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Supplement A ʹ Electromechanical model 

This supplement details elements of the ion channels, exchangers and pumps that constitute the 

electrophysiological element of our single uterine cell model that were not included in the main body of this text. 

 

L-type calcium current - ICaL 

ICaL is the major contributor to the total inward current and is present in both rat and human uterine smooth 

muscle cells. It is the main entry route for calcium, acting as the trigger for myometrial contraction [1]ʹ[4]. The 

voltage-dependence of the steady-state of the activation and inactivation processes in the Tong et al. model has 

been altered (Fig A1A and A1B). These changes ensure that the I-V relationship for ICaL (Fig A1F) provide a close fit to 

the most recent data available (Jones et al 2004) over the physiologically relevant range from -60 to 40 mV. The 

activation and inactivation curves have been shifted by -7 and + 5mV.  

ICaL activates between -40 to -30 mV, peaks between -10 to 10 mV and has a reversal potential ECaL у ϰϱ ŵV ƚŽ ϲϬ 
mV at 30-35

o
C at an extracellular Ca

2+
 concentration of 1.2-1.5 mM [5], [6]. Currently there is no data specific to 

myometrial cells, but it has been reported that in other cell types where ICaL is present, it is permeable to other 

cations [7]. Therefore, the commonly used Goldman-Hodgkin-Katz formulation is not used here; ECaL has instead 

been fixed at 45 mV, in agreement with experimental data [5], [6]. 

Different steady-state values for activation and inactivation have been reported, possibly reflecting different 

[Ca
2+

]o employed between studies or differing residual hormonal influences. The half-activation and I-V relationships 

are right-ƐŚŝĨƚĞĚ ďǇ у ϭϱ ŵV ǁŚĞŶ ΀CĂ2+
]o was increased from 3 mM to 30 mM [8]. Yamamoto [6] showed that the I-V 

relationship was reduced and the half-inactivation left-shifted in myometrial cells exposed to estradiol, which 

increases near term in rodents. The model uses data sets that are close to the control sets of Yamamoto [6], which 

are representative of the ICaL steady-state values from a collection of studies [3], [8]. 

Due to the lack of available data for voltage-dependent activation time constants, they were extracted from 

published current tracings, specifically from Jones et al. [9], by fitting the initial few tens of milliseconds of raw data; 

this is undertaken with the assumption that ICl would be slower than ICaL. The qualification for this assumption is that 

the activation times for ICaL and ICl in other smooth muscles are 2-8 ms and > 50 ms respectively. The initial fast 

inward current was blocked by nifedipine, permeable to Ba
2+

 and increased by L-type calcium channel agonist Bay 

K8644; thus, it was attributed to ICaL. The fast inactivation is voltage-ŝŶĚĞƉĞŶĚĞŶƚ Ăƚ у ϭϮ ŵƐ ĂŶĚ ƚŚĞ ƐůŽǁ 
inactivation is voltage-depĞŶĚĞŶƚ ǁŝƚŚ Ă ŵŝŶŝŵƵŵ у ϱϱ ŵƐ Ăƚ V с Ϭ ŵV͘ 
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Fig A1. Voltage dependence and dynamics of L-type calcium current model ʹ ICaL A: the activation and B: 

inactivation steady states of ICaL. C and D: the activation and inactivation time constants of ICaL, respectively.E: the 

normalised current-time traces resulting from a voltage-step protocol of -50 mV to 50 mV in steps of 10 mV with a 

holding potential of -60 mV, used to establish the I-V relationship of ICaL. F: the normalised peak I-V relationship of 

ICaL. 

 

T-type calcium current ʹ ICaT 

There have been reports of ICaT in human myometrial cells [4], [10]. Detailed electrophysiological data of cells 

ĞǆƉƌĞƐƐŝŶŐ ƌĂƚ ɲϭGͬCĂǀϯ͘ϭ Ăre available [11], [12]. Spontaneous contractions in strips of pregnant rat myometrial 

tissue were inhibited by the reputed T-type calcium channel blockers mibefradil, NNC 55-0396 (a non-hydrolysable 

analogue of mibefradil) and Ni
+
 [13], [14]. In addition Ohkubo et al. [15] showed that the expressions of mRNA 

ĞŶĐŽĚŝŶŐ ĨŽƌ ƚŚĞ ɲϭG ĂŶĚ ɲϭH ƉƌŽƚĞŝŶ ƐƵďƵŶŝƚƐ ŽĨ ƚŚĞ T-type calcium channel were gestationally regulated in murine 
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myometrial cells. As a result, this model has been developed from the electrophysiological characteristics of the rat 

ɲϭGͬCĂǀϯ͘ϭĐůŽŶĂ ĞǆƉƌĞƐƐŝŽŶ ĐĞůů ĚĂƚĂ͕ ǁŚŝĐŚ ǁĂƐ ƌĞĐŽƌĚĞĚ Ăƚ ƌŽŽŵ ƚĞŵƉĞƌĂƚƵƌĞ [11] and adjusted to the human 

myometrial cell current density [4], [10]. The activation and inactivation steady-state values and the I-V relationships 

of these different datasets are similar. 

ICaT ĂĐƚŝǀĂƚĞƐ Ăƚ V у -60 mV, peaks between -20 to -30 mV and has fast activation, but inactivation varying 

between 7 to 100 ms [4], [10]ʹ[12]. This might be due to different external divalent cation concentrations used 

between experiments. 

 

Calcium pump current - ICapump 

The calcium pump (plasma membrane Ca2+ ATP-ase) is an ionic transporter that maintains and regulates the 

calcium concentrations between the cytoplasm, sarcoplasmic and endoplasmic reticulum (SR and ER) in the cells 

[16]ʹ[18]. There is a disparity between the concentrations of calcium ions in the cytosol ;Ϭ͘ϭ ʅMͿ ĂŶĚ ƚŚĞ ER ĂŶĚ “R 
(0.1 to 1 mM) [19]; thus Ca

2+
 ions must be pumped against the concentration gradient, using energy obtained from 

the ATP chemical energy store. We assume an instantaneous pump with quick bindings resulting in rapid equilibrium 

using an empirical Hill-type formula. 

 

Sodium/potassium exchanger current ʹ INaK 

This exchanger current plays a major role in regulating intra and extracellular sodium and potassium cations and 

has been found in late pregnant rat [20], [21] and human [1] myometrial cells. A net negative charge within the cell 

is achieved by using energy derived from hydrolysed ATP to expel three Na
+
 ions for each two K

+
 ions brought in. INaK 

reportedly increases during pregnancy in the rat myometrium [21]. 

This model adopts and modifies the formulae from the Luo-Rudy mammalian ventricular model for INaK, due to 

the absence of information relating to its role in the myometrium [22]. The inhibition of the exchanger changes 

dynamically, affecting the activities of K+ and its dependent currents, leading to a bursting AP. 

 

Fast sodium current ʹ INa 

INa has been found in pregnant human myometrial cells [23] and a fraction of late pregnant rat myometrial cells 

[4]. This channel is sensitive to tetrotodoxin and sagitoxin. It may be responsible for the fast upstroke of AP 

generation, the formation of the gap junction and quick excitation propagation during parturition [24]. Studies have 

found that the number density of sodium channels in the rat increases towards term [25]. 

INa ĂĐƚŝǀĂƚĞƐ Ăƚ V у -50 mV, reaches its peak between -ϭϬ ƚŽ ϭϬ ŵV ǁŝƚŚŝŶ у ϭ ŵƐ ĂŶĚ is almost completely 

inactivated after 10 to 20 ms [3], [8]. 

 

Sodium/calcium exchanger current ʹ INaCa 

INaCa expels a Ca
2+

 ion and brings in three Na
+
 ions against the concentration gradient. Abe [26] found that the pre-

potential and spontaneous spike discharge disappears at low [Na
+
]o, but the tissue remains excitable; a depolarising 

current stimulus causes larger, faster spikes. This confirms the existence of the electrogenic INaCa in the rat 

myometrium. We also borrow from cardiac models for this current, particularly the Hund-Rudy canine ventricular 

model [27], to make up for the lack of available data. 
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Fig A2. T-type calcium current ʹ ICaT A and B: the activation and inactivation steady states of ICaT, respectively. This is 

not an ideal fit to the steady state data, but produced a closer reproduction of the ICaT I-V relationship. C and D: the 

activation and inactivation time constants of ICaT, respectively. E: the normalised current-time traces resulting from a 

voltage-step protocol of -70 mV to 50 mV in steps of 10 mV with a holding potential of -80 mV, used to establish the 

I-V relationship of ICaT. F: the normalised peak I-V relationship of ICaT. 
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Fig A3. Fast sodium current ʹ INa A and B: the activation and inactivation steady states of INa, respectively. C and D: 

the activation and inactivation time constants of INa, respectively. E: the normalised current-time traces resulting 

from a voltage-step protocol of -50 mV to 50 mV in steps of 10 mV with a holding potential of -90 mV, used to 

establish the I-V relationship of INa. F: the normalised peak I-V relationship of INa. 
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Voltage-dependent potassium currents ʹ IK1 and IK2 

IK1 and IK2 play a role in repolarising the cell. We have altered the activation steady state relationship of IK2 from 

the Tong et al. model in order to provide a better fit to the I-V relationship obtained by Knock and Aaronson (Fig 

A5A). 

