace-
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maker activity in simulation (A) or experimental
recording (B). (A) Simulated effects of NKCC1
block on pacemaker activity and [C1"] are shown
and compared for the same time period (~600 s).
(B) Effects of bumetanide (40 uM) on pacemaker
activity are examined in the murine small intestine
(Zhu et al. (19), with permission).
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[Ca”]i, and [Ca2+]rcl in voltage-clamp mode. The voltage was clamped
at —80 mV. The block of Orai conductance was simulated by removal of
conductance after 12 s. I,,; represents the SOCE carried by Orai protein.
Icica is the Ca®t-activated C1™ current carried by Anol protein. Iy,c, is
the NCX current. [Ca2+]n,, represents free calcium concentration in ER
release pool. Spontaneous transient inward currents (STICs) represented
by I¢ic, disappear with simulated block of Orai.

GSK7579A halted the pacemaker activity within 20 s. There
was no transition period in which the amplitude of pace-
maker potential gradually decreased while frequency re-
mained unchanged. The inhibitory effect of blocking Orai
on pacemaker activity was reproducible in our mathematical
model. When the conductance of STIM-Orai complex was
set to 0, pacemaker activity disappeared rapidly (Fig. 12).

Putative role of SOCE: Electrogenicity or
Ca’*-mediated?

SOCE can directly depolarize cell membranes because it
produces inward current. SOCE can also indirectly depo-
larize cell membranes by activating a pacemaker current
such as Anol because it elevates local Ca®" near Anol.
We separated those two effects of SOCE and tested which
of them is more important for pacemaker activity using
our mathematical model. First of all, we assumed that the
SOCE is electroneutral but increases local Ca’" near
Anol. Under this assumption, the mathematical model is
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FIGURE 12 Simulated effects of Orai block on the pacemaker activity,
I6rais Icicas Inacar [Ca>'1;, and [Ca® ], in current-clamp mode. The block
of Orai conductance was simulated by removal of conductance after 7 s.
Resting membrane potential is slightly hyperpolarized by block of Orai.
All the oscillatory activities are abolished.

still able to continue pacemaker activity as shown in
Fig. 13. Then, we assumed that SOCE is electrogenic but
could not change local Ca®" near Anol. Under this assump-
tion, the pacemaker activity as well as Ca®" transients disap-
pear. These results suggest that the primary role of SOCE
in pacemaker activity might be activation of Anol by
increasing local Ca”" rather than by its direct depolarizing
effect. Studies on ICC should be conducted to confirm the
role of SOCE on pacemaker activity, as suggested by our
mathematical studies. In our model, it was calculated that
SOCE contributes to [Ca2+] near Anol channels by as
much as 39.1% during a pacemaker cycle.

DISCUSSION

This study describes a mathematical model of pacemaker
activity in ICC that is based on current information obtained
from voltage-clamp experiments performed on ICC of the
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FIGURE 13 Impact of nonelectrogenic SOCE
(A) or Ca”—impermeable SOCE (B) on normal
pacemaker activity and Ca®>" transients. Nonelec-
trogenic SOCE is a virtual SOCE that is permeable

murine small intestine and Ca®" imaging experiments per-
formed on the pacemaker class of ICC (ICC-MY) of the
small intestine in situ. Several ion channels and ion trans-
porters have been incorporated in the model that have
been shown to impact electrical rhythmicity in intact GI
muscles and spontaneous pacemaker currents in freshly iso-
lated and identified ICCs.

