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Abstract 26 

Peristalsis, the coordinated contraction - relaxation of the muscles of the stomach is important for 27 

normal gastric motility and is impaired in motility disorders. Coordinated electrical depolarizations 28 

that originate and propagate within a network of interconnected layers of interstitial cells of Cajal 29 

(ICC) and smooth muscle (SM) cells of the stomach wall as a slow-wave, underly peristalsis. 30 

Normally, the gastric slow-wave oscillates with a single period and uniform rostrocaudal lag, 31 

exhibiting network entrainment. Understanding of the integrative role of neurotransmission and 32 

intercellular coupling in the propagation of an entrained gastric slow-wave, important for 33 

understanding motility disorders, however, remains incomplete. Using a computational framework 34 

constituted of a novel gastric motility network (GMN) model we address the hypothesis that 35 

engaging biological oscillators (i.e., ICCs) by constitutive gap junction coupling mechanisms and 36 

enteric neural stimulus activated signals can confer a robust entrained gastric slow-wave. We 37 

demonstrate that while a decreasing enteric neural stimulus gradient that modulates the 38 

intracellular IP3 concentration in the ICCs can guide the aboral slow-wave propagation essential 39 

for peristalsis, engaging ICCs by recruiting the exchange of second messengers (inositol 40 

trisphosphate (IP3) and Ca2+) ensures a robust entrained longitudinal slow-wave, even in the 41 

presence of biological variability in coupling strengths. Our GMN with the distinct intercellular 42 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 20, 2021. ; https://doi.org/10.1101/2021.06.19.449120doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.19.449120


3 
 

coupling in conjunction with the intracellular feedback pathways and a rostrocaudal enteric neural 43 

stimulus gradient allows gastric slow waves to oscillate with a moderate range of frequencies and 44 

to propagate with a broad range of velocities, thus preventing decoupling observed in motility 45 

disorders. Overall, the findings provide a mechanistic explanation for the emergence of decoupled 46 

slow waves associated with motility impairments of the stomach, offer directions for future 47 

experiments and theoretical work, and can potentially aid in the design of new interventional 48 

pharmacological and neuromodulation device treatments for addressing gastric motility disorders. 49 

Author Summary 50 

The coordinated contraction and relaxation of the muscles of the stomach, known as peristalsis 51 

is important for normal gastric motility and primarily governed by electrical depolarizations that 52 

originate and propagate within a network of interconnected layers of interstitial cells of Cajal 53 

(ICCs) and smooth muscle cells of the stomach wall as a slow-wave. Under normal conditions, a 54 

gastric slow-wave oscillates with a single period and uniform rostrocaudal lag, exhibiting network 55 

entrainment. However, the understanding of intrinsic and extrinsic mechanisms that ensure 56 

propagation of a robust entrained slow-wave remains incomplete. Here, using a computational 57 

framework, we show that in conjunction with an enteric neural stimulus gradient along the 58 

rostrocaudal ICC chain, and intercellular electrical coupling, the intercellular exchange of inositol 59 

trisphosphate between ICCs prevents decoupling by extending the longitudinal entrainment range 60 

along the stomach wall, even when variability in intercellular coupling exists. The findings from 61 

our study indicate ways that ensure the rostrocaudal spread of a robust gastric slow-wave and 62 

provide a mechanistic explanation for the emergence of decoupled slow waves associated with 63 

motility impairments of the stomach. 64 

 65 

 66 

 67 
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Introduction 68 

Gastric peristalsis, the coordinated contraction and relaxation of the muscles of the stomach, is a 69 

critical phenomenon for food propulsion and waste product elimination [1] and is impaired in 70 

motility disorders [2–4]. The coordination of the contractions along the rostrocaudal compartments 71 

of the stomach causes rhythmic longitudinally travelling aboral muscle contractions [5]. 72 

Sometimes in motility disorders, the contractions can occur at a faster rate than the usual 73 

(tachygastria) or at a slower rate (bradygastria) [4,6]; whereas in some cases the rostrocaudal 74 

coordination of contractions is lost resulting in decoupling (the activity of the caudal end and the 75 

rostral end become independent of each other) or functional uncoupling (the activity of the caudal 76 

end controlling the activity of the rostral end [7,8]) of contractions in the stomach [9]. Events like 77 

these have been associated with gastric motility disorders such as gastroparesis (delay in food 78 

transit), functional dyspepsia and gastroesophageal reflux disease [4,6,10].  79 

Peristalsis is governed by diverse and overlapping mechanisms which normally ensure robust 80 

motility patterns. Peristalsis emerges from a mutually coupled chain of pacemaker cells called the 81 

interstitial cells of Cajal (ICCs). The ICCs can independently generate electrical activity known as 82 

pacemaker potentials, which drive rhythmic potentials in the circular and longitudinal smooth 83 

muscle (SM) cells embedded in the stomach wall [5,11–13]. The electrical activity propagates 84 

through this network of cells in a coordinated manner resulting in gastric slow-wave (GSW) 85 

propagation [13,14] that underlies peristalsis.  86 

The propagation is enabled in part by gap junction channels between the ICCs, between ICCs 87 

and SM cells, as well as between SM cells [15–17]. The SM cells, lacking intrinsic pacemaker 88 

capability, do not regenerate the slow-wave. Regeneration of the gastric slow-wave instead 89 

occurs within the pacemaker ICCs. Without coordinated ICC-ICC interactions, gastric slow-wave 90 

events do not propagate long distances [18]. Therefore, understanding how coordination arises 91 
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between ICCs for propagating the gastric slow-wave is critical for understanding abnormal 92 

peristalsis that is present in gastric motility disorders. 93 

A causal relationship between electrical gap-junction coupling in a network of ICCs and the 94 

emergent gastric slow-wave has been unequivocally demonstrated by computational studies 95 

(e.g., [7,8,19]). Pacemaker ICCs contain calcium (Ca2+) and inositol 1,4,5- trisphosphate (IP3) 96 

within their cytoplasm [20,21]. Gap junctions also facilitate exchange of second messengers such 97 

as Ca2+ and IP3 between adjacent cells [22–25]. Such exchange of Ca2+ and IP3 can impact 98 

intracellular concentration of Ca2+ and IP3 within pacemaker cells and therefore, can modulate the 99 

oscillation frequency of the concerned cell. In addition, the intracellular concentration of IP3 is 100 

modulated by the enteric neural stimuli received by the ICC [26–29]. Therefore, understanding 101 

the role of second messengers and their neural control is likely important for understanding 102 

aberrations in slow-wave propagation that result in the emergence of gastric motility disorders.  103 

The longitudinally arranged ICCs along the stomach wall with intercellular gap junctions, resemble 104 

a chain of coupled oscillators [30,31]. In such a chain, the rostral or leading oscillator can gradually 105 

engage the trailing oscillators along the chain such that, at a steady-state, all the oscillators are 106 

frequency and phase-locked, with a constant phase lag between consecutive oscillators [32–34]. 107 

This phenomenon known as oscillator entrainment is thought to be the basis for the GSW in the 108 

stomach [30,31]. The integrative role of neurotransmission and intercellular coupling mechanisms 109 

in GSW entrainment remain incompletely understood. To distinguish the intercellular exchange 110 

of second messengers from passive electrical conductance is empirically challenging due to lack 111 

of pharmacological or genetic tools. The second messengers, including Ca2+ and IP3 that can 112 

move passively via gap junctions [22,23,25,35,36], are involved in intercellular communication via 113 

a spatiotemporal spread of coordinated oscillations in gap-junction coupled networks 114 

[22,23,25,35–37] and can increase the GSW frequency [38]. Yet, it is not clear whether their 115 
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intercellular gap junction permeabilities can enable regenerative movement from the leading to 116 

the trailing ICCs to entrain cells and thus facilitate propagation of the slow-wave [8,18].   117 

Our objectives were therefore to first develop a computational framework which includes 118 

constitutive stomach wall cells, biophysical models of the cells, gap junctions through which 119 

electrical coupling exists, second messenger exchange across gap junctions, and modulation of 120 

second messenger concentration by an endogenous enteric neural stimulus. Second, we utilized 121 

this framework to assess the contribution of intercellular electrical coupling and intercellular 122 

exchange of second messengers on longitudinal entrainment of the gastric slow-wave.   123 

To develop a computational framework, we created a gastric motility network (GMN). We modeled 124 

realistic cell models for ICCs incorporating the intrinsic mechanisms for pacemaker potential 125 

generation (or oscillatory) activity. To enable inter-ICC coordination, we modeled electrical 126 

coupling and second messenger (IP3 and Ca2+) exchange between adjacent cells in a chain. Each 127 

ICC was also coupled to an SM cell, forming a pacemaker unit. The membrane voltage and period 128 

(or frequency) of the SM cells were used to assess network entrainment, as in empirical studies. 129 

Further, we set a rostrocaudal gradient for the enteric neural stimulus input to the ICCs along the 130 

ICC chain. 131 

Since enteric neural stimulation influences the intracellular second messenger concentration, we 132 

first evaluated the importance of a gradient in the stimulus along the chain for development of a 133 

caudally propagating gastric slow-wave. We hypothesized that a linear gradient would enable 134 

gastric slow-wave propagation along the chain. Next, we examined whether exchange of second 135 

messengers alone can generate propagation of the gastric slow-wave. We hypothesized that 136 

addition of exchange of second messengers to electrical coupling would enhance the length of 137 

the oscillator chain over which entrainment is preserved (referred to as entrainment range 138 

hereafter). When the oscillators spanning the rostral end of the chain to the caudal end of the 139 
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chain are entrained, we refer to the phenomena  as rostrocaudal entrainment and if the entrained 140 

region spans a certain length from the rostral end, but falls short of the caudal end, we  considered 141 

it partial entrainment. We also assessed how changing electrical coupling strength and second 142 

messenger permeability influenced the pacemaker potential frequency and the time for the slow-143 

wave to propagate from the rostral to the caudal end of the stomach, i.e. the velocity of the slow-144 

wave. We hypothesized that systematic increase in coupling strengths would both increase the 145 

pacemaker potential frequency and reduce the time taken for gastric slow-wave propagation. 146 