Knock et al. [28] separated IK1 and IK2 myometrial potassium currents and categorized them by their inactivation 

properties and sensitivity to pharmacological blockers of varying channel subtype specificity [28], [29]. IK1 and IK2 

have rectifying properties and were found in myometrial cells of late pregnant rats [29] and humans [28]; they have 

very slow dynamics in comparison to other membrane currents and are unevenly distributed between cells. Their 

primary role appears to be to reset the action potential to its resting state by repolarising the cell membrane. 

IK1 and IK2 have similar voltage-dependent kinetics. IK1 ĂĐƚŝǀĂƚĞƐ ďĞƚǁĞĞŶ V у -50 to -40 mV and half-inactivates 

between -62 to -68 mV. IK2 ĂĐƚŝǀĂƚĞƐ ďĞƚǁĞĞŶ V у -40 to -30 mV and half-inactivates between -30 to -20 mV. IK2 

inactivates faster than IK1. Our model took advantage of the more abundant information on the electrophysiological 

characteristics of human myometrial IK1 and IK2, complementing them with data from rat myometrium. IK1 and IK2 

were separated by their activation thresholds, inactivation properties and current sensitivities to 4-aminopyridine (4-

AP) and TEA. The Tong et al fit of the IK2 activation steady state was adjusted to allow a better fit to the unpublished 

I-V curve data from Knock and Aaronson. 

 

A-type transient potassium current ʹ IKA 

IKA has very fast activation and inactivation kinetics, is found in both rat and human myometrial cells (though it is 

rare in pregnant cells), is sensitive to 4-AP and insensitive to TEA [30]͘ Iƚ ĂĐƚŝǀĂƚĞƐ Ăƚ V у -ϰϬ ŵV͕ ƉĞĂŬƐ ǁŝƚŚŝŶ у ϭϬ 
ms and is almost completely inactivated within 50 ms [2], [30]. In human myometrium it has a half-inactivĂƚŝŽŶ у -70 

ŵV ĂŶĚ Ă ƐůŽƉĞ ĨĂĐƚŽƌ у ϱ ŵV [28], [30]. These are similar characteristics to the transient potassium current in 

myometrial cells isolated from immature rats. 

 

Calcium activated potassium current - IK(Ca) 

IK(Ca) is associated with setting the resting membrane potential and regulating the shape and duration of the 

action potential. It may be responsible for up to 10% of the total K
+
 current in late pregnant rate myometrial cells 

[29]. Quantitative data for the dynamics of this channel in the myometrium is lacking and the equations developed 

for rat mesenteric smooth muscle have been used [31]. Calcium activated potassium currents provide a means of 

burst termination in pancreatic cells (Chay Keizer model) and neurones (Chay Fan model). 

 

Hyperpolarisation-activated current ʹ Ih 

This current has reportedly been found in the circular and longitudinal cells of the pregnant murine myometrium 

[32], [33] and is otherwise known as the funny current (If) in cardiac cells. It is activated by hyper polarisation of the 

membrane potential, below -60 mV, has a half-maximal activation around -85 mV and does not inactivate. In voltage 

clamp experiments the activation is slow, taking > 1 s. K
+
 ions permeate this channel more readily than Na

+
 ions, with 

a ratio of PNa/PK = 0.35. The reversal potential Eh у -20 mV is dependent on the extracurricular concentration of K
+
 

and Na
+
; and excess of K

+
 increases the current amplitude and a low measure of Na

+
 decreases it, while Cs

+
 blocks 

the channel. This current is activated at the resting membrane potential and its role is to maintain this potential and 

spontaneous activity within the myometrium. 

Data for this channel has been found experimentally by Okabe et al. [32] and Satoh [33]. Temperatures ranged 

from 24-30
oC͖ ƚŚĞ ƚŝŵĞ ĐŽŶƐƚĂŶƚ ʏh was adjusted to compensate, with a Q10 value of 3.5. The single cell model was 

developed for a longitudinal cell. The circular cell half-activation has been shifted by -15 mV to match the 

longitudinal data. At room temperature, with a holding potential of -50 mV, Ih has a current density of -1.03 pApF
-1

. 
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Fig A4. Voltage-dependent potassium current ʹ IK1 A and B: the activation and inactivation steady states of IK1, 

respectively. C and D: the activation and inactivation time constants of IK1, respectively. E: The normalised current-

time traces resulting from a voltage-step protocol of -60 mV to 60 mV in steps of 10 mV with a holding potential of -

80 mV, used to establish the I-V relationship of IK1. F: the normalised peak I-V relationship of IK1. 
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Fig A5. Voltage-dependent potassium current ʹ IK2 A and B: the activation and inactivation steady states of IK2, 

respectively. C and D: the activation and inactivation time constants of IK2, respectively. E: The normalised current-

time traces resulting from a voltage-step protocol of -60 mV to 60 mV in steps of 10 mV with a holding potential of -

80 mV, used to establish the I-V relationship of IK2. F: the normalised peak I-V relationship of IK2. 
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Fig A6. A-type transient potassium current ʹ IKA A and B: the activation and inactivation steady states of IKA, 

respectively. C and D: the activation and inactivation time constants of IKA, respectively. E and F: the normalised 

current-time traces and current-voltage relationship of IKA, respectively. E: the normalised current-time traces 

resulting from a voltage-step protocol of -80 mV to 60 mV in steps of 10 mV with a holding potential of -80 mV, used 

to establish the I-V relationship of IKA.  D: the normalised peak I-V relationship of IKA. 

 

 

 



10 

 

 
Fig A7. Hyperpolarisation-activated current ʹ Ih  A: the activation steady state of Ih. The experimental data was 

taken at temperatures of 24 
o
C and 30 

o
C; to compensate a Q10 factor of 3.5 was introduced, negatively shifting the 

activation curve.  B: the activation time constant of Ih. C: the normalised current-time traces resulting from a voltage-

step protocol of -20 mV to -130 mV in steps of 10 mV with a holding potential of -10 mV, used to establish the I-V 

relationship of Ih.  D: the normalised peak I-V relationship of Ih. 

 

Calcium-activated chloride current ʹ ICl 

Spontaneous transient inward currents (STICs) are pro-contractile currents that exhibit the characteristics of 

calcium-activated channels (CaCCs) and have been observed in murine and human uterine smooth muscle cells, and 

in putative pacemaking interstitial cells of Cajal in the intestine [34]. They are blocked by Cl- inhibitors such as 

niflumic acid and flufenamic acid and are greatly diminished in calcium-free buffers, consistent with their being 

calcium-activated channels ( CaCCs) ], showing calcium activation, voltage dependence and a reversal potential of   -

15 mV [35], [36]. The anoctamin 1 and 2 (ANO1, ANO2) channels are responsible for these currents [36], and their 

kinetics were formulated from experimental data in Jones et al 2004 [9]. 

It is believed that CaCCs prolong the duration of contraction in pregnant tissue [9], [37]. They may play a role in 

depolarising the membrane, leading to increased Ca entry [38], [39]. In the interstitial cells of Cajal (ICC) of the 

intestines they play a role in pace making; ICC-like cells have been described in the myometrium [40] and Bernstein 

et al suggest there may be evidence of this role in the myometrium [36]. The contribution of ICl to the total inward 

current is a matter for debate, with contrasting reports indicating it is responsible for up to 30% [9] or unimportant 

[41]. 

Jones et al [9] assessed the electrophysiology of ICl in the single cell using two distinct voltage clamp experiments. 

The activation time relationship of ICl is relatively complex. In order to provide a more representative activation 

model for ICl, its time coefficient relationship has been split into two functions (Fig A8C); the current is calculated 

differently for voltages above and below 0 mV. The Tong model used an alternative continuous function for the 

activation time constant and fitted I-V data from Jones 2004. I-V curves for ICl for our model reproduce those seen in 

the more recent Bernstein 2014 [36], [42]ʹ[44].  
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Fig A8. Modifications to the calcium-activated chloride channel ʹ ICl A and B: the activation and inactivation steady 

states of ICl, respectively. This updated model includes the inactivation properties. C: the activation time constant of 

ICl was split into two components. The inactivation time constant was fixed at 0.69 ms (not shown here) D: the 

normalised current-time traces resulting from a voltage-step protocol of -60 mV to 40 mV in steps of 10 mV with a 

holding potential of 0 mV, used to establish the I-V relationship of ICl. E and F: the peak and tail I-V relationships of ICl 

respectively. This channel was reformulated to account for new data describing the peak I-V values [36].  