Role of NKCC1

Measurement of Egryc, in ICC was made by Zhu et al. (19)
using the gramicidin-permeabilized patch-clamp technique,
which leaves intracellular [Cl™ ] undisturbed. Egz;c, (Which
was thought to approximate E) was found to be
—10.5 mV, which is close to peak depolarization and
plateau phase of slow waves recorded in murine small in-
testinal ICC (36). Anol has been suggested as the current
that depolarizes ICC during the plateau phase. Opening
of CI™ channels during each slow-wave cycle is likely to
cause net loss of cytosolic C1™. Activation of Anol persists
during the plateau phase because of the continued asyn-
chronous release of Ca®" during this period (10). The rela-
tively long duration of the plateau phase (>1 s) might
cause cells to lose a significant amount of Cl~. However,
the plateau potential comes to a semistable level near
E¢y, so net Cl™ current is likely to be minimal during
most of the plateau phase. The major loss of CI ™, therefore,
may be during the initial depolarization, shortly after Ca®"
entry and initiation of Ca’'-induced Ca®>" release, and
perhaps to a lesser extent during repolarization of the
slow wave, as Ca®" release events decline in frequency
and Anol channels begin to deactivate. Expression of
Slc12a2 transcripts and NKCC1 protein was found in
ICC in the myenteric region of the murine small intestine,
and blocking of NKCC1 caused a rapid negative shift in
E¢;, inhibition of STICs in ICCs (19), and inhibition of
slow waves in intact muscles (37).
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to Ca®" but does not contribute to membrane depo-
larization. The Ca*'-impermeable SOCE is a
virtual SOCE that contributes to membrane depo-
larization but is impermeable to Ca".

NKCC1 is found on the basolateral membrane of epithe-
lial cells for C1™ secretion as well as in many nonepithelial
cells for volume regulation, whereas NKCC2 is found on the
apical membrane of thick ascending limb in the loop of
Henle for reabsorption of salts. There are two kinetic models
for the operation of NKCC (21). One is the glide symmetry
model, and the other is the alternative model with a reversed
order of Na* and C1~ binding. The glide symmetry model
postulates that Na™ ion binding occurs first on the outside
face of cotransporter, followed by CI~, K™, and the second
CI™. In the alternative model, Cl™ ion binding occurs first,
followed by Na™, the second C1™, and K. Markadieu and
Delpire (21) suggested that the alternative model is more
appropriate for NKCC, based on their observations that a
K*/K" exchange can still occur in the alternative model
when partially loaded carriers reverse their orientation and
reload K* ions. Those two kinetic models, however, do
not make any difference in the calculation of net ionic flux.

Role of SOCE

Slow waves in ICC of the murine small intestine are medi-
ated by activation of Anol and T-type Ca®" channels. Acti-
vation of Anol is dependent on increased [Ca2+] near the
intracellular aspect of the channel protein (12,13). Increase
in [Ca®"]; for activation of Anol is achieved in ICC by Ca’"
release from the ER (ryanodine- and IP5-receptor-gated) (9).
Because Ca”" release from the ER can be initiated by a local
increase in Ca®" near ryanodine and IPs receptors, the first
event might be Ca®" entry through a Ca*"-influx pathway,
such as T-type Ca®", which induces release of Ca*" from
the ER (38,39). The increase in localized Ca?" from ER
release activates Anol and depolarizes ICC. This is thought
to be an important step in creating and maintaining the
plateau phase of slow waves (10). Among the Ca®"-influx
pathways, SOCE is particularly remarkable in that it is acti-
vated by depletion of ER Ca*". SOCE is thought to
replenish the ER in response to depletion of Ca*" in stores



(40-42). Although the Ca’" ATPases (SERCA) is also able
to replenish the Ca®" store, it is more sensitive to cytosolic
Ca®™ than store Ca™". Therefore, the STIM-Orai complex, a
molecular identity of SOCE, is an important contributor to
replenishment of Ca?" stores after Ca®" release events
occur (31). In our mathematical model, the rhythmic occur-
rence of pacemaker potentials and Ca®" transients were
abolished by removal of the SOCE conductance. Increasing
the window region of T-type Ca>" current by shifting the
activation curve to the left about —20 mV, however, resulted
in the reappearance of rhythmic pacemaker potentials and
Ca”" transients (simulation data not shown). T-type Ca*"
channels may contribute to the initial increase in cytosolic
Ca*" that triggers Ca*"-induced Ca®" release and activation
of Anol, but SOCE might provide a more sustained source
of Ca*" because it is not constrained by a narrow window
current region as with T-type Ca>" currents. Furthermore,
SOCE responds to ER Ca®" depletion and supports periodic
Ca”" influx in our mathematical model. As for the mecha-
nism of how the STIM-Orai can sense ER Ca’" depletion,
a general consensus is that emptying of stores causes oligo-
merization and translocation of STIM proteins within ER
membrane (43,44). Although we proposed that the depletion
of ER Ca”" store activates SOCE allowing Ca®" entry, the
oligomerization and translocation of STIM may not occur
with every cycle of pacemaker activity because assembly
of the STIM-Orai complex, as observed in nonexcitable
cells, takes >10 s. However, there may be splice variants
that accomplish assembly and disassembly of the STIM-
Orai complex on a faster timescale (45) or the assembly
of the complex may be sustained over slow-wave cycles, al-
lowing recovery of Ca*" through Orai channels that is not
strictly dependent upon STIM-Orai assembly after each
Ca”" release event.