Finally, we hypothesized that variability in coupling strengths from cell-to-cell would not disrupt 147 

longitudinal entrainment if both electrical coupling and second messenger exchange mechanisms 148 

are present.  149 

A novel computational framework with both pacemaker and muscle cells that includes intercellular 150 

exchange of second messengers and where the pacemakers receive a neural stimulus was 151 

developed to simulate and understand propagation of the slow-wave in the stomach. The results 152 

indicate that a gradient of neural modulation along the ICCs is necessary for gastric slow-wave 153 

propagation and its presence controls the directionality of the propagating slow-wave in an 154 

entrained network. Although intercellular exchange of second messengers is not necessary for 155 

slow-wave propagation, its presence can enhance the rostrocaudal length of the stomach over 156 

which entrainment is preserved and, in its absence, the entrainment range is compromised (partial 157 

entrainment is observed). This compromise is reflected by signs of decoupled slow waves and 158 

bradygastria. As hypothesized, on an increase of electrical coupling strength and second 159 

messenger permeability, the velocity of slow-wave propagation increased while the pacemaker 160 

potential frequency increased with the former and decreased with the latter. Our model with the 161 

distinct intercellular mechanisms (exchange of second messengers and electrical coupling) in 162 

combination with the intracellular feedback pathways and a rostrocaudal neural stimulus gradient 163 

allows SM cells to oscillate with a moderate range of frequencies and the gastric slow-wave to 164 
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propagate with a broad range of velocities. Importantly, in the presence of variability in coupling 165 

strengths as would occur in biological networks, the existence of intercellular exchange of IP3 can 166 

preserve the longitudinal entrainment to a greater extent along the length of the stomach and 167 

eliminate signs of bradygastria and/or tachygastria. Together these results enhance our 168 

understanding of the intrinsic and extrinsic mechanisms engaging second messengers for the 169 

propagation of a robust gastric slow-wave essential for normal peristalsis.  170 

 171 

Results 172 

A biologically realistic gastric motility network (GMN) model for the stomach  173 

To develop a gastric motility network (GMN) model for the stomach, we considered the length of 174 

the stomach spanning the mid-corpus to the terminal antrum. The schematic of the stomach in 175 

Fig 1A highlights the arrangement and diversity of cell-types in the stomach wall [11,12]. We 176 

focused on modeling the myenteric ICC and circular muscle layers which are most widely studied 177 

experimentally. The computational models for the ICCs and SM cells include a diverse set of 178 

biophysical properties reported in these cells [39–41] and are formulated as conductance-based 179 

models [42,43]. In the pacemaker ICCs, we incorporated widely accepted pathways for producing 180 

intrinsic oscillatory behavior. These included a cytosolic mitochondrial-endoplasmic reticulum 181 

(ER)-based Ca2+ buffering mechanism, a membrane potential dependent intracellular 182 

concentration change in IP3, and IP3 receptor mediated Ca2+ release from the ER, in addition to 183 

the transmembrane voltage-activated ionic currents (see Equations 3 and 4 in Methods) as 184 

shown in Fig 1B [20,41]. Whereas for the SM cell model, we included a muscle-specific 185 

sarcoplasmic-reticular mechanism of Na+/Ca2+ exchange to moderate the intracellular Ca2+ in 186 

addition to the transmembrane currents as noted in Fig 1C. The ionic current equations defining 187 

the properties of these cells were derived from published models for the ICCs and SM cells (e.g., 188 

[42,43]) and rely on relevant experimental work for the validity of the underlying model 189 
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assumptions (e.g., [39,40,44]). These cellular features were incorporated in our model to ensure 190 

both biological compliance as well as agreement with published computational models (e.g., 191 

[7,19,42,43], see S1 Table). Our equations, parameter descriptions, and simulation methods are 192 

described in the Methods section. The resulting simulated membrane voltage characteristics bear 193 

close resemblance to empirical evidence, as shown in Fig 1D (left, ICC pacemaker potential; 194 

right, SM cell slow-wave potential). The intrinsic frequency of oscillations for both ICCs and SM 195 

cells were tuned to ~3.0 cycles per minute to match closely with the membrane potential 196 

recordings from the guinea-pig gastric antrum ICCs [5] and the canine antrum SM cells [40]. 197 

 198 
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Fig 1. Biophysical models for ICCs and SM cells involved in gastric motility. Schematics showing (A) 199 

anatomical divisions of the stomach and the arrangement of various cell types in the stomach wall, (B) 200 

membrane ionic currents and intracellular Ca2+-IP3 components included in an interstitial cell of Cajal (ICC) 201 

model, and (C) membrane ionic currents in a smooth muscle (SM) cell model. See Table 1 for symbols and 202 

details of ionic currents. [Ca]i = Intracellular Ca2+, ER= endoplasmic reticulum, Na+/Ca2+ = Sodium/Calcium 203 

exchange pump, SR = Sarcoplasmic reticulum, SS = Submembrane space, (D) Simulated rhythmic 204 

membrane potential dynamics in an ICC (left panel) and an SM cell (right panel), respectively. 205 

The gastric motility network architecture consists of a longitudinal chain of ICCs bordered by a 206 

similar inner chain of SM cells, with one-to-one connectivity formed through nearest-neighbor 207 

coupling as shown in Fig 2; This closely mimics their biological arrangement in the mammalian 208 

stomach [14,39,45]. Endogenously ICCs are coupled via gap junctions [15–17] which permit 209 

exchange of ions and other small molecules; We therefore incorporated both an electrical 210 

conductance and second messenger permeabilities, namely, Ca2+ and IP3, between ICCs [22,23]. 211 

Between each ICC and its connected SM cell, and between adjacent SM cells we incorporated 212 

electrical conductance-based coupling [15]. For the overall network, we incorporated 42 ICCs and 213 

42 SM cells formulated using >1500 ODEs and >2000 parameters.  As such the network offers a 214 

complex, but realistic, framework to evaluate mechanisms involving ICC-ICC, SM-SM, and ICC-215 

SM coupling and their contributions to inter-ICC coordination resulting in the GSW propagation. 216 

Fig 2 highlights the framework used to assess whether and how the intrinsic and extrinsic 217 

mechanisms engaging second messengers control the inter-ICC coordination necessary for 218 

generation of the GSW and thus, the entrainment range in this GMN. The enlarged box inset 219 

shows the intracellular pathways of the ICC model essential for its intrinsic oscillatory behavior or 220 

pacemaker activity. These consist of the multi-stage feedback pathway between the membrane 221 

potential, 𝑉𝑉𝑚𝑚 and the intracellular Ca2+ and IP3 concentrations. The intracellular Ca2+ is further 222 

divided into two compartments: Ca2+ in the sub-space (SS) consisting of the ER and mitochondria 223 
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([𝐶𝐶𝐶𝐶]𝑆𝑆𝑆𝑆,𝑖𝑖) and near membrane Ca2+ ([𝐶𝐶𝐶𝐶]𝑖𝑖). The bold arrows in the schematic show the inflows 224 

and outflows of the key model variables (see Table 1 in Methods for description of the membrane 225 

ion channel currents). The dashed arrows with annotation highlight the positive feedback 226 

pathways important for intrinsic pacemaking in the ICC model. Note that the membrane potential 227 

exerts a positive feedback on intracellular IP3 concentration (see 𝑉𝑉𝑚𝑚 − 𝐼𝐼𝐼𝐼3 feedback in Fig 2, 228 

Equation 4 in Methods, also [20,27,41]); The intracellular IP3 concentration, [𝐼𝐼𝐼𝐼3]𝑖𝑖, in turn affects 229 

the [𝐶𝐶𝐶𝐶]𝑆𝑆𝑆𝑆,𝑖𝑖 concentration through the outward Ca2+ flux from the ER (𝐽𝐽𝐸𝐸𝑅𝑅𝑜𝑜𝑜𝑜𝑜𝑜) [46–48], as 230 

highlighted by the 𝐼𝐼𝐼𝐼3 − 𝐶𝐶𝐶𝐶2+ feedback in Fig 2. Lastly, the [𝐶𝐶𝐶𝐶]𝑆𝑆𝑆𝑆,𝑖𝑖 increases a non-selective 231 

cation channel current (NSCC) which closes the loop by impacting the membrane potential (the 232 

𝐶𝐶𝐶𝐶2+ − 𝑉𝑉𝑚𝑚 feedback) [49,50].  233 

An initiating event for pacemaker activity (enteric neural stimulus) is assumed to increase the IP3 234 

production rate and is modeled as a constant rate, 𝛽𝛽, for each ICC (see Equation 4 in Methods). 235 

Biologically, increases in IP3 levels can originate from endogenous release of neurotransmitters 236 

from enteric neurons [26] and subsequent activation of G-protein coupled muscarinic receptors 237 

on ICCs at cholinergic synapses along the gastrointestinal (GI) tract [26,51]. In our model, we 238 

assume the neurotransmitter release and uptake by receptors as a single event termed as ‘enteric 239 

neural stimulus’. The enteric neural stimulus driven increase in [IP3] results in an increase in the 240 

[𝐶𝐶𝐶𝐶]𝑆𝑆𝑆𝑆,𝑖𝑖 mimicking the endogenous release of Ca2+ from IP3-operated stores in the ER. In 241 

response to [𝐶𝐶𝐶𝐶]𝑆𝑆𝑆𝑆,𝑖𝑖 increase, the Ca2+ uniporter on the mitochondrial membrane is gated open, 242 

and Ca2+ ions flow into the mitochondria down the steep electrochemical gradient (the term 𝐽𝐽𝑈𝑈𝑈𝑈𝑖𝑖 243 

in Equation 3 in Methods represents this mechanism). This is thought to remove a larger number 244 

of Ca2+ ions from the subspace than had previously entered from the ER, causing a temporary 245 

drop in the subspace Ca2+ concentration [42,49,50]. This activates the non-selective cation 246 

channel current leading to membrane depolarization and onset of oscillation in the ICC. 247 

Subsequently, further increase in [𝐶𝐶𝐶𝐶]𝑖𝑖 due to opening of voltage-dependent Ca2+ channels is 248 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted June 20, 2021. ; https://doi.org/10.1101/2021.06.19.449120doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.19.449120


12 
 

followed by activation of voltage- and Ca2+-dependent K+ currents to cause repolarization that 249 

restores 𝑉𝑉𝑚𝑚 to hyperpolarized values. The above events repeat to cause the regenerative 250 

pacemaker potential activity.   251 

To enable longitudinal entrainment of ICCs along the stomach’s length with a rostrocaudal 252 

frequency gradient we set a rostrocaudal gradient for the enteric neural stimulus (𝛽𝛽) that 253 

modulates IP3 production along the ICC chain (see Fig 2). Such a gradient reflects evidence that 254 

cholinergic inputs to the ICCs show a rostrocaudal decrement along the GI tract [52,53].  255 

The overall framework allowed us to examine whether engaging adjacent ICCs via two distinct 256 

mechanisms would result in similar entrained slow-wave. One mechanism relies on the electrical 257 

conductivity of the gap junction coupling between ICCs which directly depolarizes their membrane 258 

voltage during entrainment. This is a widely used formalism used in previous modeling studies 259 

[7,17]. The second mechanism based on exchange of IP3 and Ca2+ between adjacent ICCs has 260 

not been explored in previous models to examine the entrainment range (however see [8]). In our 261 

GMN model we also assume that exchange of second messengers between ICCs can occur via 262 

gap junctions [22–24]; the permeabilities are set for these small molecules (see Equations 6 and 263 