 

 

Ionic concentration dynamics 

[Ca
2+

]i increases as the calcium channels respond to a depolarising cell membrane. Na
+
, K

+
 and Cl

-
 ion regulation 

are also regulated by the intracellular ion handling component. Additional Ca
2+

 is also released by the sarcoplasmic 

reticulum store (SR), by the process of calcium-induced calcium-release (CICR).The [Ca
2+

]i ʹdependent kinetics 
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respond to this influx of Ca
2+

 into the cytoplasm, leading to the development of contractile forces. Calsequestrin 

(CSQN) binds to Ca
2+

 in the SR, storing it despite the higher concentration within the SR relative to the cytosol. 

The Tong et al. model calculates the calcium current using a simple formula consisting of three components: 

contributions from the L-type calcium current, the T-type calcium current and the sodium-calcium exchanger. 

Notably absent from this description are contributions from the non-selective cation current (NSCC), the store-

operated non-selective cation current, the calcium pump and the SR currents. We included these factors for a more 

complete description of the calcium dynamics (B17.1). 

Another advance from the previous Tong et al. model was the inclusion of formulae describing the sodium, 

potassium and chloride ion currents. Changes in the concentration of these ions contribute less significantly to 

contraction than calcium ions; however their effects are not negligible and should be accounted for in a 

comprehensive model. We modelled the changes to intracellular ionic concentrations of Ca
2+

, Na
+
, K

-
 and Cl

-
 with a 

series of first order differential equations (B17.2, B17.4, B17.6, and B17.8, respectively). A calcium buffer was 

implemented to reduce sensitivity to [Ca
2+

]i (B17.2). 

Changes to intracellular ionic concentrations of Ca
2+

, Na
+
, K

-
 and Cl

-
 are described by a series of first order 

differential equations (B17.2, B17.4, B17.6, and B17.8, respectively). A calcium buffer was implemented to reduce 

sensitivity to [Ca
2+

]i (B17.2). 

The calcium currents include contributions from the L-type calcium current, the T-type calcium current, the 

sodium-calcium exchanger, the non-selective cation current, the store-operated non-selective cation current, the 

calcium pump and the SR currents in (B17.1). Changes in the concentration of Na
+
, K

-
 and Cl

-
 do not directly 

contribute to contraction, but they do influence the behaviour of several ionic currents: the fast sodium current, the 

voltage-dependent potassium currents, the A-type transient potassium current, the calcium-activated potassium 

current, the background potassium leakage current, the hyperpolarisation-activated current, the sodium/potassium 

exchanger current, the sodium/calcium exchanger current, the sodium-potassium-chloride co-transport current, the 

store-operated non-selective cation current and the non-selective cation current. The feedback from changes to 

these currents can in turn affect the morphology of the AP, calcium transients and ultimately contractile force. The 

intracellular ionic concentration dynamics are measureable in in vitro experiments and provide additional 

constraints on the behaviour of the cell model [45]. 

 

Cell contraction 

In order to model the contractile activity in the cell we must couple the electrical systems to mechanical systems 

(Fig 1), using the intracellular calcium concentration as a mediator. 

Calcium plays a key role in the mechanical contraction and relaxation of myometrial tissue. Ca
2+

 enters the cell 

through voltage-gated channels, primarily through the L-type Calcium channel. It can also be released from its store 

in the sarcoplasmic reticulum (Fig A9) via IP3 and the ryanodine receptors. Some experimental evidence suggests the 

SR makes a minimal contribution [46]ʹ[48] to contractile activity; though other findings suggest it may be more 

significant [49], [50]. Optical measures of intracellular [Ca
2+

] in tissue preparations have been used as a surrogate 

measure of myometrial cell excitation [51]. 

 

The sarcoplasmic reticulum (SR) 

The SR is a calcium store within the cell. Noble et al state that the myometrial SR contributes to sustained 

depolarisation, bursts of APs and phasic contractions [50]. They remark that the model of the SR developed in 

cardiac muscle, whereby a small amount of L-type Ca
2+

 entry triggers a substantial rise of cytoplasmic Ca
2+

 via RyR-

mediated SR Ca
2+

 release leading to contraction is not substantiated by their findings. Rather the Ca
2+

 released from 

the SR stimulates store-operated calcium entry (SOCE), meaning that although the SR plays an important role, the 

greater contribution to contraction in myometrial cells comes from the membrane channels, unlike cardiac 

myocytes. 

We modelled the SR as a two-compartment system; an uptake compartment and a release compartment, as 

described for vascular smooth muscle cells by Yang et al [52]. Calcium enters the SR via the SERCA pump (Iup); the 

release mechanism is governed by a Hai and Murphy four-state ryanodine receptor model (Fig A10) via the process 

of CICR (Irel) [53]. The three currents Iup, Itr and Irel (B18.1 ʹ B18.3) describe the uptake into the SR, transfer between 

compartments and release of calcium ions into the cytoplasm. 

The Michaelis constant of 1µM suggested by Kapela et al [31] was used rather than the 80 µM used by Yang et al, 

as it is closer to physiological values. To avoid excessive loading of the SR a leakage component was included, Rleak. 
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TŚŝƐ ĂŶĚ ƚŚĞ ƌĞůĞĂƐĞ ƚŝŵĞ ĐŽŶƐƚĂŶƚ ʏrel were adjusted from the Kapela et al model to better fit myometrial [Ca
2+

]i 

data. Frel is a scaling factor used to adjust the magnitude of the release current. 

 

 
Fig A9. Cell contraction mechanisms in the uterine myocyte [54]. Calcium enters the cell through the membrane 

channels. This begins the process of Calcium Induced Calcium Release (CICR) from the SR. The Ca
2+

 then bonds with 

calmodulin, activating the Myosin Light-Chain Kinase (MLCK). Phosphorylated myosin can then form cross-bridges 

with actin, causing the cell to contract. Myosin Light-Chain Phosptase (MLCP) dephosphorylates the myosin leading 

to relaxation. 

 

The ryanodine receptors (RyR) 

In the process of CICR [Ca
2+

]i binds to the RyR; they open, allowing calcium from inside the SR store to enter the 

intracellular space. In order to simulate CICR we have incorporated the model described by Yang et al [52]; the states 

of the ryanodine receptors are R00 (free receptors), R10 (activation sites with bound calcium), R01 (inactivation sites 

with bound calcium) and R11 (activation and inactivation sites with bound calcium) [52]. Transitions between these 

states were controlled by the activation and inactivation rate constants, K±r1 and K±r2.  

 

The kinetic cross-bridge cycle (KCBC) 

We modelled the kinetic cross-bridge cycle using the four-state hypothesis described by Hai and Murphy [53] (Fig 

A10). Unlike striated and cardiac muscles, smooth muscles do not contain troponin for the calcium to bind to; 

instead [Ca
2+

]i binds with calmodulin and activates the myosin light-chain kinase (MLCK), forming cross-bridges 

between actin and myosin filaments, via the attached phosphorylated and attached de-phosphorylated non-cycling 

cross-bridges (AMp and AM) [55], [56], leading ultimately to muscle contraction. There are also free cross-bridges 

and phosphorylated cross-bridges (M and Mp). The flow between states was determined by the rate constants, K1-6, 

which are [Ca
2+

]I dependent. K7 was the slow detachment rate constant, which leads to relaxation. 

Hai and Murphy established the values for the rate constants by first fitting phosphorylation kinetic data for K1, 

K2, K5 and K6. These were then held constant while K3, K4 and K7 were fitted to stress data. The rate-limiting step was 

revealed to be K7, the latch-bridge detachment rate. 
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Fig A10. Ryanadine receptor and kinetic cross-bridge cycling models in smooth muscle. Left: Four-state kinetic 

model of ryanodine receptors from Hai and Murphy [53] and Yang et al [52]. The states are defined as being bound 

or unbound to Ca
2+

 and if bound, whether the calcium is attached to activation sites, inactivation sites or both. The 

rate constants Kr1 and Kr2 represent the speed that Ca
2+

 binds to the activation and inactivation sites, respectively. 

Unbinding rates are indicated with a minus sign. Right: Four-state kinetic cross-bridge cycling model in smooth 

muscle adapted from Yang et al [52]. the four-state kinetic cross-bridge cycling model in smooth muscle adapted 

from Yang et al [52]. The states are differentiated by their status as attached or detached, and phosphorylated or 

dephosphorylated. Cycling between the states is described by the various rate constants, K. 

 

Force production 

We modelled force production in the cell as described by Yang et al (Fig A11) [52], using a modification of the 

three-component Hill model. The cross-bridges in smooth muscles are arranged in parallel with equal spacing; hence 

force production by the muscles is proportional to the length of the myosin fibre. The total myometrial force is 

comprised of four components; they are the passive force Fp, cross-bridge elastic force Fx, active force Fa and series 

visco-elastic force Fs.  

