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Abstract

Objective—Neuromodulation of the central and peripheral nervous systems is becoming 

increasingly important for treating a diverse set of diseases—ranging from Parkinson’s Disease 

and epilepsy to chronic pain. However, neuromodulation of the gastrointestinal (GI) tract has 

achieved relatively limited success in treating functional GI disorders, which affect a significant 

population, because the effects of stimulation on the enteric nervous system (ENS) and gut 

motility are not well understood. Here we develop an integrated neuromechanical model of the 

ENS and assess neurostimulation strategies for enhancing gut motility, validated by in vivo 
experiments.

Approach—The computational model included a network of enteric neurons, smooth muscle 

fibers, and interstitial cells of Cajal, which regulated propulsion of a virtual pellet in a model of 

gut motility.

Main results—Simulated extracellular stimulation of ENS-mediated motility revealed that 

sinusoidal current at 0.5 Hz was more effective at increasing intrinsic peristalsis and reducing 

colon transit time than conventional higher frequency rectangular current pulses, as commonly 

used for neuromodulation therapy. Further analysis of the model revealed that the 0.5 Hz 

sinusoidal currents were more effective at modulating the pacemaker frequency of interstitial cells 

of Cajal. To test the predictions of the model, we conducted in vivo electrical stimulation of the 

distal colon while measuring bead propulsion in awake rats. Experimental results confirmed that 

0.5 Hz sinusoidal currents were more effective than higher frequency pulses at enhancing gut 

motility.

Significance—This work demonstrates an in silico GI neuromuscular model to enable GI 

neuromodulation parameter optimization and suggests that low frequency sinusoidal currents may 

improve the efficacy of GI pacing.
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Introduction

Gut motility is essential for digestion, homeostasis, and host-microbiome interactions, and it 

is regulated by the enteric nervous system (ENS) (Campbell, 2012, Furness, 2006, Gershon, 

1999, Mayer, 2011). Pathology in the gut, especially in the ENS, can lead to functional 
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gastrointestinal (GI) disorders characterized by symptoms of dysmotility that affect more 

than one fourth of the world’s population (Chey et al., 2015, Tack and Talley, 2013). 

Implantable devices that electrically modulate neural function have demonstrated success 

including the cochlear implant, deep brain stimulation and spinal cord stimulation (Famm et 

al., 2013). However, electrical stimulation of the GI tract to treat gut dysmotility has seen 

limited success. The effectiveness of these therapies is limited by our lack of understanding 

of the effects of electrical stimulation on gut motility and ENS circuitry. Further, it is 

difficult to record and interpret the effects that stimulation has on the ENS in vivo. 

Recording from enteric neurons in vivo is challenging due to many technical complications; 

for instance, strong contractile activity from smooth muscle can cause noise artifacts that are 

can be misinterpreted as bioelectric activity (Sanders et al., 2016). The objective of the 

present work was to develop a computational model of the ENS and gut motility to enable 

exploration of stimulation parameters and potential mechanistic understanding of GI 

stimulation.

Several models of the enteric motor patterns of the ENS exist (Chambers et al., 2014). 

Fundamental mechanisms for the ascending excitatory pathway were revealed in early 

simulations, and these were later expanded to include neural control of circular smooth 

muscle (Bornstein et al., 1997, Thomas et al., 1999, Randhawa et al., 1996). Additional 

models were developed to study neural control of motility, including models for 

segmentation and migrating motor complexes (Chambers et al., 2008, Thomas et al., 2004). 

Separate models captured electrical slow waves that arise from the interaction between 

interstitial cells of Cajal (ICC) and smooth muscle fibers, but these models did not consider 

enteric neurons or neuromuscular junctions (Edwards and Hirst, 2003, Edwards and Hirst, 

2006, Edwards and Hirst, 2005, Edwards et al., 1999, Hirst et al., 2006, Du et al., 2016, Du 

et al., 2011). Despite these efforts, there is no model that includes all the components 

necessary to capture the effect of electrical stimulation on gut motility, including 

conductance-based models of the electrical activity of enteric neurons and ICC-driven slow 

wave propagation through smooth muscle.