7 in Methods).  264 
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 265 

Fig 2. Gastric Motility Network model architecture. The GMN is constituted of a chain of nearest-266 

neighbor coupled interstitial cells of Cajal (ICC) and associated smooth muscle (SM) cells. The ICCs have 267 

electrical and second messenger (Ca2+ and IP3) based coupling, while the ICC to SM and SM to SM 268 

couplings are only electrical. There is a negative gradient in enteric neural stimulus (β) that modulates IP3 269 

production rate along the rostrocaudal ICC chain (ICC index). Key variables and their interconnections 270 

impacting the functionality of an ICC are illustrated in the enlarged inset. The bold arrows in the inset show 271 
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the inflows and outflows of key variables. The dashed arrows indicate dependency of the sink variable on 272 

the source variable. The dashed arrows with (+) sign highlight the positive feedback pathways important 273 

for intrinsic pacemaking by an ICC. See Table 1 and text for further details. 274 

Longitudinal entrainment of ICCs produces a slow-wave for normal peristalsis 275 

We tested whether the GMN model can produce a slow-wave of uniform frequency similar to a 276 

rostrocaudally propagating slow-wave for normal peristalsis in the intact stomach (e.g., in the cat 277 

[45], in the dog [39], and guinea pig and humans [14]). We also examined whether the SM cells 278 

driven by the entrained ICCs exhibit the expected positive and constant time lags between 279 

adjacent cells from the rostral to the caudal end of the network [30,33,45,54]. The ICC/SM pair 280 

function as a pacemaker unit. We report the membrane potential of SM cells as a proxy for the 281 

pacemaker unit activity (also see S8 Fig) as is done in experimental work [45,55].  282 

The network was simulated for 900 seconds, where steady-state entrainment was observed 283 

approximately after 300 seconds of transient response. Fig 3 highlights the entrainment and the 284 

resulting slow-wave in the GMN at steady-state. In Fig 3A, a spatiotemporal map of the 285 

membrane potentials of the 42 SM cells demonstrates the rostrocaudal propagation of the slow-286 

wave in the network. The grey shaded regions indicate the up-swing, and the black regions the 287 

down-swing in the membrane voltage of the SM cells. A single GSW cycle consists of successive 288 

phases of activity from the rostral to the caudal-most pacemaker units. In Fig 3B, we highlight the 289 

membrane potential of every 7th SM cell in the network. We define and measure SM Cell Period 290 

as the time between two consecutive peaks in the membrane voltage of an SM cell. An increase 291 

or decrease in the SM Cell Period reflects bradygastria and tachygastria, respectively. Relative 292 

Lag is defined as the time difference between the peak membrane voltage of SM1 and SMi, where 293 

i = 2,3,4…42, and Total Lag as the time between the peak membrane voltages of SM1 and SM42 294 

and. Slow-wave velocity is inversely proportional to the Total Lag, provided that the Total Lag 295 

value reaches a constant value. At steady-state, Relative Lags should reach constant values 296 
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along the length of the network for a normal slow-wave exhibiting entrainment. Any deviation of 297 

Relative Lag from constancy reflects decoupling. 298 

In our model, at steady-state, the average SM Cell Period over 7 slow-wave cycles for the 299 

boundary cells SM Cell 1 and SM Cell 42 were 17.7 (± s.d. = 0.01) seconds and 17.7 (± s.d. = 300 

0.01) seconds respectively. These periods match closely with those observed in vitro in studies 301 

of cat [45] and guinea pig stomach SM cells [14]). At steady-state, the computed Total Lag 302 

reached an approximately constant value of 20.8 (± s.d. 0.02) seconds (Fig 3C), and it was 303 

consistent between consecutive cycles. The Relative Lag for each cell reached an approximately 304 

constant value (Fig 3D) as well as the periods for all the SM cells in the network (observed from 305 

the spatiotemporal map of SM Cell Periods in Fig 3E). These results indicate the entrainment of 306 

all the pacemaker units to a uniform gastric slow-wave frequency.   307 

For comparison with empirical results, we also performed meta-analysis of in vitro recordings from 308 

the cat stomach reported by Xue S et al., [45] and generated the Relative Lag and spatiotemporal 309 

map of SM Cell Periods. These are illustrated as insets in Fig 3D and 3E and corroborate our 310 

model findings. Thus, we demonstrate that our GMN model is a biologically plausible 311 

comprehensive network capable of generating an entrained slow-wave in the stomach with the 312 

appropriate rostrocaudal phase lags to support normal peristalsis. 313 
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 314 

 Fig 3. Slow-wave propagation and entrainment in the GMN. (A) Spatiotemporal plot of the SM cell 315 

membrane potential along the length of the stomach (vertical axis) and time (horizontal axis) of all 42 SM 316 

cells of the network. The direction of slow-wave propagation occurs from the rostral end of the network 317 

(representing the mid-corpus) to the caudal end (representing the terminal antrum). (B) The membrane 318 

potential of 7 equidistant SM cells in the 42-cell network. (C) Total Lag for the first 7 cycles of simulation 319 

and the last 7 cycles of simulation (at steady state). (D) Relative Lag (RL) between the 1st SM cell and ith 320 

SM cell in the network for the last 20 cycles, where i = 2, 3, 4,…, 42. The lag increases from the rostral end 321 

of the network to the caudal end, indicating a decrease in slow-wave velocity. (E) Spatiotemporal map of 322 

periods of all 42 SM cells in the network for the last 20 cycles. The inset plots for the Relative Lag (Fig 3D) 323 

and SM Cell Period (Fig 3E) were generated from the in vitro recordings of SM activity at different locations 324 

along the length of the cat stomach [45], where location 1 is the rostral-most recording.                               325 
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Inter-ICC electrical coupling and second messenger exchange synergize to generate 326 

slow-wave propagation   327 

Our in silico model with distinct electrical gap junction conductance and IP3 and Ca2+ 328 

permeabilities enabled us to study their specific contributions to network entrainment and GSW 329 

properties as shown in Fig 4. We examined the behavior of the in silico GMN model with coupling 330 

between ICCs through electrical gap junctions alone (Fig 4A1), with coupling through second 331 

messenger exchange of Ca2+ and IP3 (Fig 4A2) alone, or with both (Fig 4A3) over 900 seconds 332 

(as for the default network in Fig 3). When either electrical gap junction coupling or Ca2+ and IP3 333 

permeabilities alone were present, we observed partial entrainment along the rostrocaudal chain 334 

as demonstrated by the Relative Lags (Fig 4B1 and 4B2) and the SM Cell Periods (Fig 4C1 and 335 

4C2) and the results with electrical gap junction coupling alone (Fig 4B1 and 4C1) were akin to 336 

those observed in motility disorders where slow waves are decoupled and bradygastria is 337 

observed in the antrum while the corpus continues to demonstrate normal electrical activity [56]. 338 

However, when both constitutive mechanisms were activated simultaneously, an enhanced 339 

entrainment range (Fig 4A3, 4B3 and 4C3) was obtained suggesting that addition of exchange 340 

of second messengers to electrical coupling has a synergistic effect. 341 
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 342 

Fig 4. Enhanced longitudinal entrainment. Synergy of electrical coupling and second messenger 343 

exchange preserve longitudinal entrainment along the entire length of the stomach. (A1, A2 and A3) 344 

Structure of the network, when only electrical coupling is present (A1), when only exchange of second 345 

messengers is present (A2), and when both electrical coupling and exchange of second messengers are 346 

present (A3). (B) The Relative Lags for the three different cases shown in Fig 4A are measured from the 347 

last 20 cycles of respective simulations. (C) Spatiotemporal maps of SM Cell Periods in the three different 348 

cases respectively. 349 
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Impact of increasing strengths of electrical gap junction coupling and exchange of 350 

second messengers between ICCs  351 

We performed a sensitivity analysis to characterize the effects of increasing strengths of electrical 352 

conductivity versus second-messenger permeabilities in inter-ICC coupling on network 353 

entrainment and found that they influence the entrainment range, the gastric slow-wave velocity, 354 

and the pacemaking frequency. Fig 5A-5C illustrate the network’s behavior for increasing inter-355 

ICC electrical coupling conductance, 𝐺𝐺𝐼𝐼𝐼𝐼𝐼𝐼−𝐼𝐼𝐼𝐼𝐼𝐼 two times above and below a default value of 0.7 356 

nS. The spatiotemporal maps of SM cell membrane potential and the corresponding Relative Lag 357 

and action potential periods of SM cells are respectively shown for the lowest (Fig 5B1-5B3, left) 358 

and highest (Fig 5B1-5B3, right) 𝐺𝐺𝐼𝐼𝐼𝐼𝐼𝐼−𝐼𝐼𝐼𝐼𝐼𝐼 values considered. In this range of coupling 359 

conductance strengths, the network transitioned from partial entrainment (Fig 5B1-5B3, left) to 360 

complete rostrocaudal entrainment (Fig 5B1-5B3, right). For the lowest 𝐺𝐺𝐼𝐼𝐼𝐼𝐼𝐼−𝐼𝐼𝐼𝐼𝐼𝐼 value 361 

considered, the Relative Lag diagram illustrated in Fig 5B2, left shows decoupled slow waves, 362 

whereas the SM Cell Period diagram depicted in Fig 5B3, left demonstrates signs of bradygastria. 363 

Steady-state rostrocaudal entrainment was achieved only for higher values of the 𝐺𝐺𝐼𝐼𝐼𝐼𝐼𝐼−𝐼𝐼𝐼𝐼𝐼𝐼 as 364 

shown by the levelling out of Total Lag in the color-coded insets in Fig 5C. Overall, an increase 365 

in the strength of electrical coupling conductance produced an enhancement in the entrainment 366 

range. 367 

Fig 5E-5G present the network outcome for increasing IP3 permeability (values of 𝐼𝐼𝐼𝐼𝐼𝐼3 two times 368 

above and below a default value of 8.0 sec-1) at the default value for the electrical coupling 369 

conductance. The spatiotemporal maps of SM cell membrane potential and the corresponding 370 

Relative Lag and action potential periods of SM cells are shown for the lowest (Fig 5F1-5F3, left) 371 

and highest (Fig 5F1-5F3, right) 𝐼𝐼𝐼𝐼𝐼𝐼3 values considered. Similar to increasing 𝐺𝐺𝐼𝐼𝐼𝐼𝐼𝐼−𝐼𝐼𝐼𝐼𝐼𝐼 values, 372 

the networks with increasing 𝐼𝐼𝐼𝐼𝐼𝐼3 values demonstrated a transition from partial entrainment to 373 

complete rostrocaudal entrainment. For the lowest 𝐼𝐼𝐼𝐼𝐼𝐼3 value considered, the network generates 374 
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decoupled slow waves as shown in the Relative Lag diagram of Fig 5F2, left; however, unlike 375 

lowest 𝐺𝐺𝐼𝐼𝐼𝐼𝐼𝐼−𝐼𝐼𝐼𝐼𝐼𝐼 value, the network having lowest 𝐼𝐼𝐼𝐼𝐼𝐼3 value considered demonstrates signs of 376 

tachygastria as illustrated by the SM Cell Period diagram in Fig 5F3, left. The tachygastria can 377 

be prevented by increasing exchange of IP3 across ICCs (Fig 5F3, right) [57]. 378 