 
Fig A11. The mechanical model of a smooth muscle cell from Yang et al [52]. The four force components Fp, Fa, Fx 

and Fs ĐŽƵƉůĞ ƚŽŐĞƚŚĞƌ ƚŽ ŐĞŶĞƌĂƚĞ ƚĞŶƐŝŽŶ ĂŶĚ ƐƚƌĞƐƐ ŝŶ ƚŚĞ ĐĞůů͘ TŚĞ Ŭ ǀĂůƵĞƐ ĂƌĞ ƐƉƌŝŶŐ ĐŽŶƐƚĂŶƚƐ ĂŶĚ ʅs is the 

coefficient of viscoelasticity of the dashpot, tasked with absorbing shock from impacts caused by the spring. 

 

Fp (B21.5) is dependent on the length of the cell lc͕ ƚĂŬĞŶ ƚŽ ďĞ ϭϮϯ ʅŵ͘ TŚĞ ŵǇŽŵĞƚƌŝĂů ĐĞůů ůĞŶŐƚŚ ĨŽƌ ƚŚĞ ůĂƚĞ 
ƉƌĞŐŶĂŶƚ ƌĂƚ ĐĂŶ ƌĂŶŐĞ ĨƌŽŵ ϴϬ ƚŽ ϳϬϬ ʅŵ [3], [25], [57], [58]. Other parameters necessary to calculate Fp that were 

not available experimentally for the uterine cell have been substituted for values found in the Yang et al arterial 

smooth muscle model. 

Fx (B21.6) is dependent on the length of the cross-bridge lx and the length of the active force component la. lopt 

represents the optimal muscle length, i.e. when the maximum force is achieved from the overlapping of the myosin 

and actin filaments. Fx and Fa coupled to describe the sliding of the myosin and actin filament. 

Fa (B21.7) is the component of the force generated by the activity of the cross-bridges. It is characterised by the 

friction coefficients for the attached phosphorylated (AMp) and attached dephosphorylated (AM) cross-bridges. 
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Fs (B21.8) is described by a spring and dashpot working in parallel. The force produced by the spring can deform 

the element and so the dashpot is included as a shock absorber to compensate for the effect. The displacement for 

the two components is the same and the total force produced by this element is a combination of the elastic and 

viscous forces. The total force produced by the cell is the sum of Fa and Fp (1.5). 
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Supplement B ʹ Formulations and parameters 

This supplement contains all of the equations and parameters used in our single cell model. Formulae that are 

not present in Tong et al or have been altered are highlighted in red. 

 

L-type calcium current ʹ ICaL 

஼௔௅ܫ  ൌ ҧ݃஼௔௅݀ଶ ஼݂௔ሺͲǤͺ ଵ݂ ൅ ͲǤʹ ଶ݂ሻሺܸ െ  ஼௔௅ሻ B1.1ܧ

 ஼݂௔ ൌ ଵଵାൣ಴ೌమశ൧೔಼೘ǡ಴ೌಽ B1.2 

 ݀ஶ ൌ ଵଵା௘షೇషమమళ  B1.3 

 ஶ݂ ൌ ଵଵା௘ೇశయయళ  B1.4 

 ߬ௗ ൌ ʹǤʹͻ ൅ ହǤ଻ଵାቀೇశమవǤవళవ ቁమ B1.5 

 ߬௙భ ൌ ͳʹ ݉ݏ B1.6 

 ߬௙మ ൌ ͻͲǤͻ͹ െ ଽ଴Ǥଽ଻ቆଵା௘ೇశభయǤవలరఱǤయఴ ቇቆଵା௘షೇషవǤఱయǤయవ ቇ B1.7 

 ௗௗௗ௧ ൌ ௗಮିௗఛ೏  B1.8 

 ௗ௙భௗ௧ ൌ ௙ಮି௙భఛ೑భ  B1.9 

 ௗ௙మௗ௧ ൌ ௙ಮି௙మఛ೑మ  B1.10 

 

Parameter Value Definition ҧ݃஼௔௅ 0.318 nS pF
-1

 Maximum conductance of ICaL ܧ஼௔௅ 45 mV Reversal potential of ICaL ܭ௠ǡ஼௔௅ 0.6 Ɋܯ Half saturation concentration of ICaL 

 

Table B1. L-type calcium current parameters 

 

 

T-type calcium current ʹ ICaT 

஼௔்ܫ  ൌ ҧ݃஼௔்ܾଶ݃ሺܸ െ  ஼௔்ሻ B2.1ܧ

 ܾஶ ൌ ଵଵା௘షೇషరయల  B2.2 

 ݃ஶ ൌ ͲǤͲʹ ൅ ଴Ǥଽ଼ଵା௘ೇశళమǤవఴరǤలర  B2.3 

 ߬௕ ൌ ͲǤͶͷ ൅ ଷǤଽଵାቀೇశలలమల ቁమ B2.5 
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߬௚ ൌ ͳͷͲ െ ଵହ଴ቆଵା௘ೇషరభళǤరయమబయǤభఴ ቇቆଵା௘షೇశలభǤభభఴǤబళ ቇ B2.5 

 ௗ௕ௗ௧ ൌ ௕ಮି௕ఛ್  B2.6 

 ௗ௚ௗ௧ ൌ ௚ಮି௚ఛ೒  B2.7 

 

Parameter Value Definition ҧ݃஼௔் 0.02319 nS pF
-1

 Maximum conductance of ICaT ܧ஼௔் 42 mV Reversal potential of ICaT 

 

Table B2. T-type calcium current parameters 

 

 

Fast sodium current ʹ INa 

ே௔ܫ  ൌ ҧ݃ே௔݉ଷ݄ሺܸ െ  ே௔ሻ B3.1ܧ

ே௔ܧ  ൌ ோி் ݈݊ ቀሾே௔ሿ೚ሾே௔ሿ೔ ቁ B3.2 

 ݉ஶ ൌ ଵଵା௘షೇశయఱవ  B3.3 

 ݄ஶ ൌ ଵଵା௘ೇశఱళఴ  B3.4 

 ߬௠ ൌ ͲǤʹͷ ൅ ଻ଵାቀೇశయఴభబ ቁ B3.5 

 ߬௛ ൌ ͲǤͻ ൅ ଵ଴଴ଶǤ଼ହଵାቀೇశరళǤఱభǤఱ ቁమ B3.6 

 ௗ௠ௗ௧ ൌ ௠ಮି௠ఛ೘  B3.7 

 ௗ௛ௗ௧ ൌ ௛ಮି௛ఛ೓  B3.8 

 

Parameter Value Definition ҧ݃ே௔ 0.1152 nS pF
-1

 Maximum conductance of INa 

 

Table B3. Fast sodium current parameters 

 

 

Voltage-dependent potassium current ʹ IK1 

௄ଵܫ  ൌ ҧ݃௄ଵݍሺͲǤ͵ͺݎଵ ൅ ͲǤ͸ʹݎଶሻሺܸ െ  ௄ሻ B4.1ܧ

௄ܧ  ൌ ோி் ݈݊ ቀሾ௄ሿ೚ሾ௄ሿ೔ ቁ B4.2 

ஶݍ  ൌ ଵଵା௘షೇషళǤళమయǤళ  B4.3 
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ஶݎ ൌ ଵଵା௘ೇశలయలǤయ  B4.4 

 ߬௤ ൌ ହ଴଴ଵାቀೇశలబǤళభభఱǤళవ ቁమ B4.5 

 ߬௥భ ൌ ହൈଵ଴యଵାቀೇశలమǤళభయఱǤఴల ቁమ B4.6 

 ߬௥మ ൌ ͵ ൈ ͳͲସ ൅ ଶǤଶൈଵ଴ఱଵା௘ቀೇశమమర ቁ B4.7 

 ௗ௤ௗ௧ ൌ ௤ಮି௤ఛ೜  B4.8 

 ௗ௥భௗ௧ ൌ ௥ಮି௥భఛೝభ  B4.9 

 ௗ௥మௗ௧ ൌ ௥ಮି௥మఛೝమ  B4.10 

 

Parameter Value Definition ҧ݃௄ଵ 0.2048 nS pF
-1

 Maximum conductance of IK1 

 

Table B4. Type-1 Voltage-dependent potassium current parameters 

 

 