We propose a novel computational model that integrates electrical slow wave propagation 

with a network model of the ENS. Unlike existing models, our model incorporates enteric 

neurons, smooth muscle, and ICC in an interconnected network. The model was designed to 

recreate peristalsis through the ascending excitatory and descending inhibitory pathways, 

where enteric neurons integrate sensory feedback to control smooth muscle contraction 

(Spencer et al., 2016, Campbell, 2012, Bayliss and Starling, 1899). Motility was simulated 

by a virtual pellet that interacted with the network by stimulating sensory neurons and 

responding to smooth muscle contractions. This integrated neuromechanical model enabled 

us to simulate the effects of electrical stimulation on gut motility, which revealed that 

sinusoidal currents at 0.5 Hz were more effective at accelerating gut motility than commonly 

used higher frequency current pulses. This prediction was validated by measuring bead 

propulsion, as a surrogate for colonic transit time, in awake rats during in vivo electrical 

stimulation. Further examination of the model suggested that the 0.5 Hz sinusoidal current is 

most efficient at entraining the intrinsic pacemaker potentials of ICC.
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Materials & Methods

Model Overview

The model consisted of biophysically-based representations of individual cells—classified as 

enteric neurons, smooth muscle fibers, and ICC. Neurons, muscle fibers, and ICC were 

modeled as point cells in a 2D plane orthogonal to the circumference of a 10-cm length of 

the GI tract. The model was implemented by simulating the transmembrane potential of 196 

individual point cells. The governing ODEs for the various cell types were solved using the 

exponential Euler method at a time step of 0.1 ms using the Brian 2 simulation environment 

in Python (Stimberg et al., 2013). The model assumed axial symmetry and collapsed the 

circumferential component of the GI tract onto a single point. The transmembrane potential 

(Vm) in each model cell was defined by a differential equation as a function of synaptic 

currents (Isyn), ionic membrane currents (Iion), and membrane capacitance (Cm) (equation 1). 

In addition to the biophysical cells, the model also included representations of a pellet and a 

stimulating electrode.

(1)

Enteric Neurons

Enteric neurons were modeled as Connor-Stevens neurons (Connor and Stevens, 1971). In 

addition to the leak channels (Ileak) and voltage-gated sodium (INa) and potassium (IK) 

channels of the Hodgkin-Huxley model, the Connor-Stevens model includes an additional 

transient potassium current (IKA) (equation 2), which allowed for a broader range and 

tunability of firing rates (Drion et al., 2015). Enteric neurons received synaptic currents to 

simulate excitatory postsynaptic potentials (IEPSP). The enteric neurons exhibited a firing 

threshold of approximately −35 mV (supplementary figure 1(a)). The sensory neurons in the 

ENS are characterized by an afterhyperpolarization (AH) that modifies the pattern of firing 

in response to a maintained stimulus, which was not included in the Connor-Stevens model. 

The AH mechanism was later added to the Connor-Stevens model of sensory cells in the 

expanded model.

(2)

Smooth Muscle Fibers

Smooth muscle fibers were defined by a conductance model with ionic membrane currents 

and synaptic currents. Membrane currents include leak channels, potassium channels, and an 

L-type calcium channel (ICaL) adapted from Tong et al. (2011) (equation 3(a)). The L-type 

calcium current causes long-duration depolarization in muscle fibers leading to all-or-none 

muscular action potentials, which model the depolarization-contraction relationship. 

Synaptic currents included excitatory junction potentials (IEJP), inhibitory junction potentials 
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(IIJP), and gap junctions (Igap) (equation 3(b)). Smooth muscle fibers exhibited muscular 

action potentials that lasted for a few hundred milliseconds and initiated at approximately 

−36 mV, causing smooth muscle contractions (supplementary figure 1(b)).