For increasing 𝐺𝐺𝐼𝐼𝐼𝐼𝐼𝐼−𝐼𝐼𝐼𝐼𝐼𝐼 and 𝐼𝐼𝐼𝐼𝐼𝐼3, in both cases, the effect on Total Lag was qualitatively similar, 379 

i.e., decreased with increasing coupling strengths and reached an asymptote as shown in Fig 380 

5D1 and 5H1 (actual values are provided in S2, S4 Tables respectively). These results suggest 381 

that increasing inter-ICC coupling strengths leads to robust rostrocaudal network entrainment 382 

wherein the gastric slow-wave velocity approaches a limit.  383 

However, 𝐺𝐺𝐼𝐼𝐼𝐼𝐼𝐼−𝐼𝐼𝐼𝐼𝐼𝐼 and 𝐼𝐼𝐼𝐼𝐼𝐼3 increases differentially altered the SM Cell Periods in the entrained 384 

networks at steady-state. This is shown in Fig 5D2 and Fig 5H2 respectively (actual values in S3 385 

and S5 Tables). The SM Cell Period decreased with increasing 𝐺𝐺𝐼𝐼𝐼𝐼𝐼𝐼−𝐼𝐼𝐼𝐼𝐼𝐼, whereas increasing 386 

values of 𝐼𝐼𝐼𝐼𝐼𝐼3 increased the SM Cell Period. These results suggest that with an increase in 𝐼𝐼𝐼𝐼𝐼𝐼3, 387 

a decrease in the pacemaking frequency occurs whereas the gastric slow-wave velocity 388 

increases. Collectively, the results suggest that on an increase of electrical coupling strength and 389 

IP3 permeability, the velocity of gastric slow-wave propagation increased while the pacemaker 390 

potential frequency increased with the former and decreased with the latter.  391 

We also exclusively increased the Ca2+ permeability (𝐼𝐼𝐼𝐼𝐶𝐶2+) to test its effects on network 392 

entrainment. We noted that even two orders of magnitude changes above and below the default 393 

value of 𝐼𝐼𝐼𝐼𝐶𝐶2+ produced negligible effect on all the network characteristics analyzed: entrainment 394 

range, Relative Lag, SM Cell Periods and Total Lag in the entrained networks (see S6 Fig). This 395 

is likely due to an order of magnitude lower permeability of Ca2+ compared to IP3 for gap junctions 396 

[18]. Due to this lack of effect of 𝐼𝐼𝐼𝐼𝐶𝐶2+ on entrainment and gastric slow-wave characteristics, in 397 

what follows, we will only focus on changing 𝐼𝐼𝐼𝐼𝐼𝐼3. 398 
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Fig 5. Electrical gap junction and second messenger coupling strengths. The inter-ICC coupling 400 

strengths impact GMN entrainment, gastric slow-wave velocity and pacemaker frequency. (A, E)  401 

𝐺𝐺𝐼𝐼𝐼𝐼𝐼𝐼−𝐼𝐼𝐼𝐼𝐼𝐼 and 𝐼𝐼𝐼𝐼𝐼𝐼3 are altered for the simulations in Fig 5B-5D and Fig 5F-5H, respectively. (B) 402 

Spatiotemporal map of membrane potential (B1), Relative Lags (B2), and spatiotemporal map of SM Cell 403 

Periods (B3) for the network when 𝐺𝐺𝐼𝐼𝐼𝐼𝐼𝐼−𝐼𝐼𝐼𝐼𝐼𝐼 = 0.35 nS (left panels, partially entrained) and 1.4 nS (right 404 

panels , entrained). (C) The Total Lag for changes in 𝐺𝐺𝐼𝐼𝐼𝐼𝐼𝐼−𝐼𝐼𝐼𝐼𝐼𝐼 is shown for the last 7 cycles of 900-sec 405 

simulations for different conductance values (nS) indicated by the color legend. The two distinct classes of 406 

responses are enlarged in the right panels (lower ones entrained, upper ones partially entrained). An 407 

increase in Total Lag indicates decrease in slow-wave velocity. (F) Spatiotemporal maps of membrane 408 

potential (F1), Relative Lags (F2), and spatiotemporal maps of SM Cell Periods (F3) for the network when 409 

𝐼𝐼𝐼𝐼𝐼𝐼3 = 4.0 sec-1 (left panels, partially entrained) and 16.0 sec-1 (right panels, entrained). (G) The Total Lag 410 

for changes in 𝐼𝐼𝐼𝐼𝐼𝐼3 is shown for the last 7 cycles of 900-sec simulations for different conductance values 411 

(nS) indicated by the color legend. (D, H) For several networks, the mean Total Lag (odd numbered panels) 412 

and the SM Cell Period (even numbered panels) of the last 7 cycles for each network with respect to its 413 

𝐺𝐺𝐼𝐼𝐼𝐼𝐼𝐼−𝐼𝐼𝐼𝐼𝐼𝐼  and 𝐼𝐼𝐼𝐼𝐼𝐼3 can be fit by individual exponential function, respectively. For increasing values of  𝐺𝐺𝐼𝐼𝐼𝐼𝐼𝐼−𝐼𝐼𝐼𝐼𝐼𝐼, 414 

an exponential fit (𝑦𝑦 =  𝐶𝐶1𝑒𝑒−𝑥𝑥/𝛽𝛽1 + 𝐶𝐶2𝑒𝑒−𝑥𝑥/𝛽𝛽2, where 𝐶𝐶1 = 8.65, 𝛽𝛽1 = 0.75, 𝐶𝐶2 = 18.23, 𝛽𝛽2 = 17.87) has been 415 

drawn along the mean value of Total Lag and for increasing values of 𝐼𝐼𝐼𝐼𝐼𝐼3, another exponential fit (𝑦𝑦 =416 

 𝐶𝐶1𝑒𝑒−𝑥𝑥/𝛽𝛽1 + 𝐶𝐶2𝑒𝑒−𝑥𝑥/𝛽𝛽2, where 𝐶𝐶1 = 7.44, 𝛽𝛽1 = 1.70e5, 𝐶𝐶2 = 32.07, 𝛽𝛽2 = 9.37) has been drawn along the mean 417 

values of Total Lag. Partially entrained networks have not been considered for equation fitting. For SM Cell 418 

Period calculation, the last cell (42nd cell) has been considered as the representative cell of the network.  419 

An increase in Total Lag indicates decrease in slow-wave velocity while a decrease in SM Cell Period 420 

indicates increase in pacemaking frequency. 421 

Inter-ICC IP3 exchange preserves longitudinal entrainment       422 

Variability in ICC coupling strengths could stem from variable gap junction densities in the 423 

stomach [58,59]. We find that inter-ICC IP3 ensures appropriate slow-wave propagation and 424 

stable pacemaking potential generation under variable ICC coupling strengths. We first introduced 425 

variability in coupling conductance by random sampling of 𝐺𝐺𝐼𝐼𝐼𝐼𝐼𝐼−𝐼𝐼𝐼𝐼𝐼𝐼 values from a uniform 426 
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distribution (see corresponding results in Fig 6A-6F) in the absence of inter-ICC IP3 exchange. 427 

The range of conductance values were 𝑑𝑑𝑒𝑒𝑑𝑑𝐶𝐶𝑑𝑑𝑑𝑑𝑑𝑑 ±  20% or ± 50%  or ± 100% (see Fig 6A). As 428 

shown in Fig 6B, the Total Lags have not reached a steady-state value in any of the three 429 

networks. Consequently, slow-wave velocity cannot be inferred from here and the failure of Total 430 

Lag to attain a constant value indicates absence of rostrocaudal network entrainment. Fig 6C 431 

shows the distribution of Total Lags computed over the last 7 cycles of simulation, using violin 432 

plots. From these plots we note that the variability in Total Lags consistently increases with the 433 

variability in coupling conductance strength. The SM cell membrane potential (Fig 6D), Relative 434 

Lag, (Fig 6E) and Period (Fig 6F) indicate that variability of 𝐺𝐺𝐼𝐼𝐼𝐼𝐼𝐼−𝐼𝐼𝐼𝐼𝐼𝐼 indeed gave rise to clusters 435 

of partial entrainment. The Relative Lag diagrams in Fig 6E, in particular, provide evidence for 436 

the decoupled slow waves. The SM Cell Period diagrams in Fig 6F1 and 6F2 bears close 437 

resemblance to bradygastria whereas Fig 6F3 demonstrates a mix of bradygastria and 438 

tachygastria. These results suggest that, in the absence of inter-ICC IP3 exchange, decoupled 439 

slow waves and bradygastria and/or tachygstria can coexist. 440 

Next, we included the inter-ICC IP3 exchange along with electrical coupling and varied both the  441 

𝐺𝐺𝐼𝐼𝐼𝐼𝐼𝐼−𝐼𝐼𝐼𝐼𝐼𝐼 and 𝐼𝐼𝐼𝐼𝐼𝐼3 values 20%, 50%, and 100% about their corresponding default values of 0.7 nS 442 

and 8.0 sec-1, respectively (Fig 6G). Interestingly, addition of IP3 exchange enabled rostrocaudal 443 

entrainment for networks with 20% and 50% variability in these coupling parameters, but not with 444 

100% variability (see panels in Fig 6H). The distribution of Total Lags in Fig 6I, the SM cell 445 

membrane potential (Fig 6J), Relative Lag (Fig 6K), and Period (Fig 6L) further confirms these 446 

results. The Relative Lag diagrams in Fig 6K1 and 6K2 show absence of decoupling for 20% and 447 

50% variability, respectively; in contrast, for 100% variability, Fig 6K3 shows decoupled slow 448 

waves as evidenced by temporal changes in Relative Lag. Parallel observations have been made 449 

from the SM Cell Period diagrams in Fig 6L1 and 6L2, where signs of abnormal rhythmicity 450 

(bradyagastria or tachygstria) are effectively eliminated, although for 100% variability, there are 451 
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still signs of bradygastria (Fig 6L3). Furthermore, Fig 6H demonstrates that there is no substantial 452 

difference in the latency to reach entrainment between the networks having 20% and 50% 453 

variability. Together these results suggest that the existence of intercellular exchange of IP3 can 454 

preserve the longitudinal entrainment to a greater extent along the length of the stomach, thereby 455 

preventing decoupling and restoring the normal behavior. 456 

 457 

 458 
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Fig 6. Entrainment in GMN is resilient to variability in inter-ICC coupling strengths. (A,G) The 459 

variability in only 𝐺𝐺𝐼𝐼𝐼𝐼𝐼𝐼−𝐼𝐼𝐼𝐼𝐼𝐼 (A) and both 𝐺𝐺𝐼𝐼𝐼𝐼𝐼𝐼−𝐼𝐼𝐼𝐼𝐼𝐼 and 𝐼𝐼𝐼𝐼𝐼𝐼3 (G) (20%, 50%, and 100% variability) are shown 460 

around their mean values. (B, H) Total Lag of the network without inter-ICC IP3 exchange for three different 461 

variabilities in 𝐺𝐺𝐼𝐼𝐼𝐼𝐼𝐼−𝐼𝐼𝐼𝐼𝐼𝐼 (B) and of the network with inter-ICC IP3 exchange for three different variabilities in 462 