Voltage-dependent potassium current ʹ IK2 

௄ଶܫ  ൌ ҧ݃௄ଶ݌ሺͲǤ͹ͷ݇ଵ ൅ ͲǤʹͷ݇ଶሻሺܸ െ  ௄ሻ B5.1ܧ

௄ܧ  ൌ ோி் ݈݊ ቀሾ௄ሿ೚ሾ௄ሿ೔ ቁ B5.2 

ஶ݌  ൌ ଵଵା௘షೇశరǤమమయ  B5.3 

 ݇ஶ ൌ ଵଵା௘ೇశమభǤమఱǤళ  B5.4 

 ߬௣ ൌ ଵ଴଴ଵାቀೇశలరǤభమఴǤలళ ቁమ B5.5 

 ߬௞భ ൌ ͳ ൈ ͳͲ଺ െ ଵൈଵ଴లቆଵା௘ೇషయభఱఱబ ቇቆଵା௘షೇషళరǤవఴ ቇ B5.6 

 ߬௞మ ൌ ʹǤͷ ൈ ͳͲ଺ െ ଶǤହൈଵ଴లቆଵା௘ೇషభయమǤఴళమఱǤర ቇቆଵା௘షೇషమరǤవమమǤలఴ ቇ B5.7 

 ௗ௣ௗ௧ ൌ ௣ಮି௣ఛ೛  B5.8 

 ௗ௞భௗ௧ ൌ ௞ಮି௞భఛೖభ  B5.9 
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ௗ௞మௗ௧ ൌ ௞ಮି௞మఛೖమ  B5.10 

 

Parameter Value Definition ҧ݃௄ଶ 0.0315 nS pF
-1

 Maximum conductance of IK2 

 

Table B5. Type-2 Voltage-dependent potassium current parameters 

 

 

A-type transient potassium current ʹ IKA 

௄஺ܫ  ൌ ҧ݃௄஺ݔݏሺܸ െ  ௄ሻ B6.1ܧ

௄ܧ  ൌ ோி் ݈݊ ቀሾ௄ሿ೚ሾ௄ሿ౟ ቁ B6.2 

ஶݏ  ൌ ଵଵା௘షೇషమళǤళవళǤఱళ  B6.3 

ஶݔ  ൌ ͲǤ͵ʹͻ͵ ൅ ଴Ǥ଻ଵଵ଺ହଵା௘ೇశఱయǤవభవళǤఴభభభ  B6.4 

 ߬௦ ൌ ଵ଻ଵାቀೇశమబǤఱమయఱ ቁమ B6.5 

 ߬௫ ൌ ͹Ǥͷ ൅ ଵ଴ଵାቀೇశయరǤభఴభమబ ቁమ B6.6 

 ௗ௦ௗ௧ ൌ ௦ಮି௦ఛೞ  B6.7 

 ௗ௫ௗ௧ ൌ ௫ಮି௫ఛೣ  B6.8 

 

Parameter Value Definition ҧ݃௄஺ 0.001418 nS pF
-1

 Maximum conductance of IKA 

 

Table B6. A-type transient potassium current parameters 

 

 

Calcium-activated potassium current ʹ IKCa 

௄஼௔ܫ  ൌ ஺೎ேಳ಼಴ೌ௉಼಴ಲ௜಼಴ೌ஼೐ೞ೟  B7.1 

 ௄ܲ஼௔ ൌ ͲǤͳ͹݌௙ ൅ ͲǤͺ͵݌௦ B7.2 

 ݅௄஼௔ ൌ ͳͲସ ஻ܲ௄஼௔ܸ ிమோ் ሾ௄ሿ౥ିሾ௄ሿ೔ ௘ೇಷೃ೅ଵି௘ೇಷೃ೅  B7.3 

ҧ௢݌  ൌ ൬ͳ ൅ ݁ೇభȀమ಼಴ೌషೇభఴǤమఱ ൰ିଵ
 B7.4 

 ଵܸȀଶ௄஼௔ ൌ െͶͳǤ͹݈݃݋ଵ଴ሾܽܥଶାሿ௜ െ ͳʹͺǤʹ B7.5 
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ௗ௣೑ௗ௧ ൌ ௣ҧ೚ି௣೑ఛ೛೑  B7.6 

 ௗ௣ೞௗ௧ ൌ ௣ҧ೚ି௣ೞఛ೛ೞ  B7.7 

 

Parameter Value Definition ஻ܰ௄஼௔ 5.94 x 10
6
 cm

-2
 Channel density ܥ௘௦௧ 100 pF Estimated cell capacitance of late pregnant rat ߬௣೑  0.84 ms Fast activation time constant ߬௣ೞ  35.9 ms Slow activation time constant ஻ܲ௄஼௔ 3.9 x 10

-12
 cm

3
 s

-1
 Single channel permeability 

 

Table B7. Calcium-activated potassium current parameters 

 

 

Background potassium leakage current ʹ IKleak 

௄௟௘௔௞ܫ  ൌ ݃௄ି௟௘௔௞ሺܸ െ  ௄ሻ B8.1ܧ

 

Parameter Value Definition ݃௄ି௟௘௔௞ 0.0004 nS pF
-1

 Conductance of IKleak 

 

Table B8. Background K
+
 leakage current parameters 

 

 

Hyperpolarisation-activated current ʹ Ih 

௛ܫ  ൌ ҧ݃௛ݕሺܸ െ  ௛ሻ B9.1ܧ

௛ܧ  ൌ ୖி் ݈݊ ቀሾ௄ሿ೚ାሺ௉ಿೌ ௉಼Τ ሻሾே௔శሿ೚ሾ௄ሿ೔ାሺ௉ಿೌ ௉಼Τ ሻሾே௔శሿ೔ ቁ B9.2 

ஶݕ  ൌ ଵଵା௘ೇశభబఱǤయవఴǤలల  B9.3 

 ߬௬ ൌ ଵଷǤହൈଵ଴షల௘షబǤబరవళೇା଴Ǥ଴ସ௘బǤబఱమభೇ B9.4 

 ௗ௬ௗ௧ ൌ ௬ಮି௬ఛ೤  B9.5 

 

Parameter Value Definition ҧ݃௛ 0.04065 nS pF
-1

 Maximum conductance of Ih ேܲ௔ ௄ܲΤ  0.35 Na
+
 and K

+
 permeability ratio 

 

Table B9. Hyperpolarisation-activated current parameters 

 

 

Calcium-activated chloride current ʹ ICl 

஼௟ܫ  ൌ ቊ ݃஼௟݃௙஼௔ξܿͳሺܸ െ ܸ ݂݅      ஼௟ሻܧ ൐ Ͳ݃஼௟݃௙஼௔ሺܿʹሻ݊ሺܸ െ  B10.1 ݁ݏ݅ݓݎ݄݁ݐ݋    ஼௟ሻܧ
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஼௟ܧ ൌ ቄ െ͵Ͳ ݂݅ ܸ ൐ Ͳെͷ ݁ݏ݅ݓݎ݄݁ݐ݋ B10.2 

 ݃஼௟ ൌ ቊ ҧ݃஼௟ሺͳͻǤʹ͸ ൅ ͵͸ͷǤͺ݁଴Ǥ଴ହ଺ସ௏ሻ   ݂݅ ܸ ൑ െʹͲҧ݃஼௟ሺͲǤ͹ͷʹ ൅ ͲǤͲ͵Ͷͻ݁ି଴Ǥସଵସ௏ሻ  ݁ݏ݅ݓݎ݄݁ݐ݋ B10.3 

 ݃௙஼௔ ൌ ൣ஼௔మశ൧೔ሾ஼௔మశሿ೔ା௄೏ǡ಴೗ B10.4 

 ܿஶ ൌ ଵଵା௘రరǤబఴషೇభయǤళ  B10.5 

 ݊ஶ ൌ ଵଵା௘ೇశఱలǤవళమబǤమవ  B10.6 

 ߬௖ଵ ൌ ʹͶ െ ଵ଺Ǥ଼଼ଵା௘రఴǤభరషೇభయ  B10.7 

 ߬௖ଶ ൌ ͵ʹ ൅ ଼ଵǤହସଵା௘రయǤఱభష౒యవǤఱ  B10.8 

 ߬௡ ൌ ͲǤ͸ͻ ݉ݏ B10.9 

 ௗ௖ଵௗ௧ ൌ ௖ಮି௖ଵఛ೎భ  B10.10 

 ௗ௖ଶௗ௧ ൌ ௖ಮି௖ଶఛ೎మ  B10.11 

 ௗ௡ௗ௧ ൌ ௡ಮି௡ఛ೙  B10.12 

 

Parameter Value Definition ҧ݃஼௟ 0.1406 pA pF
-1

 Maximum conductance of ICl ܭௗǡ஼௟ 257 µM Calcium required for half-activation in ICl 

 

Table B10. Chloride current parameters 

 

 

Calcium pump current - ICapump 

஼௔௣௨௠௣ܫ  ൌ ௭಴ೌி௏೎஼೘஻಴ೌ஺೎ ή ௃೛಴ೌଵାቆ಼೘ǡ೛಴ೌൣ಴ೌమశ൧೔ ቇ೓೛಴ೌ B11.1 

 

Parameter Value Definition ܬ௣஼௔ 3.5 x 10
-6

 mM ms
-1

 Maximum flux of ICapump ܭ௠ǡ௣஼௔ 0.5 µM Half saturation of [Ca
2+

]i ݄2 ܽܥ݌ Hill coefficient 

 