(3(a))

(3(b))

Smooth muscle contraction caused local tension which was defined for each muscle fiber as 

a continuous variable from [0, 1], with 1 indicating maximum tension. Previously, Ozaki et 

al. (1991) demonstrated the relationship between smooth muscle tension and transmembrane 

potential was a function of [Ca2+]. This mechanism was studied in silico by modeling [Ca2+] 

cellular-electrochemical coupling and sub-cellular mechanics, and this revealed that tension 

could be modeled as a normalized and sigmoidal function in time (Du et al., 2011). 

Therefore, we modeled tension as a sigmoid function in time, increasing or decreasing when 

transmembrane potential was above or below contraction threshold, respectively 

(supplementary figure 1(c)).

Interstitial Cells of Cajal

ICC were based on the model developed by Edwards and Hirst that included a leak current 

(Ileak) and a pacemaker current (Ipacemaker) (equation 4). The Edwards and Hirst model for 

ICC was chosen because it was developed from experimental analysis of pacemaker activity 

and slow wave propagation (Edwards and Hirst, 2006, Hirst et al., 2006). An alternative 

model by Imtiaz et al. (2002) was considered because it includes a descriptive, subcellular 

mechanistic model of pacemaker activity. However, the Edwards and Hirst model was 

ultimately chosen because it includes a multicompartment equivalent circuit, accounting for 

electrical coupling between circular muscle and ICC, and between longitudinal muscle and 

ICC. In this model, ICC did not generate action potentials or contraction events, but due to 

the pacemaker current, ICC exhibited regular depolarizations that occurred approximately 

every 10 s (supplementary figure 1(d)).

(4)

Connections

The model uses longitudinally positioned sensory and motor subnetworks consisting of 

model cells connected by synapses, gap junctions, and neuromuscular junctions. Existing 

models have modeled the spatial dynamics of ENS and slow wave behavior by spacing 

subpopulations of cells longitudinally (Lin et al., 2006, Chambers et al., 2008, Du et al., 

2011, Chambers et al., 2014). In our model, sensory and motor subnetworks were spatially 

distributed along the simulated GI tract to reflect GI anatomy and interneuron projection 
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lengths in small rodents (Brookes et al., 1997, Permezel and Webling, 1971). Twelve 

independent sensory subnetworks consisted of enteric neurons connected by excitatory 

synapses. Excitatory synapses were modeled as conductance-based alpha synapses with 

reversal potentials depolarized to the resting potential (supplementary figure 2(a)). Sensory 

neurons were connected to local ascending and descending interneurons by excitatory 

synapses. Ascending interneurons innervated neighboring excitatory circular motor neurons 

orally, and descending interneurons innervated neighboring inhibitory circular motor 

neurons anally. Previous work has used these distinct neural populations and ascending 

excitatory and descending inhibitory pathways to model the neural mechanisms controlling 

motility (Bornstein et al., 1997, Bornstein et al., 2010, Chambers et al., 2011).

Smooth muscle fibers were connected to ICC by gap junctions and were connected to motor 

neurons by neuromuscular junctions to form 40 identical motor subnetworks to reflect 

electrical coupling space constants in smooth muscle (van Helden and Imtiaz, 2003, Ward et 

al., 2003, Huizinga et al., 1988). Gap junctions connected ICC to circular muscle fibers. The 

gap junctions were modeled as passive leak currents between two cells (supplementary 

figure 2(b)). The gap junctions connected cells at the same x-position; therefore, muscle 

fibers were only influenced by the pacemaker potential of the local ICC, and not distal ICC.

Neuromuscular junctions connected enteric motor neurons to smooth muscle fibers. Junction 

potentials were either excitatory (EJP) or inhibitory (IJP), with reversal potentials above or 

below the resting potential, respectively. EJPs were not strong enough to cause a contraction 

unless the motor neuron fired during the peak of pacemaker activity, but IJPs were strong 

enough to block or prevent contraction (supplementary figure 2(c – e)). In an expanded 

model, we later increased junction potential conductance such that contractions were not 

restricted to slow wave peaks. Excitatory circular motor neurons innervated local circular 

muscle fibers with EJPs, and inhibitory circular motor neurons innervated local circular 

muscle fibers with IJPs. The model did not include longitudinal muscle fibers, because, 

unlike circular muscle, they do not directly drive pellet propagation, although longitudinal 

muscle fibers are known to be affected by peristaltic reflex pathways.