Plausible plateau currents contributing to slow
waves

Lees-Green et al. considered four hypothetical plateau cur-
rents: 1) voltage-activated, non-inactivating Na™ currents;
2) voltage-dependent, nonselective currents; 3) Ca®-depen-
dent, nonselective currents; and 4) voltage-dependent Ca®t
currents (18). Among the four hypothetical plateau currents
examined in their mathematical model, the voltage-depen-
dent Na™ currents and voltage-dependent, nonselective cur-
rents reproduced more plateau-like waveforms than the
other two types of current in their simulations. Voltage-
dependent, non-inactivating Na® currents are frequently
mentioned in cardiac myocytes, and they can be important
in pathologic situations (46,47). However, there is no evi-
dence that ICC express such long-lasting Na™ currents.
Voltage-dependent nonselective currents have also not
been identified in ICC of the murine small intestine.
TRPM?7 was suggested as one of the nonselective cationic
channels, but it is not voltage-dependent (48,49). Hyperpo-
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larization-activated cyclic nucleotide channels have been
suggested as pacemaker channels in colonic ICC (50,51),
but they are inactivated rather than activated in the range
of the plateau potential. In cardiac myocytes, the NCX has
the ability of reversing the direction of ion exchange. During
diastole, NCX usually operates in the forward mode, pump-
ing Ca®" out of the cell in exchange for Na™ influx. This has
a depolarizing effect on the membrane potential because the
net current is inward. In cardiac muscle, the rapid upstroke
phase of action potential is caused by Na™ influx through
voltage-gated Na™ channels, and this can reverse the direc-
tion of NCX, pumping Na* out and Ca®" into the cell. How-
ever, the slower rise in intracellular [Ca**] by L-type Ca*"
currents and ER Ca”" release shifts NCX to forward mode,
resulting in prolongation of action potential. NCX in for-
ward mode indeed contributes to the plateau in our simula-
tion, but only to a negligible degree. 50% reduction of NCX
density reduced the length of the plateau (as measured by
time the membrane is depolarized as high as at least 90%
of maximal depolarization) from 520.86 to 519.75 ms (see
Table 2). Reverse-mode NCX could have an indirect effect
on plateau current. Ca®" entry into microdomains via
reverse-mode NCX could possibly evoke Ca”"-induced
Ca”" release that would activate a Ca®"-dependent inward
current such as Anol. Although Lees-Green et al. excluded
the possibility that Anol channels contribute to the plateau,
the Ca®"-activated C1~ current carried by Anol (I¢ic,) is a
strong candidate for plateau currents considering their bio-
physical properties, such as Ca** dependency and kinetics
(52). Indeed, the /¢, was the predominant current contrib-
uting to the length of the plateau in our simulations (see
Table 2): 50% reduction in Anol density reduced the dura-
tion of plateau from 520.86 to 429.18 ms. For comparison,
50% reduction in T-type Ca®" channel density minimally
affected the duration of the plateau (i.e., from 520.86 to
520.11). Therefore, Anol may have two roles in slow
waves: 1) it may be a key conductance in generating STICs
and initiation of slow waves, and 2) it may be an important
conductance in the formation and duration of the plateau
phase of slow waves.

The question of how activation of Anol channels is sus-
tained for up to several seconds during the plateau phase
of slow waves in some GI muscles remains unanswered
(1). However, recent studies have shown that Ca>" release
events persist for approximately the duration of slow waves
in small intestinal ICC-MY (10). Ca®>* release, initiated by

TABLE 2 Contribution of Iy.ca, Icicas and Icar to
Characteristics of Pacemaker Potential