Table B11. Plasma membrane Ca
2+

-ATPase current parameters 

 

 

Sodium/potassium exchanger current ʹ INaK 
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ே௔௄ܫ ൌ ݃ே௔௄ ே݂௔௄݇ே௔௄݊ே௔௄ B12.1 

 ே݂௔௄ ൌ ଵଵା଴Ǥଵଶହ௘షబǤభೇಷೃ೅ ା଴Ǥ଴଴ଶଵଽ௘ൣಿೌశ൧೚రవǤళభ ή௘షభǤవೇಷೃ೅  B12.2 

 ݇ே௔௄ ൌ ଵଵାቆ ಼೏ǡ಼ൣ಼శ൧೚ቇ೙಼ B12.3 

 ݊ே௔௄ ൌ ଵଵାቆ಼೏ǡಿೌൣಿೌశ൧೔ቇ೙ಿೌ B12.4 

 

Parameter Value Definition ݃ே௔௄ 3.4 nS pF
-1

 Maximum conductance of INaK ܭௗǡ௄ 2 mM Half saturation of K
+
 in INaK ݊௄ 1.5 Hill coefficient of K

+
 in INaK ܭௗǡே௔ 22 mM Half saturation of Na

+
 in INaK ݊ே௔ 2 Hill coefficient of Na

+
 in INaK 

 

Table B12. Sodium/potassium exchanger current parameters 

 

 

Sodium/calcium exchanger current ʹ INaCa 

ே௔஼௔ܫ  ൌ ௃ಿೌ಴ೌ௭಴ೌ௏೎ி஺೎஼೘  B13.1 

ே௔஼௔ܬ  ൌ ሺ݋݈݈ܣሻሺοܧሻ B13.2 

 οܧ ൌ ாభாమሺாయାாరሻ B13.3 

݋݈݈ܣ  ൌ ଵଵାቆ಼೘ǡಲ೗೗೚ൣిೌమశ൧೔ ቇ೙ಲ೗೗೚ B13.4 

ଵܧ  ൌ ҧே௔஼௔ܬ ൬ሾܰܽାሿ௜ଷሾܽܥଶାሿ଴݁ംೇಷೃ೅ െ ሾܰܽାሿ௢ଷሾܽܥଶାሿ௜݁ሺംషభሻೇಷೃ೅ ൰ B13.5 

ଶܧ  ൌ ͳ ൅ ݇௦௔௧݁ሺംషభሻೇಷೃ೅  B13.6 

ଷܧ  ൌ ௠ǡ஼௔௢ሾܰܽାሿ௜ଷܭ ൅ ௠ǡே௔௢ଷܭ ሾܽܥଶାሿ௜ ൅ ௠ǡே௔௜ଷܭ ሾܽܥଶାሿ௢ ൬ͳ ൅ ൣ஼௔మశ൧೔௄೘ǡ಴ೌ೔ ൰ B13.7 

ସܧ  ൌ ሾܽܥଶାሿ௢ሾܰܽାሿ௜ଷ ൅ ሾܰܽାሿ௢ଷሾܽܥଶାሿ௜ ൅ ሾܰܽାሿ௢ଷܭ௠ǡ஼௔௜ ൬ͳ ൅ ሾே௔శሿ೔య௄೘ǡಿೌ೔ ൰ B13.8 
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Parameter Value Definition ܬ ҧே௔஼௔ 1.75 x 10
-5

 mM ms
-1

 Maximum flux of Na
+
 / Ca

2+
 exchanger ܭ௠ǡ஺௟௟௢ 0.3 µM Calcium activation of INaCa ݊஺௟௟௢ 4 Hill coefficient of INaCa ݇௦௔௧ 0.27 Saturation of INaCa at negative potentials 0.35 ߛ Electric field energy barrier of Na

+
 / Ca

2+
 exchanger ܭ௠ǡே௔௜ 30 mM Saturation concentration of [Na

+
]i ܭ௠ǡ஼௔௜ 7 µM Saturation concentration of [Ca

2+
]i ܭ௠ǡே௔௢ 87.5 mM Saturation concentration of [Na

+
]o ܭ௠ǡ஼௔௢ 1.3 mM Saturation concentration of [Ca

2+
]o 

 

Table B13. Sodium/calcium exchanger current parameters 

 

 

Sodium-potassium-chloride co-transport current ʹ INaKCl 

ே௔௄஼௟ܫ  ൌ െܴே௔௄஼௟ݖ஼௟ܣ௖ܮே௔௄஼௟ܴܶܨ ൈ ݈݊ ൬ሾே௔శሿ೚ሾ௄శሿ೚ሾே௔శሿ೔ሾ௄శሿ೔ ቀሾ஼௟షሿ೚ሾ஼௟షሿ೔ ቁଶ൰ B14.1 

ே௔௄஼௟ିே௔ܫ  ൌ ே௔௄஼௟ି௄ܫ ൌ െͲǤͷܫே௔௄஼௟ି஼௟ B14.2 

 

Parameter Value Definition ܮே௔௄஼௟ 3.58 x 10
-10

 nmol
-2

 J
-1

 s
-1

 cm
2
 Cotransport coefficient ܴே௔௄஼௟ 1 Cotransport regulation 

 

Table B14. Sodium-potassium-chloride co-transport current parameters 

 

 

Store-operated non-selective cation current ʹ ISOC 

ௌை஼ܫ  ൌ ௌை஼஼௔ܫ ൅  ௌை஼ே௔ B15.1ܫ

ௌை஼ே௔ܫ  ൌ ݃ௌை஼ே௔ ௌܲை஼ሺܸ െ  ே௔ሻ B15.2ܧ

ௌை஼஼௔ܫ  ൌ ݃ௌை஼஼௔ ௌܲை஼ሺܸ െ  ஼௔ሻ B15.3ܧ

 

ௌܲை஼ ൌ ൬ͳ ൅ ൣ஼௔మశ൧೔௄೘ǡೄೀ಴൰ିଵ
 B15.4 

 

Parameter Value Definition ݃ௌை஼ே௔ 5.75 x 10
-4

 nS pF
-1

 Maximum conductance of the Na
+ 

component of ISOC ݃ௌை஼஼௔ 8.3 x 10
-5

 nS pF
-1

 Maximum conductance of the Ca
2+

 component of ISOC ܭ௠ǡௌை஼ 0.1 µM Half activation constant of ISOC 

 

Table B15. Store-operated non-selective cation current parameters 

 

 

Non-selective cation current ʹ INSCC 

ேௌ஼஼ܫ  ൌ ேௌ஼௔ܫ ൅ ேௌே௔ܫ ൅ ேୗ௄ܫ ൅  ேௌ௟௘௔௞ B16.1ܫ
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ேௌ஼௔ܫ ൌ ͲǤͳͷ ெ݂௚݃ൣ஼௔మశ൧೚ ҧ݃ேௌሺܸ െ  ேௌሻ B16.2ܧ

ேௌே௔ܫ  ൌ ெ݂௚݃ሾே௔శሿ೚ ҧ݃ேௌሺܸ െ  ேௌሻ B16.3ܧ

ேௌ௄ܫ  ൌ ͳǤͳͻ ெ݂௚݃ሾ௄శሿ೚ ҧ݃ேௌሺܸ െ  ேௌሻ B16.4ܧ

ேௌ௟௘௔௞ܫ  ൌ ெ݂௚ ҧ݃௟௘௔௞ሺܸ െ  ேௌሻ B16.5ܧ

 ݃ሾ௑ሿ೚ ൌ ଵ௚ೞ ଴Ǥ଴ଷଵା൬ భఱబሾ೉ሿ೚శభబషఴ൰మ B16.6 

 ݃௦ ൌ ൜ͲǤͲͲͲͷʹͷ ݂ܽܥ ݎ݋ଶାͲǤͲͳʹ͵   ݋t݄݁݁ݏ݅ݓݎ  B16.7 

 ெ݂௚ ൌ ͲǤͳ ൅ ଴Ǥଽଵାቆൣಾ೒మశ൧೚಼೏ǡಾ೒ ቇభǤయ B16.8 

ேௌܧ  ൌ ோி் ή ݈݊ ൭ುಿೌು಴ೞ ሾே௔శሿ೚ା ು಼ು಴ೞሾ௄శሿ೚ା௉಴ೌᇲ రು಴ೌು಴ೞ ൣ஼௔మశ൧೚ುಿೌು಴ೞ ሾே௔శሿ೔ା ು಼ು಴ೞሾ௄శሿ೔ା௉಴ೌᇲ రು಴ೌು಴ೞ ሾ஼௔మశሿ೔ ൱ B16.9 

 ஼ܲ௔ᇱ ൌ ௉಴ೌଵା௘ೇಷೃ೅ B16.10 

 