𝐺𝐺𝐼𝐼𝐼𝐼𝐼𝐼−𝐼𝐼𝐼𝐼𝐼𝐼  and 𝐼𝐼𝐼𝐼𝐼𝐼3 (H). The latency to entrainment cannot be inferred from any of the panels in (B), since 463 

the Total Lag has not reached steady-state value in any of them. However, the latency to entrainment can 464 

be measured from the first two panels in (H), since the Total Lag has attained constant value in these two 465 

cases. (C, I) Total Lag is shown for each case for the last 7 cycles in steady-state. A violin plot shows the 466 

differences in Total Lag for all three cases. The asterisk (*) symbol represents a statistically significant 467 

difference between the corresponding quantities. Spatiotemporal diagrams of membrane potential (D, J), 468 

Relative Lags, (E, K) and spatiotemporal maps of SM Cell Periods (F, L) for the network are shown for 469 

three different variabilities in 𝐺𝐺𝐼𝐼𝐼𝐼𝐼𝐼−𝐼𝐼𝐼𝐼𝐼𝐼 for the network without inter-ICC IP3 exchange and in 𝐺𝐺𝐼𝐼𝐼𝐼𝐼𝐼−𝐼𝐼𝐼𝐼𝐼𝐼   and 470 

𝐼𝐼𝐼𝐼𝐼𝐼3 for the network without inter-ICC IP3 exchange, respectively.     471 

 472 

Discussion  473 

We have developed a computational framework consisting of a novel non-linear mathematical 474 

model for slow-wave propagation in the stomach wall that includes physiologically established 475 

intra- and intercellular mechanisms. Utilizing this framework, we have assessed the contribution 476 

of intercellular electrical coupling and intercellular exchange of second messengers on 477 

longitudinal entrainment of the gastric slow-wave. The intracellular concentrations of Ca2+ and IP3 478 

are modulated by intercellular exchange of respective molecules (see Equations 2 and 4). We 479 

found that our model with dynamically coupled nonlinear oscillators fed with second messengers 480 

from intercellular exchange and enteric neural stimuli, can regulate the frequency of contractions 481 

and velocity of the slow-wave, and can enhance the range of longitudinal entrainment of the 482 

gastric slow-wave. The combination of electrical coupling and exchange of second messengers 483 

provides robustness to the entrainment range in the presence of biological variability. In summary, 484 
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our detailed analyses of the ICC coupling mechanisms reveal ways in which the constitutive gap 485 

junction coupling mechanisms can enhance the network range and stability of the gastric slow-486 

wave essential for peristaltic movement of food and fluid. Furthermore, this model can be used to 487 

examine novel hypotheses concerning aberrant mechanisms that may underlie different motility 488 

disorders.  489 

Development of Gastric Motility Network (GMN) model  490 

In the present study, we developed a computational model consisting of a longitudinal 491 

arrangement of biophysically based ICC and SM cells found in the stomach wall. Since ICCs and 492 

their network are regarded as the key players for generation of pacemaker potentials and 493 

propagation of slow waves, we investigated whether and how the intrinsic properties of ICCs that 494 

are also modulated by enteric neural inputs enable inter-ICC coordination essential for 495 

entrainment. We also examined the crucial intercellular pathways that influence the entrainment 496 

range, important for long distance GSW propagation necessary for normal peristalsis. For this, 497 

we considered multiple interacting feedback pathways involving the intracellular key variables 498 

such as membrane potential, Ca2+ and IP3 concentration of an ICC as well as intercellular 499 

electrical coupling and exchange of second messengers. Further based on corroborative 500 

evidence that enteric neuron inputs to ICCs show a rostrocaudal gradient [52,53], and indirect 501 

evidence that indicates that neurotransmitters enhance IP3 in a variety of pacemaker cells [27–502 

29], we assumed a gradient in the enteric neural stimulus along the ICC chain. Such a gradient 503 

was essential for the rostrocaudal entrainment of the slow-wave as also demonstrated in previous 504 

computational models [7,19].   505 

Control of slow-wave characteristics by inter-ICC IP3 exchange 506 

First, our simulation results for single ICC and SM cells agree qualitatively and semi-quantitatively 507 

with the experimentally measured results (Fig 1), thus validating the GMN model components. 508 

Next, our results show that the GMN with its multi-stage feedback between IP3-Ca2+-Vm combined 509 
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with the intercellular pathways (Fig 2) can generate slow-wave propagation with a uniform 510 

frequency and a uniform rostrocaudal lag, i.e., entrainment (Fig 3). Particularly, the presence of 511 

inter-ICC IP3 exchange in addition to the gap junction electrical conductance can increase the 512 

range of longitudinal entrainment (Fig 4), while simultaneously minimizing the signs of 513 

bradygastric decoupled slow waves. Our observations are in accordance with the suggestion that 514 

bradygastria can potentially result from a failure of normal entrainment [60]. While the distinct 515 

intercellular mechanisms modeled in our network (exchange of second messengers and electrical 516 

coupling) are experimentally inseparable, the biophysical formulation included in the GMN model 517 

allowed examination of their individual contributions to longitudinal entrainment of ICCs. Second, 518 

we systematically evaluated the network behavior for increasing values of electrical conductance 519 

and IP3 permeability (since Ca2+ permeability was shown to have little to no impact on GSW 520 

entrainment).  Surprisingly, the IP3 exchange affected the features of the slow-wave in a manner 521 

that can stabilize the propagating wave (from tachygastric decoupled slow waves for low IP3 to a 522 

normal coupled gastric slow-wave for elevated IP3). In particular, increased IP3 permeability of 523 

gap junctions resulted in an increase in the SM Cell Period (bordering the signs of bradygastria) 524 

whereas increased gap junction electrical conductance caused a decrease in the SM Cell Period 525 

(bordering the signs of tachygastria). Thus, in combination with the contrasting effects of electrical 526 

conductivity, the IP3 coupling could flexibly modulate the SM cell frequencies. We suggest that 527 

the apparent compensatory effect of IP3 permeability could act as a brake on preventing runaway 528 

tachygastria (elevated SM cell frequencies, which is inversely related to SM Cell Period or 529 

pacemaking potential duration) in the event of increasing electrical coupling strengths. Increased 530 

gap junction density, which is reflected by increased gap junction coupling strength in our model, 531 

has been demonstrated in colonocytes during bacterial infections resulting in diarrhea generation 532 

[61]. Whether the same holds true for gastric motility disorders requires further experimental 533 

investigation. Even if the electrical gap junction density becomes exceedingly high, the inter-ICC 534 
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IP3 coupling makes sure that the SM cell frequency, and therefore, gastric contraction frequency 535 

stays in a physiologically plausible range. 536 

Interestingly, increasing values of electrical conductance or IP3 permeability led to an increased 537 

slow-wave velocity. In our results, the increase of slow-wave velocity was demonstrated by a 538 

decrease in the Total Lag of the slow-wave (Fig 5). These observations are very similar to the 539 

observations in studies of the dog small intestine where a negative gradient of gap junctions exists 540 

across the duodenum, jejunum and ileum and so does the slow-wave velocity in these 541 

compartments of the small intestine [62]. Electrophysiological experiments with gap junction 542 

enhancers (such as in Rotigaptide [63]) also support the observations of our computational study. 543 

As per our knowledge, such gap junction enhancers have not been employed as medicinal 544 

interventions yet, although they have the potential to elevate the reduced slow-wave velocity as 545 

observed in gastroparesis patients [60]. We would have to be very cautious though in introducing 546 

such enhancers, since slow-wave velocity has been reported to be already highly elevated in the 547 

gastric corpus of aged patients having gastroparesis with impaired peristalsis [64] and somewhat 548 

elevated in glucagon induced hyperglycemic dogs [6]. Future experiments could investigate the 549 

proper dosage of the gap junction enhancers so that the slow-wave velocity remains in a moderate 550 

range. For now, we can only speculate that in an intact stomach, the electrical gap junction 551 

coupling strength probably does not reach an exceedingly high value, and even if it has a 552 

moderately high value, Fig 5D1 and 5H1 show that the slow-wave velocity reaches a limit, which 553 

is within a physiologically reasonable range.  554 

Distinct period-velocity relationships exist for increasing 𝐺𝐺𝐼𝐼𝐼𝐼𝐼𝐼−𝐼𝐼𝐼𝐼𝐼𝐼 and 𝐼𝐼𝐼𝐼𝐼𝐼3 555 

According to coupled oscillator theory, the direction of the slow-wave would depend on the 556 

frequency gradient of component pacemaker ICCs, whereas the slow-wave velocity would 557 

depend on the intercellular coupling strength [65]. Therefore, ideally, there should be a dispersion 558 

relationship between slow-wave velocity and frequency (expressed by SM Cell Period, in our 559 
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case). However, previous studies of the canine gastric antrum [65] and porcine gastric corpus 560 

and antrum [66] suggest a dependence of slow-wave velocity on the observed SM Cell Period. 561 

The period-velocity relationship as noted in Fig 5H1 and 5H2 (higher the period, higher the 562 

velocity) for increasing permeability of IP3 supports these in vitro [65] and in vivo [66] findings. In 563 

contrast, the period-velocity relationship noted in Fig 5D1 and 5D2 (lower the period, higher the 564 

velocity) for increasing electrical coupling strength is somewhat surprising. Because, if the period 565 

decreases, the velocity of a slow-wave should drop as a response to encroachment on the tail of 566 

the previous slow-wave (see Fig 7 in [66] for a more intuitive understanding). Although such a 567 

relationship has been observed along the length of the intestine [62] under normal conditions, its 568 

occurrence is probably due to the emergence of frequency plateaus, which in fact reflect localized 569 

decoupling due to the reduced gap junction density at certain points along the intestinal length 570 

[59]. Frequency plateaus are not observed in the stomach under normal conditions. 571 

Consequently, localized decoupling due to the reduced gap junction density along the length of 572 

the stomach is an unlikely explanation for the observed period-velocity relations in Fig 5D1 and 573 

5D2. We believe that the less pronounced effect of increasing 𝐺𝐺𝐼𝐼𝐼𝐼𝐼𝐼−𝐼𝐼𝐼𝐼𝐼𝐼  on velocity (reflected as 574 