Virtual Pellet

Previous work modelled motility anatomically in three dimensions, although such 

anatomical models often lacked the physiological behavior to model electrical stimulation 

(Randhawa et al., 1996, Parsons and Huizinga, 2015, Du et al., 2016, Cheng et al., 2013). In 

this work, a virtual pellet was modeled as a 1-cm-long, 2D rigid object with position 

determined by fundamental mechanics. The pellet was a rectangle with semicircular endcaps 

and interacted with the intestinal wall through circular muscle tension. The top and bottom 

of the pellet were always in contact with the intestinal wall. The intestinal wall contacted 

each endcap at angle β1 and β2 (oral and anal endcap, respectively) as a function of circular 

muscle contraction (supplementary figure 3(a)). The extent of contact between the wall and 

pellet, observed as angle β, was the weighted sum of the tension in each muscle fiber. The 

weighted contribution of each muscle fiber to the contraction at either endpoint was a 

function of the distance between the muscle fiber and the endcap (supplementary figure 

3(b)).
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The interaction between the intestinal wall and the pellet at the endcaps (of radius R) applied 

a pressure (P) on the pellet. The pressure generated a force with an x-component that was a 

function of angle β (β1 and β2 for the oral and anal endcap, respectively) (equation 5(a)). 

The force on the pellet (Fapplied) was the difference between the force acting on each of the 

endcaps (equation 5(b)). In addition to the applied force, there were static and kinetic 

friction forces (Fstatic & Fkinetic) that contributed to the net force (Fnet) acting on the pellet, 

and these were functions of the static and kinetic coefficients of friction (FSØ & FKØ) 

(equation 5(c – e)). The net force on the pellet was used to determine the acceleration of the 

pellet and thus the velocity and position of the pellet, assuming no initial velocity and a 

known initial position.

(5(a))

(5(b))

(5(c))

(5(d))

(5(e))

The pellet interacted with sensory neurons through distension and an additional “stretch” 

current present in sensory neurons. Sensory neurons respond to stretching of the intestinal 

wall, as well as mucosal distortion. This model focused on stretch response, and it was 

modeled as an alpha synapse gated by stretch or distension. Distension was modeled as a 

binary variable at each point along the model: 1 at the position of the pellet, 0 otherwise 

(supplementary figure 3(c)). Later, in the expanded model, distension was modeled as a 

graded variable and sensory neurons responded proportionally to the magnitude of stretch. 

In other words, the stretch receptors detected the position of the pellet (supplementary figure 

3(d)).

Electrical Stimulation

Electrical stimulation was simulated via a point electrode that applied an extracellular 

current to stimulate enteric neurons, smooth muscle fibers, and ICC. The electrode 

stimulated cells by influencing the extracellular potential (Ve) at each cell as a function of 

electrode current (Ielectrode), tissue conductivity (σ), and electrode-to-cell distance (equation 

6(a)) using the quasi-static approximation (Bossetti et al., 2008). Here, we model 
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extracellular stimulation of point cells using cable theory with an activating function, 

assuming all cells projected along the axial direction (x-direction). The effective stimulation 

current applied to each cell (Istim) was proportional to the second derivative of extracellular 

potential with respect to the axial direction (x-direction) (equation 6(b)). The effective 

stimulation current was added to the derivative of the transmembrane potential with respect 

to time as an additional current term (equation 6(c)). A negative stimulation current created 

an activating function that depolarized or hyperpolarized cells depending on their position 

along the length of the simulated intestinal tract (x-direction) and distance between the tract 

and the electrode (y-direction) (supplementary figure 4).

(6(a))

(6(b))

(6(c))

We validate the approximations for extracellular electrical stimulation by reproducing the 

strength-duration curve (Geddes and Bourland, 1985, Bostock et al., 1983). Stimulation 

current was applied to single cells to determine the minimum current necessary to evoke an 

action potential or contraction in enteric neurons and smooth muscle fibers, respectively, and 

threshold current decreased as pulse width increased (supplementary figure 5(a & b)). In 

enteric neurons, firing rate increased with stimulation frequency (supplementary figure 5(c)).