Maximal Diastolic Length of
Condition Potential (mV) Peak Potential (mV) Plateau (ms)
Control —73.58 —14.20 520.86
50% Inaca —73.53 —14.21 519.75
50% Icica —73.99 —15.55 429.17
50% Icar —73.73 —14.37 520.10
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Ca”" entry through T-Type Ca*" channels, is organized into
clusters of asynchronous events that occur at multiple
discrete sites in ICC-MY. Summation of the clustered
Ca”" transients approximates the duration of the plateau
phase in small intestinal muscles. Sustained, asynchronous
Ca”" transients appear to explain the sustained activation
of Anol channels through the time course of the plateau.
As discussed previously, asynchronous Ca’" release events
could result from localized Ca®"-induced Ca®" release that
might be stimulated by a Ca*" influx mechanism, such as
reverse-mode NCX or window current provided by a
voltage-dependent Ca®" conductance.

CONCLUSIONS

The model of ICC reproduces spontaneous transient depo-
larizations and inward currents that represent the activity
of Anol, biophysical properties of NKCCI1 and Anol, and
pharmacologic actions of drugs on NKCCI and Anol.
The modeling approach suggests that ER Ca®" oscillations
drives pacemaker activity. It also suggests that NKCCl1
does not contribute primarily to the plateau phase in a
beat-to-beat manner, but it provides a steady-state of cyto-
solic C1™ and maintains the driving force for Anol currents.
NKCCI1 can elongate the plateau phase by activation of
reverse-mode NCX. The effect of SOCE on pacemaker de-
polarization is primarily mediated by Ca®" entry rather than
by a direct depolarizing effect.

SUPPORTING MATERIAL

Supporting Material can be found online at https://doi.org/10.1016/j.bpj.
2019.07.020.
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e =10+ #(21)

1+ 60.02-(V+65)
_L #(22)
as = T

I

Br = #(23)

T¢

A5. Inward rectifier K™ current (Ig;)

KT\** V-E.-173
[ ]0> . X ) + ak; - b #(24)

A

-(V-Ex—1.73)
Gx1 = 18.0#(25)

RT K™,

#(26)

aky = 10 + #(27)

V+37 _V+37
e 25 4+e 25

0.0001
bxa = V-Ex—76.77
1+e 17

#(28)

A6. Na'-leak current (Ina cn)
InaLen = InaLenNa + Ina enK#(29)
InaLcnNa = Pygaien - CFna#(30)

InaLenK = 0.9 * Pyaien - CRc#(31)



PNaLCN = 01485#(32)

A7. Ca**-activated CI current (Icica)
Icica = geica * Ocica - (V — Ec))#(33)
geica = 20.0#(34)

_RT  [ClI7]y
ECI = ? logﬁ#(SS)

-1

2
EC
OCICaoo = (1 + e(Vh_V)/0.0156) 1+ ( 2+50 ) #(36)
[Ca ]Anol

Vi, = —100 mV#(37)
T=1t; +t, e"/#(38)

t, = 48.978 - e~ *571C8 a1 #(39)
t, = 45.702 - e"905374Ca" 1 440
ty = 133.57 - %1530 T #(41)
ECsoomy) = 1.39 - 1073 mM#(42)
ECso = ECsoomv) - € <V mM#(43)

k. = 5.4912 - 10~3#(44)

o o 2
<—Dc~Km+m+Cz+\/(DC-Km+m+CZ) +4Dc~Dm~Bm-Km>

Anol = 2Dc

[Ca®"] #(45)

D, = 250-1073 um? - ms™1#(46)
Dy =75-1073 um? - ms™1#(47)
By = 50 - 1073 mM#(48)

Ky, = 0.1-1073 mM#(49)

r = 0.05 um#(50)

Nori = 250#(51)



D, - B, K,
C, =D, - [Ca**]; - ————#(52)
1

Ky + [Ca“™];
i+ Vol
p =]Oral cyt #(53)
Norai
Jorai = ﬂ#(m)
F Vol

A8. Background CI current (Iy,)
Iciy = Poip * CFe#(55)
Peyp = 0.1#(56)
A9. Current carried by store-operated Ca”" entry (Ioa)
Iorai = Yorai * Oorai - (V — Eca)#(57)

Eo, = 5T [Ca2+]°#(58)
“72F e,

Jorai = 0.028#(59)

(Knca)’ #(60)
(Km,Ca)8 + (0-021 : [Ca]rel)8

Oorai =

K ca = 0.2 MM#(61)