Total Lag in Fig 5D1) and period (illustrated in Fig 5D2) compared to the effect of increasing 𝐼𝐼𝐼𝐼𝐼𝐼3 575 

on the same quantities (Fig 5H1 and 5H2) makes sure that the trajectory of a slow-wave having 576 

increased 𝐺𝐺𝐼𝐼𝐼𝐼𝐼𝐼−𝐼𝐼𝐼𝐼𝐼𝐼  does not appear synchronously with the tail of the previous slow-wave, thus 577 

avoiding the positive correlation between period and velocity. In our model results, we are 578 

concerned only with the velocity from the rostral end to the caudal end. Measurement of velocity 579 

gradient (if there is any) and a non-uniform modeling of gap junction conductance [15] along with 580 

the measurement of gap junction density in various animal models could shed further light on the 581 

model predictions. 582 
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Exchange of second messengers ensures robust rostrocaudal entrainment when 583 

biological variability is present  584 

Finally, we showed that while variability in electrical coupling results in loss of rostrocaudal 585 

entrainment (signs of bradygastria and mix of bradygastria and tachygastria observed), presence 586 

of IP3 exchange despite variability in its permeability, can restore rostrocaudal entrainment (Fig 587 

6) and therefore, is essential for peristalsis. Here, inter-ICC IP3 exchange offers resilience to the 588 

increased variability in coupling strength. This is noteworthy because gap junctions in ICC 589 

networks can have variable density in different compartments of the stomach [15,16] and the 590 

observed consequences of increasing the variability in inter-ICC coupling in our simulations 591 

highlight that this might be a feature important for regulating the wave velocity while maintaining 592 

the range of entrainment. Our model with the distinct intercellular mechanisms (exchange of 593 

second messengers and electrical coupling) in combination with the intracellular feedback 594 

pathways and rostrocaudal neural stimulus gradient allows SM cells  to oscillate with a moderate 595 

range of frequencies and the gastric slow-wave to propagate with a broad range of velocities (Fig 596 

5). Thus, the GMN confers high robustness to the rostrocaudal entrainment of ICCs, including 597 

under instances of biological variability in coupling pathways (Fig 6). Robustness is a fundamental 598 

property of evolvable complex biological systems [67]; a simple mechanism cannot handle 599 

extreme changes in physical quantities. Our model offers a new integrative framework for 600 

conceptualizing GSW propagation and regulation as a robust system of dynamically coupled 601 

oscillators fed with second messengers through intercellular exchange.  602 

Biological and theoretical assumptions of the GMN model 603 

Although numerous biological mechanisms are involved in the orchestration of gastric motility 604 

[68], it is well-established that the peristaltic movement of food/liquid is mediated by a propagating 605 

wave of smooth muscle contractions along the stomach wall [5,13,14,69]. This so-called gastric 606 

slow-wave involves electrical activity transmitted aborally within the SM cells [55,70]. However, 607 
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the SM cells on their own cannot produce such a regenerative wave [70,71]. The regenerative 608 

electrical activity responsible for the GSW is known to originate largely in the intrinsic pacemaker 609 

ICCs [5,42]. Different sets of ICCs innervate circular and longitudinal muscle cells (e.g., myenteric 610 

ICCs, intramuscular ICCs [5,13]) and all ICCs may not contribute similarly to pacemaker potential 611 

generation and GSW propagation [68]. Our ICC cell model is derived primarily from experimental 612 

work on myenteric ICCs, which are widely accepted as intrinsic pacemakers involved in the 613 

generation of the pacemaker potential required for GSW propagation [5]. We incorporated known 614 

membrane properties in the ICCs and SM cell models using the conductance-based formalism 615 

and hand-tuned the conductance parameters to match experimental voltage recordings in these 616 

cells (Fig 1C and 1D) [45].  Although our model can reproduce rather accurately the established 617 

properties of a gastric slow-wave, it should be noted that the description of the underlying 618 

mechanisms is by no means exhaustive. For example, we have chosen to use a Hodgkin-Huxley 619 

formalism for the ion currents whereas Markovian models would allow for a more detailed 620 

description of the complex kinetics of processes (activation, deactivation, inactivation, and 621 

recovery from inactivation) that the channels exhibit. However, it can be very challenging to meet 622 

the information requirements for defining the transitional rate constants of a Markovian model, in 623 

addition to higher computational processing demands [72]. 624 

Although ICCs are intrinsic pacemakers, the GSW can significantly be impacted by the coupling 625 

between them [8,73,74]. Gap junctions are well-established pathways for such coupling [75]. The 626 

gap junctions carry various ions and molecules. Some of these (e.g., K+) are passively conducted 627 

due to the voltage gradients between adjacent cells (the electrical component), while others 628 

spread when there are periodic depolarizations in ICCs that generate these molecules in 629 

abundance. The latter are typically second messengers such as IP3 and Ca2+, which involve 630 

chemical coupling via connexin channels [22,23,25,35,36]. The diameter of gap junctional pores 631 

allows a wide enough path for Ca2+ and IP3 to move across the cells through gap junction 632 
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connexins [76]. To model electrical coupling, a simple ohmic conductance has been widely 633 

assumed by previous modeling studies [7,8,19,69,77,78], supported by findings that pacemaker 634 

current generated in ICCs is transmitted to the SM cells by gap junction channels located between 635 

the ICCs and SM cells [15,17]. We additionally assumed a distinct exchange of second 636 

messenger (Ca2+ and IP3) between adjacent ICCs. Second messenger exchanges are modeled 637 

in such a way that they enable Ca2+ induced Ca2+ release and IP3 induced IP3 release. Although 638 

Ca2+ induced Ca2+ release is a widely assumed phenomenon within a biological cell, IP3 induced 639 

IP3 release has also been suggested as a plausible event [79]. Ca2+ permeability was set an order 640 

of magnitude lower than that of IP3 permeability. This assumption was based on the fact that the 641 

range of diffusion of IP3 is orders of magnitude higher compared to free Ca2+ (24 µm compared 642 

to 0.1 µm). IP3 also degrades much more slowly than free Ca2+ (1 sec vs. 0.00003 sec) [80]. 643 

Previous modeling studies of intercellular Ca2+ waves in astrocytes [35] and smooth muscle cells 644 

[24] support this approach of modeling Ca2+ and IP3 permeability. The exchange of IP3 was 645 

modeled as proportional to the IP3 concentration gradient between adjacent cells (see Methods, 646 

also [81]). Although IP3 can diffuse within the cell cytoplasm and not necessarily through the gap 647 

junctions, we assumed that IP3 only moves to the adjacent cells based on the concentration 648 

gradient. For Fig 3-5, we considered constant values of gap junction coupling parameters and for 649 

Fig 6, we assumed uniform distribution of gap junction coupling strength, which resembles the 650 

gap junction density. Because of the scarcity of data regarding gap junction distribution, we limited 651 

our simulations to only uniform distribution.                652 

In a chain of intrinsic pacemakers, oscillators have their own distinct intrinsic frequency. In an 653 

arbitrarily long chain of oscillators, entrainment can emerge provided there exists a linear 654 

frequency gradient with fixed frequency difference between the ends [82]. Interestingly in the 655 

stomach (also throughout the GI tract), it is known that there is a rostrocaudal frequency gradient 656 

in the ICC pacemaker cells. Although such gradients may be achieved by numerous intrinsic and 657 
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network mechanisms [7,19], we assume that such a gradient in intrinsic frequencies can be 658 

achieved due to a maintained gradient in [IP3] production rate. Presently it is unclear what sets 659 

this gradient tone in IP3 production rate. One possibility could be IP3 produced by activation of 660 

muscarinic receptors due to graded distribution of cholinergic neuron inputs in different functional 661 

compartments of the GI tract [52,53]. Although peristalsis can occur even without the help of 662 

neural excitation [68], under most circumstances, the enteric nervous system, provides excitation 663 

of the musculature required for the stomach wall contraction [26,83], primarily via ICCs. Enteric 664 

neurons located in the Myenteric Plexus preferentially directly influence ICCs through 665 

neurotransmitters released at synapses which then connect to muscle cells via gap junctions. 666 

Since ICCs are closer to the nerve terminal endings and have the muscarinic receptors (M2 and 667 

M3) that are responsive to the neurotransmitters, the effect of the Myenteric neurons on ICCs is 668 

more important (much smaller gap for neurotransmitters to diffuse) than the direct link to the SM 669 

cells (far away and with lesser innervation). Acetylcholine, the primary neurotransmitter released 670 

from enteric neurons, is broken down by Acetylcholine esterase, thus preventing it from reaching 671 

receptors on SM cells. Consequently, we considered the enteric neural stimulus (β) to act 672 

exclusively on ICCs in our GMN model. The animal models that lack ICCs with muscarinic 673 

receptors show that there is little or no cholinergic response in SM cells because Acetylcholine is 674 

broken down before it can be taken up by receptors on SM cells [26]. In our model, we maintained 675 

a linear gradient of β to ensure that rostral ICCs successively entrained caudal ICCs. This way, 676 

we assembled a chain of realistic ICCs which show a rostrocaudal gradient in their intrinsic 677 

frequencies like that observed in the stomach. In the heart, fast-pacing sinoatrial node cells 678 

entrain the slow-pacing atrioventricular node cells [84], like what is observed in an intact stomach. 679 

Besides being intrinsic pacemakers, ICCs are also involved in neurotransmission, setting the 680 

membrane potential of SM cells, and in stretch sensing [51]. Future experiments examining 681 

effects of neural input on ICCs may shed further light on the neural contribution to pacemaker 682 

potential generation and slow-wave propagation. Empirical measurements of the neural stimulus 683 
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on ICCs at different points along the stomach would strengthen the validity of our model, offering 684 

further hypotheses for the mechanisms underlying genesis of functional and pathological slow 685 

waves in the stomach. The mathematical modeling framework outlined in our study is a step in 686 

this direction and provides an exploration testbed for precise modulation of intra/intercellular 687 

pathways to examine their role in the above-mentioned phenomena. 688 

 689 

Methods 690 

The model network of ICC-SM cells is described in Fig 2. The network consists of 42 ICCs and 691 

42 SM cells implemented and simulated in MATLAB 2019a (Mathworks.inc). Together, the 692 

extensive biological details of ICC and SM cell physiology and the assumed intercellular coupling 693 

resulted in a large network model with 1554 nonlinear differential equations (23 for each ICC and 694 

14 for each SM cell) consisting of over 1000 parameters. The parameter values were chosen from 695 

published models [7,42,43]. 696 

ICC cell model  697 

We adopted a well-described conductance-based model by Corrias et al., 2008 [42] for the ICCs 698 

(also see [7,19]). The rate of change in the membrane potential, 𝑉𝑉𝐼𝐼𝐼𝐼𝐼𝐼, for each ICC is as follows: 699 