Parameter Value Definition ҧ݃ேௌ 0.0123 nS pF
-1

 Maximum conductance of INSCC ҧ݃௟௘௔௞ 0.009685 nS pF
-1

 Maximum conductance of leakage component of INSCC ܭௗǡெ௚ 0.28 Half saturation concentration ேܲ௔ େܲ௦Τ  0.9 Permeability ratio of Na
+
 : Cs

+
 ௄ܲ ஼ܲ௦Τ  1.3 Permeability ratio of K

+
 : Cs

+
 ஼ܲ௔ ஼ܲ௦Τ  0.89 Permeability ratio of Ca

2+ 
: Cs

+
 

 

Table B16. Store-operated non-selective cation current parameters 

 

 

Ionic balance currents 

஼௔ି௧௢௧ܫ  ൌ ஼௔௅ܫ ൅ ஼௔்ܫ ൅ ேௌ஼௔ܫ ൅ ௌை஼஼௔ܫ െ ே௔஼௔ܫʹ ൅ ஼௔௣௨௠௣ܫ ൅ ௨௣ܫ െ  ௥௘௟ B17.1ܫ

 ௗൣ஼௔మశ൧೔ௗ௧ ൌ െ ஺೎஼೘௏೎௭಴ೌி ሺܫ஼௔ି௧௢௧ሻ ൈ ஻஼௔ܨ ൬ͳ ൅ ሾௌ಴ಾሿ௄೏ሺ௄೏ାሾ஼௔మశሿ೔ሻమ ൅ ሾ஻ಷሿ௄೏ǡಳ൫௄೏ǡಳାሾ஼௔మశሿ೔൯మ൰ିଵ
 B17.2 

ே௔ି௧௢௧ܫ  ൌ ே௔ܫ ൅ ேௌே௔ܫ ൅ ௌை஼ே௔ܫ െ ே௔௄ܫ͵ ൅ ே௔஼௔ܫ͵ ൅ ேܲ௔ܫ௛ െ ͲǤͷܫே௔௄஼௟ B17.3 

 ௗሾே௔శሿ೔ௗ௧ ൌ െ ஺೎஼೘௏೎௭ಿೌி ሺܫே௔ି௧௢௧ሻ B17.4 

௄ି௧௢௧ܫ  ൌ ௄ଵܫ ൅ ௄ଶܫ ൅ ௄஺ܫ ൅ ௄஼௔ܫ െ ேௌ௄ܫʹ ൅ ௄௟௘௔௞ܫ ൅ ே௔௄஼௟ܫ െ  ே௔௄ B17.5ܫʹ

 ௗሾ௄శሿ೔ௗ௧ ൌ െ ஺೎஼೘௏೎௭಼ி ሺܫ௄ି௧௢௧ሻ B17.6 

஼௟ି௧௢௧ܫ  ൌ ஼௟ܫ ൅  ே௔௄஼௟ B17.7ܫ
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ௗሾ஼௟శሿ೔ௗ௧ ൌ െ ஺೎஼೘௏೎௭಴೗ி ሺܫ஼௟ି௧௢௧ሻ B17.8 

௧௢௧ܫ  ൌ ௛ܫ ൅ ஼௔௅ܫ ൅ ஼௔்ܫ ൅ ே௔ܫ ൅ ௄ଵܫ ൅ ௄ଶܫ ൅ ௄஺ܫ ൅ ௄஼௔ܫ ൅ ேௌ஼஼ܫ ൅ ஼௔௣௨௠௣ܫ஼௟ B17.9         ൅ܫ ൅ ே௔௄ܫ ൅ ͲǤͷܫே௔஼௔ ൅ ௦௨௦ܫ ൅ ௦௢௖ܫ ൅ ௄௟௘௔௞ܫ ൅   ே௔௄஼௟ܫ
 ௗ௏ௗ௧ ൌ ூ೟೚೟ାூೞ೟೔೘஼೘  B17.10 

 

Parameter Value Definition 

Cm 1.4 µF cm
-2

 Specific membrane capacitance 

Ac 7.422 x 10
-5

 cm
2
 Area of the cell 

Vc 2.65 x 10
-8

 cm
3
 Volume of the cell ݖ஼௔ 2 Valency of Ca

2+
ே௔ 1 Valency of Naݖ 

+
௄ 1 Valency of Kݖ 

+
஼௟ -1 Valency of Clݖ 
-
C M 96485 ܨ 

-1
 FĂƌĂĚĂǇ͛Ɛ ĐŽŶƐƚĂŶƚ ேܲ௔ 0.35 Permeability of sodium ions ܫ௦௨௦ 0.6 pA Sustained stimulus ܫ௦௧௜௠ Various Stimulus current 

FBCa 20 Buffer fractional strength factor 

[SCM] 0.3 Total concentration of calmodulin sites for Ca
2+

 

[BF] 0.2 Total concentration of other buffer sites for Ca
2+

 

Kd 2.6 x 10
-4

 Dissociation constant 

Kd,B 5.3981 x 10
-4

 Dissociation constant in buffer 

 

Table B17. Ionic balance parameters 

 

Sarcoplasmic reticulum currents ʹ Iup, Itr, Irel 

௨௣ܫ  ൌ ௨௣ܫ ൣ஼௔మశ൧೔൫ሾ஼௔మశሿ೔ା௄೘ǡೠ೛൯ B18.1 

௧௥ܫ  ൌ ቀൣ஼௔మశ൧ೠିൣ஼௔మశ൧ೝቁ௭಴ೌி௩௢௟ೠఛ೟ೝ  B18.2 

௥௘௟ܫ  ൌ ௥௘௟ܨ ൫ோభబమାோ೗೐ೌೖ൯ቀൣ஼௔మశ൧ೝିൣ஼௔మశ൧೔ቁ௭಴ೌி௩௢௟ೝఛೝ೐೗  B18.3 

 ௗൣ஼௔మశ൧ೠௗ௧ ൌ ூೠ೛ିூ೟ೝ௭಴ೌி௩௢௟ೠ B18.4 

 ௗൣ஼௔మశ൧ೝௗ௧ ൌ ூ೟ೝିூೝ೐೗௭಴ೌி௩௢௟ೝ ቆͳ ൅ ሾ஼ௌொேሿ௄಴ೄೂಿ൫௄಴ೄೂಿାሾ஼௔మశሿೝ൯మቇିଵ
 B18.5 
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Parameter Value Definition ܫ௨௣ 0.668 pA Max SR uptake current ܭ௠ǡ௨௣ 10 ʅM Michaelis constant of SERCA pump ݈݋ݒ௨ 1.33 x 10
-9

 cm
3
 Volume of uptake compartment ݈݋ݒ௥ 1.33 x 10

-11
 cm

3
 Volume of release compartment ߬௧௥ 180 ms Time constant of Itr ߬௥௘௟  0.015 ms Time constant of Irel ሾܰܳܵܥሿ 15 mM Concentration of calsequestrin in release compartment ܭ஼ௌொே 0.8 mM Binding affinity of calsequestrin ܴ௟௘௔௞ 75.07 x 10

-4
 Release compartment calcium leak rate 

 

Table B18. SR parameters 

Ryanodine receptors 

 ௗோబబௗ௧ ൌ െሺܭ௥ଵܽܥ௜ଶ ൅  ௜ሻܴ଴଴ B19.1ܽܥ௥ଶܭ

 ௗோభబௗ௧ ൌ ௜ଶܴ଴଴ܽܥ௥ଵܭ െ ሺିܭ௥ଵ ൅ ௜ሻܴଵ଴ܽܥ௥ଶܭ ൅  ௥ଶܴଵଵ B19.2ିܭ

 ௗோబభௗ௧ ൌ ௜ܴ଴଴ܽܥ௥ଶܭ ൅ ௥ଵܴଵଵିܭ െ ሺିܭ௥ଶ ൅  ௜ଶሻܴ଴ଵ B19.3ܽܥ௥ଵܭ

 ௗோభభௗ௧ ൌ ௜ܴଵ଴ܽܥ௥ଶܭ െ ሺିܭ௥ଵ ൅ ௥ଶሻܴଵଵିܭ ൅  ௜ଶܴ଴ଵ B19.4ܽܥ௥ଵܭ

 

Parameter Value Definition ܭ௥ଵ 2500 mM
-2 

ms
-1

 Binding activation rate constant ିܭ௥ଵ 0.0076 mM
-1 

ms
-1

 Unbinding activation rate constant ܭ௥ଶ 1.05 ms
-1

 Binding inactivation rate constant ିܭ௥ଶ 0.084 ms
-1

 Unbinding inactivation rate constant 

 

Table B19. RyR parameters 

 

 