A10. Na'/Ca?" exchange current (Insca)

Km,Nao Km,Cao

E;Na — E, — E,Ca 1= Ynaca

ki T ky ks T ky By N ay
Km,Nai Km,Cai

E;Na — E, e— E,Ca YNaCa

INaca = Pnaca - (kl -E;Na- YNaca — ky - E;Na - (1 - yNaCa)) #(62)
Prnaca = 8.458 pA#(63)

0.32'F-V
ki =e RT #(64)

(0.32-1)-FV
k2 =e R-T #(65)
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k, = 1#(67)
K Nao = 87.5 mM#(68)

K cao = 1.38 mM#(69)
Kmnai = 4375 mM#(70)
Kmcai = 0.00138 mM#(71)
a, = ky - E;Na+ k- E;Ca#(72)

ﬁy = kl : ElNa + k3 : Elca#(73)

-1

_ 1+ [Caz+]cld/Km,Cai
ElNa - <1 " ([l\laJr]cld/Km,Nai)3 ) #(74)
_ 1+ [Caz+]o/Km,Cao -
£ = (1 F NaTo Konne)? ) #7%)
+ 3\ 1
E1Ca — (1 + 1+ (['\ii ]cld/Km,Nal) ) #(76)
[Ca ]cld/Km,Cai
+ 3\ 1
EZCa — (1 + 1+ ([Nzi ]o/Km,Nao) ) #(77)
[Ca ]o/Km,Cao

Al11. Na*/K* pump current (Iyak)

Inak = INakA + INnak B#(78)

2
0.7 1—-((V+50)/250
INakA = Pk - T (« )/ — ) #(79)
1+ (Km,Nai/[Nal IDks 1+ Km,Ko/[K lo
2
7 1— ((V +50)/250
INakB = Prak : ( ) #(80)

1+ (Kmonai/[Na'1)® 14 Ko/ [K' o
Py = 27.65#(81)
K nai = 3.5 mM#(82)
Ko nai = 18 mM#(83)
K ko = 0.27 mM#(84)

Al12. Na-K-2Cl cotransporter (NKCC1)



InkceNa = Pukce * (Inkee Nainflux — INkee,Na effiux) #(85)
Inkee k = Inkee Na# (86)
Inkeeel = 2 Inkee,Na# (87)
Pukee = 0.168#(88)

171-172

5 = #(89

JE, B/ NaCl vy ¥ g (89)
=22 "1 490

JE,E,NaCI = m——

(]E1—>E1NaCI) " U3

vz + (]}51<—151 NaCI)

JE, 5B NaCIK = #(91)

(g cE,Nact) * V3
vz + (]E1<—E1NaCI)

JE,E,NaCIK = #(92)

(]E1—>E1NaCIK) Vg

JE,~E,NaCIKCl = #(93)
v Uy + (]E1<—E1NaCIK)
(J,E,NaCIK) * V-4

JE,cENaCIKCI = ———F #(94)
Uy + (]E1<—E1NaCIK)
(Je,~E,Naclkel) * Vs

JE,>E,NaCIKCl = ———— #(95)

s + (Jg,E,Naclkcl)

(Jg,E,NacIKCl) - V-5

JE,<E,NacIkCl = #(96)

s + (Jg, £, Nacikcl)

(g,>E,NacIKC1) * Ve

INkee Nainflux = JE,—E,CIKCI = #(97)

Vs + (Jg,E,Naclkcl)

(Jg,E,NacIKel) * V-6

INKee Naeffux = JE,<E,CIKCI = #(98)

Ve + (J&,E,Nacikc)
vy = ki [Na*], - [E1]#(99)

vy = (ki"/Kna) - [EyNa]#(100)

v, = k9. [CIT, - [E;Na]#(101)

vy = (ki/Ke)) - [E;NaCl]#(102)
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vy = k9. [K*], - [E;NaCI]#(103)
v3 = (ki"/Kk) - [E;NaCIK]#(104)
vy = k9. [CI'], - [E;NaCIK]#(105)
v.4 = (k"/Kc)) - [E;NaCIKCI]#(106)
vs = kiUl . [E;NaCIKCI]#(107)
v = k' . [E,NaCIKCI]#(108)
vs = (ki"/Kna) - [E;NaCIKCI]#(109)
vg = k- [Na*]yq - [E,CIKCI]#(110)
v, = (k¥"/K¢c)) - [E,CIKCI]#(111)
v = ki [Clqq - [E.KCI#(112)
vg = (k"/Ky) - [E,KCI1#(113)
vg = ki - [K'i - [E,Cl]#(114)
vy = (k&'/Ke1) - [E;CI#(115)
v = ke [Cl']eia - [E2]#(116)
v1o = kg™ - [E,CI#(117)
V.o = kg™ - [E1]#(118)