   𝐶𝐶𝑚𝑚,𝐼𝐼𝐼𝐼𝐼𝐼
𝑑𝑑𝑑𝑑𝐼𝐼𝐼𝐼𝐼𝐼
𝑑𝑑𝑜𝑜

=  −�∑ 𝐼𝐼𝑖𝑖𝑜𝑜𝑈𝑈,𝐼𝐼𝐼𝐼𝐼𝐼 +  𝐼𝐼𝑔𝑔,𝐼𝐼𝐼𝐼𝐼𝐼� ,     (1)  700 

where 𝑉𝑉𝐼𝐼𝐼𝐼𝐼𝐼 is the ICC membrane potential, 𝐶𝐶𝑚𝑚,𝐼𝐼𝐼𝐼𝐼𝐼 is the ICC membrane capacitance, 𝐼𝐼𝑖𝑖𝑜𝑜𝑈𝑈,𝐼𝐼𝐼𝐼𝐼𝐼 701 

represents the summation of all the ionic currents in ICC, and 𝐼𝐼𝑔𝑔,𝐼𝐼𝐼𝐼𝐼𝐼 represents the current through 702 

the gap junctions between the ICCs. The different ionic currents included in the model are 703 

described in Table 1. The dynamics of the voltage-dependent gating variables for the ionic 704 

currents follow the well-known Hodgkin-Huxley formalism, where each current is represented by 705 

a battery (electrochemical driving force) in series with a variable resistance and the cell membrane 706 

as a capacitor in parallel. The combined actions of these ion channel currents reproduce the three 707 
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phases of a gastric action potential: depolarization, plateau phase, and repolarization. Detailed 708 

descriptions of these ionic currents are provided in the github repository 709 

(https://github.com/ashfaq-polit/Slow_waves_in_the_stomach) and are based on previous 710 

modeling studies [42,43,85].  711 

Table 1: Ionic currents in the ICC model  712 

Symbol used Description Symbol used Description 
IL-type L-type Ca2+ current INSCC Non-selective cation current 

IVDDR Voltage-dependent and 
dihydropyridine-resistant Ca2+ 
current 

ILVA Low voltage-activated Ca2+ 
current 

INa Voltage-dependent Na+ 
current 

ICl Voltage-dependent chloride 
current 

Ikv 
  

Kv1.1-type voltage-dependent 
K+ current  

Ikr Delayed rectifier K+ current 

IERG Ether-a-go-go (ERG) K+ 
channel current 

Ika A-type potassium current 

Ikb Background K+ current Icoup Gap junction current between 
ICC and SM cell 

IBK Large conductance Calcium-
dependent K+ current 

  

 713 

Ca2+-IP3 dynamics in ICCs 714 

The equation guiding the intracellular Ca2+ dynamics is modeled similar to Fall and Keizer [86] 715 

as follows:  716 

𝑑𝑑[𝐼𝐼𝐶𝐶2+]𝑖𝑖
𝑑𝑑𝑜𝑜

=  𝑑𝑑𝑐𝑐 �
−𝐼𝐼𝐿𝐿−𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 − 𝐼𝐼𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉

𝐹𝐹𝑑𝑑𝑐𝑐𝑡𝑡𝑡𝑡𝑐𝑐
+  𝐽𝐽𝑙𝑙𝑙𝑙𝐶𝐶𝑙𝑙 −   𝐽𝐽𝐼𝐼𝑃𝑃𝐼𝐼𝑃𝑃 +  𝐽𝐽𝑔𝑔,𝐼𝐼𝐶𝐶2+� ,  (2) 717 

Where 𝐼𝐼𝐿𝐿−𝑜𝑜𝑡𝑡𝑡𝑡𝑙𝑙 and 𝐼𝐼𝑑𝑑𝑉𝑉𝑉𝑉𝑅𝑅  are described in Table 1, 𝐽𝐽𝑙𝑙𝑙𝑙𝐶𝐶𝑙𝑙 is a leakage flux between the pacemaker 718 

region and the cytosol, 𝐽𝐽𝐼𝐼𝑃𝑃𝐼𝐼𝑃𝑃 is the Ca2+ flux through the plasmalemmal Ca2+ pump, 𝐹𝐹 is the 719 

Faraday constant, 𝑑𝑑𝑐𝑐 is a dimensionless constant, 𝑉𝑉𝑐𝑐𝑡𝑡𝑜𝑜𝑜𝑜 represents the cytosolic volume fraction 720 

within the ICC, and 𝐽𝐽𝑔𝑔,𝐼𝐼𝐶𝐶2+ is the Ca2+ flux due to inter-ICC coupling (see Equation 6). 721 
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The Ca2+ flux in a sub-membrane space triggered by IP3-operated stores in the endoplasmic 722 

reticulum (ER) is important for initiating a gastric action potential. The Ca2+ concentration in the 723 

sub-membrane space is modeled by the following equation: 724 

𝑑𝑑[𝐼𝐼𝐶𝐶2+]𝑃𝑃𝑃𝑃
𝑑𝑑𝑜𝑜

=  𝑑𝑑𝑐𝑐  �( 𝐽𝐽𝑁𝑁𝐶𝐶𝐼𝐼𝐶𝐶 −   𝐽𝐽𝑈𝑈𝑈𝑈𝑖𝑖) 𝑑𝑑𝑚𝑚𝑖𝑖𝑡𝑡𝑐𝑐
𝑑𝑑𝑆𝑆𝑆𝑆

 +  ( 𝐽𝐽𝐸𝐸𝑅𝑅𝑜𝑜𝑜𝑜𝑜𝑜 −   𝐽𝐽𝑆𝑆𝐸𝐸𝑅𝑅𝐼𝐼𝑃𝑃) 𝑑𝑑𝐸𝐸𝑉𝑉
𝑑𝑑𝑆𝑆𝑆𝑆

−  𝐽𝐽𝑙𝑙𝑙𝑙𝐶𝐶𝑙𝑙
𝑑𝑑𝑐𝑐𝑡𝑡𝑡𝑡𝑐𝑐
𝑑𝑑𝑆𝑆𝑆𝑆

� ,  (3) 725 

Where 𝐽𝐽𝑁𝑁𝐶𝐶𝐼𝐼𝐶𝐶 and 𝐽𝐽𝑈𝑈𝑈𝑈𝑖𝑖 represent mitochondrial Ca2+ fluxes,  𝐽𝐽𝐸𝐸𝑅𝑅𝑜𝑜𝑜𝑜𝑜𝑜 and 𝐽𝐽𝑆𝑆𝐸𝐸𝑅𝑅𝐼𝐼𝑃𝑃 represent outward 726 

Ca2+ fluxes from the ER and inward Ca2+ fluxes through the ER.  𝑉𝑉𝑚𝑚𝑖𝑖𝑜𝑜𝑜𝑜, 𝑉𝑉𝐸𝐸𝑅𝑅, and 𝑉𝑉𝑆𝑆𝑆𝑆 represent the 727 

volume fractions for the mitochondria, endoplasmic reticulum, and pacemaker submembrane 728 

space, respectively. 729 

Increases in intracellular IP3 concentration in each ICC are assumed to depend on: 1) voltage-730 

dependent IP3 increase, 2) inter-ICC coupling-dependent IP3 increase, and 3) neurotransmitter-731 

induced IP3 increase, whereas linear and non-linear degradation of IP3 decrease its concentration. 732 

Based on these assumptions, the rate of change in IP3 concentration is given as follows:  733 

   𝑑𝑑[𝐼𝐼𝐼𝐼3]
𝑑𝑑𝑜𝑜

 =  𝐼𝐼𝑃𝑃𝑑𝑑 �1 –  𝑑𝑑𝑚𝑚8

𝑙𝑙𝑣𝑣8+𝑑𝑑𝑚𝑚8
�  –  𝜂𝜂[𝐼𝐼𝐼𝐼3] – 𝑉𝑉𝑚𝑚4  

[𝐼𝐼𝐼𝐼3]4

𝑙𝑙44+[𝐼𝐼𝐼𝐼3]4  + 𝛽𝛽 +   𝐽𝐽𝑔𝑔,𝐼𝐼𝐼𝐼3 ,  (4) 734 

where 𝐼𝐼𝑃𝑃𝑑𝑑 is maximal rate of voltage-dependent IP3 synthesis, 𝐾𝐾𝑑𝑑 is the half-saturation constant 735 

for voltage-dependent IP3 synthesis, 𝜂𝜂 is the rate constant for linear IP3 degradation, 𝑉𝑉𝑚𝑚4 is 736 

maximal value for the nonlinear IP3 degradation, 𝐾𝐾4 is half-saturation constant for the nonlinear 737 

IP3 degradation, 𝛽𝛽 represents an enteric neural stimulus that modulates IP3 production, and 𝐽𝐽𝑔𝑔,𝐼𝐼𝐼𝐼3 738 

is the IP3 flux due to inter-ICC coupling (see Equation 7).  739 

Intercellular coupling between ICCs 740 

Adjacent ICCs are assumed to be coupled via gap junctions with electrical conductance for 741 

passive ionic movement between cells [17]. The inter-ICC gap junction current is: 742 

𝐼𝐼𝑔𝑔,𝐼𝐼𝐼𝐼𝐼𝐼 =  𝐺𝐺 ∑ (𝑉𝑉𝑖𝑖 −  𝑉𝑉𝑗𝑗)𝑗𝑗  ,         (5) 743 
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where i denotes the index for the source ICC and j denotes the index for adjacent ICCs; 𝐺𝐺 744 

represents electrical conductance of gap junctions. 745 

Second messenger exchange between ICCs 746 

An exchange of second messengers, namely, Ca2+ and IP3 can occur via gap junctions [22–747 

24,81]. The flux describing Ca2+ exchange between adjacent ICCs is modeled by a term 748 

   𝐽𝐽𝑔𝑔,𝐼𝐼𝐶𝐶2+  =  − 𝐼𝐼𝐼𝐼𝐶𝐶2+ ∑ ([𝐶𝐶𝐶𝐶2+]𝑖𝑖 −  [𝐶𝐶𝐶𝐶2+]𝑗𝑗)𝑗𝑗    (6) 749 

complementing Equation 2. Here 𝐼𝐼𝐼𝐼𝐶𝐶2+ denotes the permeability coefficient for Ca2+ and [𝐶𝐶𝐶𝐶2+]𝑥𝑥 750 

are the intracellular concentrations of Ca2+ in the corresponding cells where x = i/j. The 𝐼𝐼𝐼𝐼𝐶𝐶2+  751 

value has been taken from a theoretical study done in hepatocytes [87]. 752 

The inter-ICC IP3 flux is modeled using a similar formalism: 753 

   𝐽𝐽𝑔𝑔,𝐼𝐼𝐼𝐼3 =  − 𝐼𝐼𝐼𝐼𝐼𝐼3  ∑ �[𝐼𝐼𝐼𝐼3]𝑖𝑖 −  [𝐼𝐼𝐼𝐼3]𝑗𝑗�𝑗𝑗    (7) 754 

 755 

Here 𝐼𝐼𝐼𝐼𝐼𝐼3 denotes the permeability coefficient for IP3 and [𝐼𝐼𝐼𝐼3]𝑥𝑥 are the intracellular concentrations 756 

of IP3 in the corresponding cells where x = i/j. An experimentally determined value of 𝐼𝐼𝐼𝐼𝐼𝐼3 is rare 757 

if not non-existent due to the technical difficulties of measuring [IP3] in tissue preparations. Hence, 758 

the permeability values used in model simulations were adjusted similar to [24,35]. 759 