Experimental Methods

The conclusions from the computational model were assessed experimentally by measuring 

bead propulsion in awake rats as a surrogate for colon transit time. All animal care and 

procedures were approved by the Duke Institutional Animal Care and Use Committee. 

Female F344 rats (Charles River, 403), weighing between 150 and 200 grams, were selected 

at random for surgical and experimental procedures.

Surgical Procedure

Rats underwent antiseptic surgery to implant a stimulating electrode and a counter electrode. 

Rats were anesthetized with isoflurane: 3 – 4% v/v in oxygen to induce anesthesia and 1 – 

2% to maintain anesthesia. The abdominal fur was shaved and the skin was cleaned with 

three alternating washes of iodine and alcohol. A sterile, ball-tipped probe was inserted 

intrarectally, 3 cm into the colon to locate site of electrode implantation. Then, the 

abdominal cavity was opened, a cardiac pacing electrode (Medtronic, 6494) was threaded 
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through a silicone collar, and the device was inserted beneath the descending colon. The 

active electrode wire was loosely wrapped around the colon, with enough slack to allow 

distension, and tied, and the ball-tipped probe was then removed (supplementary figure 6). 

The muscle wall was closed with sutures, and a counter electrode was inserted into the 

subdermal space. Both wires were tunneled beneath the skin to the back of the neck, and 

they were tied to prevent the connector leads from retracting below the skin. The abdominal 

dermal incision was closed with sutures.

Bead Propulsion

A straight ball-tipped probe was inserted intrarectally 3 cm deep into the colon to assess 

patency. The probe was withdrawn, and a 6-mm glass bead was inserted into the anus. The 

probe was then used to push the glass bead 3 cm deep into the colon. The time until the bead 

was expelled was measured under control and stimulated conditions. We conducted both 

stimulation trials and control (no stimulation) trials in the same rat after a brief interval of 

approximately 2 – 5 minutes to reduce variability between individual rats and times of day. 

The order of the stimulation/control trial was randomized to account for changes in motility 

over repeated trials. Trials were repeated on four rats, with 15 – 20 minutes between pairs of 

trials. The experimental group was compared to the control group using a two-tailed paired 

t-test. Comparison between different stimulation groups was performed by comparing the 

percent change between each experimental trial and control trial across all experimental 

groups using an ANOVA and Tukey HSD post hoc tests. Significance level of α = 0.05 was 

used for all statistical tests.

Results

We built an integrated neuromechanical model to study the effects of electrical stimulation 

on intestinal motility. A virtual pellet was moved by smooth muscle contraction to simulate 

peristaltic propagation through a length of simulated intestinal tract, and sensory signals 

generated by interactions between the pellet and the gut wall were fed back to the network 

through sensory neurons (figure 1).

The pellet started with zero velocity at the oral end of the section, and the network activity, 

driven by the pacemaking cells, caused the virtual pellet to propagate through the simulated 

tract. In figure 1(c), the position of the pellet is shown as a function of time. After 50 s of 

simulation, the pellet moved from the oral end to the anal end (x = L). The right vertical axis 

shows cell index, which corresponds to cell location (i.e., cell i = N is located at position x = 

L). Sensory neurons along the tract fired action potentials when the pellet reached their 

position and activated the stretch current by distension. The ascending excitatory pathway 

caused circular muscle fibers to contract oral to the stimulated sensory neurons.