[E1]

0 0 0 0 0 ajs -0
00 0 0 0 0 [E1Na] 0
0 0 0 0 0 O [E;NaCl] 0
dz 0 0 0 0 0]/ [E:NaCIK] 0
e, es 0 0 0 0] ([E:NaCIKCI]}_|o
fi f» fz 0 0 0] |[E;NaCIKCI]| [0 #(119)
0 g1 g0 g3 0 O [E,CIKCI] 0
0 0 hy h, hy 0 [E,KCI] 0
0 0 0 i i I3 [E,CI] 0
1 11 1 1 1 [E,] -1



[E1]
[E1Na]
[E;NaCl]
[E;NaCIK]
[E;NaCIKClI]
[E,NaCIKCI]
[E,CIKCI]
[E,KCI]
[E2Cl]
[E2]

empty _
k, =

—ky " — kg - [Na*], kot k™™

k- [Na*], ~kgff — kiongy - [CI'], kit

k- [CI' ], —legge — k- [K* o ket

kS Ko kgt — ki - [CI']q kit

ko . [cI, —kSh — KU Jeful #(120)
! K=K [N Tag
koft —k¥ - [Na* ] — kSt ki - [Cl]oiq
kit —k@ - [Claa — ko ke~ [K* Joig
kit —k@ (K Jag — ket ke’ [ClTaia -

a; a, 0 0 0 0 0 0 0 as7! o

by b, b 0 0 0 0 0 0 O 0

0 ¢¢ ¢ ¢ 0 0 O O O O 0

0 0 d dy da 0 0 0 0 O 0

0 0 0 e e e 0O 0 0 O 0

0 0 0 o0 fi fz fs 0 0 0 o121

0O 0 o O 0 g, g2 g3 0 O 0

0 0 0 0 0 O hy hy hy O 0

0 0 0 0 0 0 0 i iy is 0

L1 01 1 1 1 1 1 1 1 1 -1

Kna = 15.8- 1073 L - mmol~1#(122)
Ko = 216.9 1073 L - mmol~1#(123)
Kx = 9.22-1073 L - mmol~#(124)
kK= 1002.0 - 1073 ms~1#(125)
kM = 2255.0 - 1073 ms~1#(126)
ki™Y = 37767 - 1073 ms~1#(127)

t
Kna - Ko - K - Koy - k- kfempy
Kna - Koi - K - Koy - kU

ms~1#(128)

klo" = 100 L - mmol~1#(129)
k3 = kio /Kna#(130)
késs = kN /K #(131)

kG = ki /Kci#(132)



A13. ER Ca* pump current (Inca)

Km,Cao

E,Ca — E, 1- Yoca

ki T ky ka T ky By T ay
Km,cai

E,Ca — E; Yoca

Inca = Poca (k2" ExCa - (1 — ypca) — k1 E1Ca - ypca)#(133)
Poca = 772.8#(134)
ky = 0.01#(135)
k, = 1#(136)
ks = 1#(137)
k, = 0.01#(138)
ay = ky E;Ca+ ky - E;#(139)

B, = ki - EyCa + ks - E;#(140)

K ) -1
E,Ca= <1 + %) #(141)
[Ca™" Jyp

K -1
E,Ca=(1+ m'“") #(142
? ( car);) T
[Ca**]yp

m,Cai

-1
E, = <1 + ) #(143)

2+ .
m) #(144)

m,Cao

E2=<1+

K cao = 0.00258 mM#(145)

K cai = 0.08 mM#(146)

Al4. IPs-mediated Ca?* release current from the ER (I,p3R)

ku[IPs]  keo'[Ca®*]i  koir[Ca®™];
= C = O =
kio

kCU kOC

Iipsr = Pipar - ([Ca%* et — [Ca*™T;) - Porpar)#(147)