Kinetic cross-bridge cycling model 

 ௗௌ௧ ൌ െܭଵܯ ൅ ݌ܯଶܭ ൅  B20.1 ܯܣ଻ܭ

 ௗெ௣ௗ௧ ൌ ݌ܯܣସܭ ൅ ܯଵܭ െ ሺܭଶ ൅  B20.2 ݌ܯଷሻܭ

 ௗ஺ெ௣ୢ௧ ൌ ݌ܯଷܭ ൅ ܯܣ଺ܭ െ ሺܭସ ൅  B20.3 ݌ܯܣହሻܭ

 ௗ஺ௌ௧ ൌ ݌ܯܣହܭ െ ሺܭ଻ ൅  B20.4 ܯܣ଺ሻܭ

ܭܥܮܯ  ൌ ெ௅஼௄೘ೌೣଵାቆൣ಴ೌమశ൧೔಼ಾಽ಴಼ቇ೛ಾ B20.5 

ଵܭ  ൌ ௠௦ܥ ெ௅஼௄ଵାቆ಼಴ೌǡಾಽ಴಼ൣ಴ೌమశ൧೔ ቇ೙ಾ B20.6 
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଺ܭ ൌ  ଵ B20.7ܭ

݊݋݅ݐܿܽݎ݂ ݊݋݅ݐ݈ܽݕݎ݋݌ݏ݋݄ܲ  ൌ ݌ܯܣ ൅  B20.8 ݌ܯ

݊݋݅ݐܿܽݎ݂ ݏݏ݁ݎݐܵ  ൌ ݌ܯܣ ൅  B20.9 ܯܣ

 

Parameter Value Definition ܭܥܮܯ௠௔௫ 0.84 Maximum fraction of MLCK ܭெ௅஼௄ 721.746 nM Half-activation of MLCK ܭ஼௔ǡெ௅஼௄ 1.080 µM Half-activation of MLCK set by [Ca
2+

]i ݌ெ 1 Hill coefficient for MLCK ݊ெ 8.7613 Hill coefficient for K1 ܭଶ 0. 4 ms
-1

 Myosin dephosphorylation rate constant ܭଷ 1.8 ms
-1

 Cross-bridge formation rate constant ܭସ 0.1 ms
-1

 Cross-bridge detachment rate constant ܭହ 0.4 ms
-1

 Attached myosin dephosphorylation rate constant ܭ଻ 0.045 ms
-1

 Latch state detachment rate constant 

 

Table B20. Kinetic cross-bridge cycling parameters 

 

 

Mechanical production model 

 ௗ௟ೞௗ௧ ൌ ଵఓೞ ቆܨ௦ െ ݇௦݁ഀೞሺ೗ೞష೗ೞబሻ೗ೞబ െ ͳቇ  B21.1 

 

ௗ௟ೌௗ௧ ൌ ிೌ ௘ഁቀ೗ೌష೗೚೛೟ቁ೗೚೛೟ మି௙ಲಾ೛஺ெ௣௩ೣ௙ಲಾ஺ெା௙ಲಾ೛஺ெ௣  B21.2 

 ௗ௟ೣௗ௧ ൌ ሺ௞ೣభ஺ெ௣ା௞ೣమ஺ெሻሺ௟೎ି௟ೌି௟ೞሻି൫௙ಲಾ೛஺ெ௣௩ೣ൯௙ಲಾ஺ெା௙ಲಾ೛஺ெ௣  B21.3 

 ݈௫ ൌ ݈௖ െ ݈௔ െ ݈௦ B21.4 

௣ܨ  ൌ ݇௣ ቆ݁ഀ೛ሺ೗೎ష೗೎బሻ೗೎బ െ ͳቇ  B21.5 

௫ܨ  ൌ ሺ݇௫ଵ݌ܯܣ ൅ ݇௫ଶܯܣሻ݈௫݁ିఉ൬೗ೌష೗೚೛೟೗೚೛೟ ൰మ
  B21.6 

௔ܨ  ൌ ቀ ஺݂ெ௣݌ܯܣ ቀݒ௫ ൅ ௗ௟ೌௗ௧ ቁ ൅ ஺݂ெܯܣ ௗ௟ೌௗ௧ ቁ ݁ିఉ൬೗ೌష೗೚೛೟೗೚೛೟ ൰మ
  B21.7 

௦ܨ  ൌ  ௔ B21.8ܨ

௧ܨ  ൌ ௔ܨ ൅  ௣ B21.9ܨ
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Parameter Value Definition ݈௖ 120 ʅm Length of whole cell ݈௖଴ 40 ʅm Length of cell at zero passive force ݈௦଴ 30 ʅŵ Length of series viscoelastic component at zero force ݈௢௣௧ 100 ʅm Optimal length of active contractile component ݇௫ଵ 12.5 ʅN ʅm
-1

 Phosphorylated cross-bridge stiffness constant ݇௫ଶ 8.8 ʅN ʅm
-1

 Latch bridge stiffness constant ݇௦ 0.2 ʅN Series element stiffness constant ݇௣ 0.1 ʅN Parallel element stiffness constant ݒ௫ 5 ʅm ms
-1

 Cross-bridge cycling velocity ஺݂ெ௣ 1.3 ʅN ms ʅm
-1

 Friction constant for phosphorylated cross-bridges ஺݂ெ 85.5 ʅN ms ʅm
-1

 Friction constant for latch bridges ߤ௦ 0.01 ʅN ms ʅm
-1

 Viscosity coefficient of series element ߙ௦ 4.5 Length modulation for series viscoelastic element ߙ௣ 0.1 Length modulation for passive element 7.5 ߚ Length modulation constant for active and cross-bridge elements 

 

Table B21. Force production parameters 

 

Parameter Value Definition 

T 308 K Model temperature 

F 96485 mC mmol
-1

 Faraday constant 

R 8314 µJ K
-1

 mmol
-1

 Molar gas constant 

zNa 1 Valency of Na
+
 

zK 1 Valency of K
+
 

zCa 2 Valency of Ca
2+

 

zCl -1 Valency of Cl
-
 

[Na+]o 140 mM Na
+
 extracellular concentration 

[K+]o 5.4 mM K
+
 extracellular concentration 

[Ca2+]o 2.5 mM Ca
2+

 extracellular concentration 

[Mg2+]o 0.5 mM Mg
2+

 extracellular concentration 

[Cl-]o 146.4 mM Cl
-
 extracellular concentration 

Cm 1.4 µF cm
-2

 Specific membrane capacitance 

Ac 7.422 x 10
-5

 cm
2
 Area of the cell 

Vc 2.65 x 10
-8

 cm
3
 Volume of the cell 

 

Table B22. Other parameters 
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Supplement C ʹ Initial Conditions 

This supplement contains the initial conditions used in our single cell model. 

 

Parameter Value Definition ሾܽܥଶାሿ௜ 9.43 x 10
-5

 mM Intracellular calcium concentration ሾܽܥଶାሿ௢ 2.5 mM Extracellular calcium concentration ሾܰܽାሿ௜ 4 mM Intracellular sodium concentration ሾܰܽାሿ௢ 140 mM Extracellular sodium concentration ሾܭାሿ௜ 140 mM Intracellular potassium concentration ሾܭାሿ௢ 5.4 mM Extracellular potassium concentration ሾି݈ܥሿ௜ 130 mM Intracellular chloride concentration ሾି݈ܥሿ௢ 146.6 mM Extracellular chloride concentration ሾ݃ܯଶାሿ௢ 0.5 mM Extracellular magnesium concentration 

 

Table C1. Ionic concentrations 

 

 

Parameter Value Definition ݀ 0.0133195 ICaL activation gate ݂ͳ 0.938986 ICaL inactivation gate, fast ݂ʹ 0.938986 ICaL inactivation gate, slow ܾ 0.179073 ICaT activation gate ݃ 0.0308496 ICaT inactivation gate ݉ 0.129659 INa activation gate ݄ 0.360711 INa inactivation gate 0.0741461 ݍ IK1 activation gate ݎͳ 0.151067 IK1 inactivation gate, fast 0.108987 ʹݎ IK1 inactivation gate, slow 0.0794842 ݌ IK2 activation gate ݇ͳ 0.995353 IK2 inactivation gate, fast ݇ʹ 0.954862 IK2 inactivation gate, slow 0.0385646 ݏ IKA activation gate 0.644685 ݔ IKA inactivation gate 0.00212991 ݕ Ih activation gate ܿͳ 0.00089031 ICl activation gate, fast ܿʹ 0.00089031 ICl activation gate, slow ݊ 0.440717 ICl inactivation gate 

 

Table C2. Gating variables 

 

 

Parameter Value Definition ݈௦ 30.08 ʅm Length of spring component of cell ݈௔ 25.3 ʅm Length of active component of cell 0.97 ܯ Detached dephosphorylated cross-bridge fraction 0.01 ݌ܯ Detached phosphorylated cross-bridge fraction 0.01 ݌ܯܣ Attached phosphorylated cross-bridge fraction 0.01 ܯܣ Attached dephosphorylated cross-bridge fraction 

 

Table C3. Kinetics 
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