Simulated Effects of Electrical Stimulation

A simulated electrode was positioned on the simulated GI tract at a vertical offset (y) of 750 

μm to determine the effects of electrical stimulation during peristalsis. The conclusions were 

not sensitive to the exact location of the electrode, and we show only simulations with the 

simulated electrode electrode positioned at the center of the simulated tract (x = L/2). 
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Electrical stimulation was applied continuously during each simulation. First, we tested 200 

μs duration, 1 mA current pulses repeating at 14 Hz, which is commonly used for 

neuromodulation. Motility was measured by observing the time required to pass the virtual 

pellet through the simulated length. When current pulse stimulation was applied, the virtual 

pellet reached the anal end faster than without simulation (figure 2(a)). As shown in plots of 

threshold current of single cells (supplementary figure 5(a)), 1 mA 200 μs pulses were above 

the threshold current to generate neuron action potentials, but below the threshold for muscle 

fiber contractions. Consistent with the single-cell models, the applied stimulation evoked 

action potentials in enteric neurons (figure 2(b)), but did not directly cause muscle 

contraction (figure 2(c)).

Next, we tested sine wave stimulation, which is generally less efficient at activating neurons 

and rarely used for neuromodulation therapies. Sine wave stimulation was applied at the 

same frequency and amplitude as pulse stimulation, 14 Hz and 1 mA. As expected, 14 Hz 

sine wave stimulation did not evoke action potentials in enteric neurons or cause muscle 

contractions. However, sine stimulation did decrease the transit time, compared to 

unstimulated peristalsis (figure 2(d)).

To understand further the effects of sine wave stimulation, we explored a range of sine wave 

frequencies: 0.5, 5, and 50 Hz at 1mA (figure 3(a – c)). Each of these frequencies increased 

motility speed in the model. To account for different current thresholds at 50 Hz compared 

to 0.5 Hz and 5 Hz, we repeated stimulation at 50 Hz with amplitude scaled by ratio of the 

threshold currents (supplementary figure 7(a)). Of these three frequencies, 0.5 Hz at 1 mA 

was the most effective sine wave pattern for increasing motility speed, even when scaling 

amplitude for threshold current (figure 3(d)).

We then compared 0.5 Hz sine wave stimulation to 200 μs pulse stimulation applied at 14 Hz 

and 0.5 Hz, and at 1 mA and 16.3 mA to account for the different threshold currents 

(supplementary figure 7(b – d)). Surprisingly, 0.5 Hz sine wave stimulation consistently 

increased motility speed compared to pulse stimulations at both frequencies and amplitudes 

(figure 3(e)).

The observation that 0.5 Hz sine wave stimulation increased motility more than pulse 

stimulation could not be explained by its effect on neurons or muscles alone (supplementary 

figure 5). We therefore examined the effects of sine wave stimulation on the intrinsic 

pacemaker frequency of ICC. Sine wave stimulation was applied to ICC over a range of 

frequencies from 0.05 – 50 Hz. As the current amplitude was increased, the pacemaker 

frequency of ICC could be driven (entrained) to match the stimulation frequency. The 

threshold current for entraining the pacemaker frequency was determined over the range of 

sine wave frequencies (figure 4(a)), and the threshold current for entraining ICC was lower 

at frequencies closer to 0.1 Hz, the natural pacemaker frequency of ICC (figure 4(b)). 

Although low frequencies had a lower threshold for entrainment, they elicited a slower rate 

of contractions. Entraining ICC to higher frequencies generated more contractions per 

second, thus increasing motility speed. According to the model, 0.1 Hz sine wave 

stimulation entrained ICC more easily, but 0.1 Hz sine wave stimulation increased motility 

speed less than 5 Hz sine wave stimulation, which had a markedly higher threshold for 
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entrainment (supplementary figure 7(e)). Sine wave stimulation at 0.5 Hz is the most 

effective because it has a low entrainment threshold while eliciting a high rate of 

contractions. We then compared the same ICC in the gut motility model under sine wave vs. 

pulse stimulation conditions. The ICC at position L/4 was modulated by 1 mA, 0.5 Hz sine 

wave stimulation (figure 4(c)), but unaffected by 1 mA, 200 μs pulse stimulation (figure 

4(d)). This suggests that low-frequency sine waves can modulate the pacemaker frequency 

of ICC over longer distances than pulse stimulation, and this explains why 0.5 Hz sine wave 

stimulation was more effective at increasing motility speed than pulse stimulation.