Ppsr = 217.2#(148)
Pogpar) = O°#(149)

k. = 400 mM~! - ms™1#(150)
ko, = 0.37736 ms™1#(151)
ko =20 mM™1 - ms~1#(152)
ko = 0.0016468 ms~1#(153)
koi = 02mM™1 - ms™1#(154)
ki, = 0.0002098 ms~'#(155)

A15. Ca®* leak from ER uptake pool (I;eqx)
ek = Pieak - ([Ca"],,, — [Ca®']; ) #(156)
Pieak = 1.9125#(157)
A16. Ca®* transfer between ER uptake and release pool (Iy,)
Iy = Py - ([Ca™"],,, — [Ca®'] ;) #(158)
P, = 205#(159)

Al7. Ca”* concentration in ER uptake pool

dica®™],  pea—ty—1
up _ pCa tr leak #(160)

dt 2F - Vol

A18. Ca** concentration in ER release pool

[Ca** ] = 0.5 - <_bCSQN + \/bCSQNZ +4- CCSQN) #(161)
bCSQN = [CSQN]total - [Ca]rel + Km#(162)
Ccson = K - [Ca] e #(163)
K, = 0.8 mM#(164)

[CSQN]ptar = 10 mM#(165)

10



diCalyy _ Iw — lipsr
dt 2F - VOlre|

#(166)
A19. lon concentrations in cytosol

diNa*]; —IgNa
G = F o, T O (N — [Na1)#(167)

InetNa = [CaLNa + INaLCNNa +3- INaK#(168)
Dna = 0.3 ms™1#(169)

dK*] K N .
&t F Volg, T K ([K*Tag — [K*1))#(170)

InetK = Igg + Ica K+ InaienK — 2+ Inak #(171)

Dg = 0.3 ms™1#(172)

= . 2+ _ 241
dt _2F-Volcyt+DCa ([Ca**Jag — [Ca*"];)#(173)

Dca = 0.2 ms™1#(174)

InetCa = Iopai + Ica Ca + Icat + Ipca — lipsr — lieak#(175)

[Ca2+]i =05- <'bCMDN + \/bCMDNz +4- CCMDN) #(176)

bempn = [CMDN]iora — [Cal; + Ky #(177)
Cempn = Ky - [Cali#(178)
K,, = 0.00238 mM#(179)

[CMDN] a1 = 0.0005 mM#(180)

diClI"li  Icw _ _ )
at _F-Volcyt-"DCl ([CI7Jeig — [CITTD#(181)

D¢ = 0.002 ms~1#(182)

AZ20. lon concentrations in ClI" microdomain

d[Na+]cId _ —3 - INaca

Vol
. +1. + . cyt
G F-Voly + Jnkee Na + Dya - ([Na¥]i = [Na™]gq) Vol #(183)
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d[K™ e
dt

Vol
= Jnkeek + Dk - ([K*]i = [K ) - N 4(184)
VOlC|d

d[ca]cld — 2 INaCa Vol

. 2+ _ 2+ YOyt
Gt 2F Voly, T Pea (ICa*"i — [Ca*"a) VoL, H(185)

[Ca2+]cld =05- <'bCMDN + \/bCMDNZ +4- CCMDN) #(186)

bemon = [CMDN] ot — [Calgig + Ky #(187)
Cempn = K - [Calig#(188)
K,, = 0.00238 mM#(189)

d[Cl Jaa _  Icica - - Voley
= Dt (IC17 i = [C1 Je) -
. FVolyg + Inkec.ol + Da - ([CF]i = [C1 Jaa) Volyg

#(190)

A21. IP; concentration

kab
PIP, 1P,

kpa
ke T kye

IP, (inactive metabolites)

d[IPs]
dt

= kap * [PIP2] = (kpa + kpc) - [IP3]#(191)

d[PIP,]
dt

= kpa " [IPs] + kca - [IP4] — Kap - [PIPZ]#(192)

d[(ljl:4] = kpe " [IP3] — kca [IP4]#(193)

[Plota] = [PIP,] + [IP;] + [IP,] = 3.3:1073#(194)

V+48.5 [Ca2+].
kap =02 18T - —— '
[Ca ]i + Km,Cai(PI)

ms~1#(195)