SM cell model  760 

The SM cell model was adopted from Corrias et al., 2007 [43]. Like ICCs, the conductance-based 761 

rate of change in membrane potential is given as follows: 762 

 𝐶𝐶𝑚𝑚,𝑆𝑆𝑃𝑃
𝑑𝑑𝑑𝑑𝑆𝑆𝑆𝑆
𝑑𝑑𝑜𝑜

=  − �∑ 𝐼𝐼𝑖𝑖𝑜𝑜𝑈𝑈,𝑆𝑆𝑃𝑃 +  𝐼𝐼𝑔𝑔,𝑆𝑆𝑃𝑃 − 𝐼𝐼𝑐𝑐𝑜𝑜𝑜𝑜𝑡𝑡� ,    (8) 763 

  𝐼𝐼𝑐𝑐𝑜𝑜𝑜𝑜𝑡𝑡  =  𝑔𝑔𝑐𝑐𝑜𝑜𝑜𝑜𝑡𝑡  (𝑉𝑉𝐼𝐼𝐼𝐼𝐼𝐼 −  𝑉𝑉𝑆𝑆𝑃𝑃)  ,     (9) 764 

Where 𝑉𝑉𝑆𝑆𝑃𝑃 is the SM cell membrane potential, 𝐶𝐶𝑚𝑚,𝑆𝑆𝑃𝑃 is the SM cell membrane capacitance, 𝐼𝐼𝑖𝑖𝑜𝑜𝑈𝑈,𝑆𝑆𝑃𝑃 765 

represents the summation of all the ionic currents in the SM cell, 𝐼𝐼𝑔𝑔,𝑆𝑆𝑃𝑃  represents the current 766 
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through the gap junctions between the SM cells, and 𝐼𝐼𝑐𝑐𝑜𝑜𝑜𝑜𝑡𝑡 represents the coupling current from 767 

ICC to its corresponding SM cell. Although a bidirectional movement of ions can occur via gap 768 

junctions, here we assume that during entrainment depolarization spreads unidirectionally from 769 

ICC to SM and that 𝑉𝑉𝐼𝐼𝐼𝐼𝐼𝐼 is always more positive than 𝑉𝑉𝑆𝑆𝑃𝑃  [70]; hence, the coupling current, 𝐼𝐼𝑐𝑐𝑜𝑜𝑜𝑜𝑡𝑡 770 

is present only in Equation 8. The various ionic currents necessary to generate the SM action 771 

potential are listed in Table 1. 772 

Model simulation and analysis 773 

The ICC-SM model network consisting of 42 ICCs and 42 SM cells was implemented and 774 

simulated in MATLAB 2019a (Mathworks.inc) using built-in function ODE15s and variable step-775 

size. The total runtime for each simulation was 900 seconds (each simulation lasted 776 

approximately 8 hours on an Intel Xeon (R) CPU, 32 GB RAM Desktop computer). The outcome 777 

of the network was interpreted from the spatiotemporal membrane potential, Relative Lag and 778 

period of SM cells (explained in Results section). Statistical tests (t-test, one-way ANOVA) were 779 

performed as required and an 𝛼𝛼 cutoff of 0.05 was chosen for statistical significance. 780 

 781 
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Supporting information 1040 

S1 Table. Summary of published models for a gastric slow-wave in the stomach.   1041 

Model Nature of 
modeling 

Singl
e ICC  

Single 
SM 
cell  

ICC 
chain
(1-D)  

ICC+S
M cell 

network 
(2-D) 

Enteric 
neuron 
network 

Comparison with  
Experimental data 

IP3 
Dynamic

s 

Gap junction        
connectivity                                                                                          

Animal 
model 

Intact 
freq. 

Intrinsic 
freq. 

Corrias & 
Buist, 
2008 

Biophysical √ × × × × 
Guinea-

pig 
antrum 

N/A √ N/A N/A 

Corrias & 
Buist, 
2007 

Biophysical × √ × × × 
Canine 
antrum 
SMC 

N/A √ N/A N/A 

Peng Du, 
2010 Biophysical √ × √ × × 

Simulated 
in mouse 
jejunum 

N/A N/A 
Dynami

c IP3 
Electrical 

Buist, 
2010 Biophysical √ √ √ √ × 

Guinea-
pig 

stomach 
SMC 

× 

Antrum- 
(√) 

Corpus-
(×) 

Static 
IP3 

Electrical 

Aliev, 
2000 

Coupled 
chain 

oscillator 
√ √ √ √ × Canine 

intestine √ √ N/A Electrical 

Edwards, 
2006 Electrical √ √ √ √ × 

Guinea-
pig 

antrum 
SMC 

N/A √ N/A Electrical 

Barth, 
2017 

Electrical+ 
Biophysical √ √ √ √ √ Rat colon N/A N/A N/A 

Electrical, 
synaptic and 

neuromuscular 

Van 
Helden, 
2003 

Lumped 
biophysical √ × √ × × 

Guinea-
pig 

pylorus 
SMC 

N/A N/A 
Dynami

c IP3 

Electrical & 
Chemical 

(Ca2+ & IP3) 

Our 
model Biophysical √ √ √ √ × 

Cat & 
dog 

stomach 
√ 

Antrum- 
(√) 

Corpus-
(√) 

Dynami
c IP3 

Electrical & 
Chemical 

(Ca2+ & IP3) 
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S2 Table. Total Lag under different values of 𝐺𝐺𝐼𝐼𝐼𝐼𝐼𝐼−𝐼𝐼𝐼𝐼𝐼𝐼. Mean ± standard deviation for the last 1042 

7 cycles in each simulation. 1043 

GICC-ICC value (nS) Total Lag (sec) 

0.35 53.77 ± 3.63 

0.53 21.99 ± 0.02 

0.7 20.85 ± 0.02 

1.05 19.27 ± 0.03 

1.4 18.22 ± 0.03 

2.0 16.93 ± 0.03 

3.0 15.51 ± 0.03 

5.0 13.81 ± 0.03 

 1044 

S3 Table. SM Cell Period under different values of 𝐺𝐺𝐼𝐼𝐼𝐼𝐼𝐼−𝐼𝐼𝐼𝐼𝐼𝐼. Mean ± standard deviation for the 1045 

last 7 cycles in each simulation. 1046 

GICC-ICC value (nS) SM1 Period (sec) SM42 Period (sec) 

0.35 17.75 ± 0.01    19.41 ± 0.44 

0.53 17.75 ± 0.01 17.74 ± 0.03 

0.7 17.74 ± 0.01 17.73 ± 0.01 

1.05 17.70 ± 0.01 17.69 ± 0.01 

1.4 17.67 ± 0.01 17.66 ± 0.01 

2.0 17.64 ± 0.01 17.62 ± 0.01 

3.0 17.59 ± 0.01 17.58 ± 0.01 

5.0 17.52 ± 0.01 17.51 ± 0.01 

 1047 
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S4 Table. Total Lag under different values of 𝐼𝐼𝐼𝐼𝐼𝐼3.  Mean ± standard deviation for the last 7 1049 

cycles in each simulation. 1050 

PIP3 value (sec-1) Total Lag (sec) 

4.0 69.56 ± 2.45 

6.0 53.99 ± 4.03 

8.0 20.85 ± 0.02 

12.0 16.85 ± 0.03 

16.0 13.17 ± 0.03 

20.0 10.92 ± 0.02 

30.0 8.90 ± 0.01 

40.0 7.93 ± 0.03 

 1051 

S5 Table. SM Cell Period under different values of 𝐼𝐼𝐼𝐼𝐼𝐼3. Mean ± standard deviation for the last 1052 

7 cycles in each simulation. 1053 

pIP3 value (sec-1) SM1 Period (sec) SM42 Period (sec) 

4.0 17.31 ± 0.01 18.44 ± 0.34 

6.0 17.53 ± 0.02 19.31 ± 0.59 

8.0 17.74 ± 0.01 17.73 ± 0.01 

12.0 17.94 ± 0.01 17.92 ± 0.01 

16.0 18.31 ± 0.01 18.30 ± 0.01 

20.0 18.58 ± 0.01 18.57 ± 0.01 

30.0 18.69 ± 0.02 18.69 ± 0.01 

40.0 18.71 ± 0.03 18.69 ± 0.02 
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S6 Fig. Increasing Ca2+ permeability across ICC-ICC gap junctions has no impact on network 1055 

behavior. (A) The network. (B) Spatiotemporal map of membrane potential (B1), Relative Lags (B2), and 1056 

spatiotemporal map of SM Cell Periods (B3) for the network when 𝐼𝐼𝐼𝐼𝐶𝐶2+ = 0.05 sec-1 (left panel diagrams) 1057 

and 0.2 sec-1 (right panel diagrams). (C) The Total Lags for changes in 𝐼𝐼𝐼𝐼𝐶𝐶2+ are shown for the last 7 cycles 1058 

of 900-sec simulations. The corresponding values of these permeabilities in sec-1 are shown in the legend. 1059 

(D) For several networks, the mean Total Lag (D1) and the SM Cell Period (D2) of the last 7 cycles for each 1060 

network with respect to its 𝐼𝐼𝐼𝐼𝐶𝐶2+ are fit by an approximately constant line. 1061 

 1062 

  1063 

S7 Fig. Spatiotemporal change in intracellular IP3 concentration. (A) Heatmap for all the cells in the 1064 

network, and (B) for every 7th cell in the network in steady-state. 1065 
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S8 Fig. The ICC-SM cell gap junction conductance impacts the SM cell membrane potential 1067 

amplitude. (A) ICC-SM cell electrical conductance does not have any effect on network entrainment 1068 

evident from the approximately equal values of Total Lag measured for 4 different values of ICC-SM cell 1069 

electrical conductances. (B) Membrane potential of 4 equidistant ICCs (top diagrams) and SM cells 1070 

(bottom panel diagrams) in the 42-cell network when ICC-SM cell conductance is 0.5 ns (left) and 0 ns 1071 

(right). (C) Spatiotemporal map of membrane potential of all 42 SM cells of the network, where ICC-SM 1072 

cell conductance is 0.5 nS (left) and 0 nS (right). (D) Reduction of ICC to SM cell gap junction 1073 

conductance reduces the amplitude of SM cell membrane potentials. For representation purposes, here 1074 

the amplitudes (the peak-to-valley) of membrane potentials of the first and last SM cells of the network 1075 

are shown. 1076 
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