To test further the role of ICC in electrically stimulated peristalsis in the model, we removed 

the extracellular stimulation term from ICC (equation 6(b)), so that electrical stimulation did 

not directly affect the ICC but still affected all other cells (enteric neurons and smooth 

muscle fibers). Removing ICC modulation abrogated the effect of 1 mA, 0.5 Hz sine wave 

stimulation on motility, as the pellet took longer to pass through the section than it did 

without stimulation (figure 4(e)). We then restored stimulation to the ICC, but removed 

stimulation from the model enteric neuron and smooth muscle cells, so that only ICC (but 

not the other cells) were directly affected by electrical stimulation. In this model of ICC-

only stimulation, the 1 mA, 0.5 Hz sine wave current was applied, and the pellet passed 

through the simulated section faster than without stimulation (figure 4(f)). This suggested 

that the ICC played a critical role in the increase in gut motility by electrical stimulation.

We evaluated how sensitive our conclusions were to key parameters in the model 

(supplementary table 1). Increasing or decreasing ICC gap junction conductance by 50% did 

not qualitatively change the effects of low frequency (0.5 Hz) sine wave stimulation or 14 

Hz pulse stimulation on motility. Next, we adjusted the x- and y-position of the electrode by 

± 50% and found that the relative effects of low frequency sine wave stimulation and 14 Hz 

pulse stimulation were qualitatively conserved.

We further tested the robustness of our conclusions by expanding our model to include 

additional neural and muscular mechanisms. First, we increased IJP and EJP magnitudes in 

smooth muscle, thus decreasing the influence of ICC slow waves on muscle contraction. In 

the unstimulated condition, this resulted in a decrease in transit time (supplementary figure 

8(a)). Second, we included additional neural pathways for ascending inhibition and 

descending excitation. Ascending inhibition was activated by an extrinsic feedback loop 

(Otterson and Sarna, 1994), and descending excitation was initiated by intrinsic neurons 

(Hirst et al., 1975, Spencer et al., 1999). These two pathways alone did not markedly alter 

transit time in the unstimulated condition (supplementary figure 8(b – c)), but when we 

added fiber conduction delays based on conduction velocities from Stebbing and Bornstein 

(1996), the combined mechanisms slowed transit time (supplementary figure 8(d)). Next, we 

expanded our model of intrinsic sensory neurons to include the characteristic AH current. 

The AH mechanism limited the maximum firing rate of these cells and caused them to fire in 

short bursts, consistent with electrophysiology traces in Furness et al. (1998) and an 

established computational model by Thomas and Bornstein (2003) (supplementary figure 

9(a)). This dramatically increased transit time (supplementary figure 8(e)). We also included 

a graded stretch response in sensory neurons to reflect an increase in firing rate for larger 

stretch stimulations (Furness et al., 1998, Mayer and Wood, 1975, Mazzuoli and Schemann, 
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2012) (supplementary figure 8(f) & 9(a & b)), which captured the relationship between 

pellet velocity and pellet size demonstrated by Heredia et al. (2013) (supplementary figure 

9(c)). Finally, we added stochastic Poisson events for excitatory and inhibitory junction 

potentials based on circular muscle recordings from Spencer et al. (2001) (supplementary 

figure 8(g)).

In this expanded model, spontaneous excitatory and inhibitory junction potentials introduced 

stochasticity. Simulation trials were repeated nine times for each stimulation group, and 0.5 

Hz sine wave stimulation still increased motility speed more than 5 Hz and 50 Hz sine wave 

stimulation (figure 5(a)), and was more effective at increasing motility than 14 Hz and 0.5 

Hz pulse stimulation (figure 5(b)). In the expanded model, the quantitative effects of 

electrical stimulation were somewhat diminished, which likely resulted from the additional 

inhibitory and motility-slowing mechanisms. However, 0.5 Hz sine wave stimulation 

remained the most effective stimulation pattern among those tested, and qualitative trends 

were conserved in the expanded model. Interestingly, 50 Hz sine wave stimulation and 14 

Hz pulse stimulation slightly decreased motility speed, which was not observed under any 

stimulation conditions in the original model. Only after we increased the synaptic weights of 

the added pathways, spontaneous firing rates, etc., by an order of magnitude were the effects 

of stimulation almost completely mitigated—under this condition, neither sine wave 

stimulation nor pulse stimulation had significant effects on motility speed (figure 5(c & d)). 