_V+100
kpa = 0.5 e~ 285 ms~1#(196)

kpe = 0.004 ms~1#(197)

_V+100
key = 0.0035-¢” 255 ms~1#(198)

Km.caiey = 0-00001 mM#(199)
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Supplement tables

Table Al. Glossary

Parameter Unit Description
Liotal pA Total current of ion channels, exchanger, and pump
Lot pA Externally applied current
IcaL pA L-type Ca”" current
Iea X pA ion X component of L-type Ca" current
Icar pA T-type Ca”* current
Ik pA Inward rectifier K* current
Inaren pA Na'-leak current
INaLenX pA ion X component of Na*-leak current
Icica pA Ca*"-activated CI" current
Lo pA Background CI current
Iorai pA Current carried by Orai (store-operated Ca* entry)
Inaca pA Na'/Ca®* exchange current
Inak pA Na'/K"* exchange current
Inkce MM-ms? Flux by Na-K-2Cl cotransporter (NKCC1)
Inkcex MM: ms™ ion X component of Jykce
Ioca pA ER Ca®* pump current
Lipar pA IP;-mediated Ca*" release current from the ER
Po(ip3Rr) unitless Probability of IP; receptor in conducting state
Leak pA Ca’* leak from ER uptake pool
Ly pA Ca®* transfer between ER uptake and release pool
Oy ms™* Forward rate constant for gating variable X
Bx ms* Backward rate constant for gating variable X
Tx ms Time constant of gating variable X
X unitless Steady-state value of gating variable X
Ex mVv Equilibrium potential for ion X
% mVv Membrane potential
t ms Time
CFy mM Constant field for intracellular and extracellular ion X
CFxma mM Constant field for microdomain and extracellular ion X
Gy pA - mVv! Maximum conductance of channel X
Zy unitless Valence of the ion X
[XTi mM Intracellular concentration of ion X
Xl mM Concentration of ion X in CI" microdomain



[XIo
[Ca] rel
[Caz +]rel

[ca®],,

Extracellular concentration of ion X

Total calcium concentration in ER release pool

Free calcium concentration in ER release pool

Free calcium concentration in ER uptake pool

Table A2. General model constants

Parameter Value Unit Description
Cn 25 pF Membrane capacitance
VolCyt 715.5 pm® Cell volume accessible for ion diffusion
Volup 21.465 um® Volume of ER uptake pool
Vole 7.155 pm® Volume of ER release pool
Volgq 35.775 pm® Volume of CI" microdomain
F 96.4867 C-mmol™* Faraday constant
R 8.314 C-mV-K*mmol™ Gas constant
T 309.15 K Absolute temperature

Table A3. Initial values (gating variables)

lon carriers Parameter Value
IeaL m 8.980-107

h 0.680-10™

Icar d 4.429-10™

f 7.262:10™"

Icica Ocica 3.249-10°
INaca YNaca 9.798-10"

INak YNaK 5.983-10™

Inca Ypca 4.226-10"

Iip3r Po(p3ry 7.009-10"




Table A4. Initial values (membrane potential and concentrations)

Parameter Value Unit
1% -72.332 mV

[Nat], 140.0 mM
[Na't]; 6.321 mM
[Na*]aq 6.321 mM
[K*], 5.4 mM
[K*]; 135.6 mM
[K*]aa 135.6 mM
[CI], 140 mM
[CI']; 87.290 mM

[Cl ] ag 87.464 mM
[Ca®*], 1.8 mM
[Ca]; 1.071:10* mM
[Ca?*]; 8.913-10° mM
[Ca]uq 1.717:10* mM
[Ca?*] 4 1.433-10* mM
[Ca] e 8.065 mM
[Ca?t],.q 1.517 mM
[Ca®*]y, 1.783 mMm
[E,] 1.579-10° mM
[E;Na] 3.489-10° mM
[E;NaCl] 1.059-10" mM
[E;NaCIK] 5.271:10° mM
[E;NaCIKCI] 1.600-10™ mM
[E,NaCIKCI] 6.039:10° mM
[E,CIKCI] 6.046-10™ mM
[E,KCI] 3.186:10° mM
[E,CI] 2.548:10° mM
[E,] 1.340:10° mM

[1P;] 3.396-10" mM
[PIP,] 1.364-10° mM
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