Therefore, the effectiveness of external stimulation depended on the relative strengths of the 

additional mechanisms and pathways, although 0.5 Hz sine wave remained the most 

effective stimulation scheme.

In Vivo Experimental Data

The model suggested that electrical stimulation of the ENS would increase motility and that 

these effects would be strongly dependent on the characteristic of the stimulus. This 

prediction was tested by measuring transit time of a glass bead inserted intrarectally into the 

colon of awake rats surgically implanted with a stimulation electrode. The time for the bead 

to travel 3 cm and exit the rectum was measured as a surrogate for colon transit time.

Colon transit time was reduced during sine wave stimulation as compared to colon transit 

time without stimulation. Four different stimulation groups were each compared to control: 

0.5 Hz, 5 Hz, and 50 Hz sine wave stimulation at 1 mA, as well as a sham stimulation group 

(figure 6(a)). Transit time was significantly shorter in each stimulation group, 0.5 Hz, 5 Hz, 

and 50 Hz, compared to no stimulation. The sham stimulation group was not detectably 

different from control. When sine wave stimulation was compared between groups, 0.5 Hz 

increased motility speed more than all other groups (figure 6(b)).

Next, we compared the effects of sine wave stimulation (0.5 Hz) to the effects of pulse 

stimulation at 0.5 Hz and 14 Hz. In paired trials, all stimulation types reduced transit time 

compared to no stimulation (figure 6(c)), and 0.5 Hz sine stimulation increased motility 

speed more than pulse stimulation, consistent with model prediction (figure 6(d)).
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Discussion

We implemented an integrated neuromechanical model comprising simplified biophysical 

representations of enteric neurons, ICC, smooth muscle, and mechanical interaction with a 

virtual pellet. The model captured electrical slow wave propagation, sensory feedback, 

smooth muscle contraction, and motility. This model predicted that low-frequency (0.5 Hz) 

sine wave stimulation was more effective at enhancing gut motility compared to higher-

frequency sine waves and conventional biphasic pulse stimulation, despite pulses being more 

effective at stimulating neurons. This prediction was validated by in vivo measurements of 

bead propulsion in awake rats. Hence the stimulation strategy to enhance gut motility 

identified with the model is different than commonly used neuromodulation parameters that 

are thought to activate neurons most effectively.

Further analysis with the model suggested that low-frequency sine wave stimulation was 

more effective at modulating (entraining) the natural pacemaker frequency of the ICC to a 

higher frequency, hence accelerating gut motility. Threshold currents for entraining ICC 

were lower for sine wave at frequencies closer to the 0.1 Hz natural ICC pacemaker 

frequency, and ICC responded to sine wave stimulation over greater distances than to equal 

amplitude pulse stimulation. Huizinga et al. report the intrinsic slow waves in the myenteric 

plexus are influenced by rhythmic depolarizations driven by a separate network (Huizinga 

and Chen, 2014, Huizinga et al., 2015). The phase-amplitude coupling between two 

pacemaker populations described by Huizinga et al. likely relies on a gradual oscillatory 

change in transmembrane potential. Similarly, sine wave stimulation at low frequencies 

induces analogous gradual changes in transmembrane potential, with the sinusoidal 

stimulation acting as a second pacemaker to entrain slow wave activity. This could explain 

why the gradual, non-oscillatory changes in transmembrane potential driven by junction 

potentials are not sufficient to entrain the pacemakers. Additionally, this mechanism might 

explain why sine wave stimulation entrained pacemaker activity more effectively than pulse 

stimulation. Nevertheless, present experimental technology does not permit us to test 

precisely the predicted role of ICC. Extracellular recordings of slow waves generated and 

propagated by ICC are contaminated by mechanical artifacts, confounding their 

interpretation (Sanders et al., 2016). Transgenic Smad3 null (knock-out) mice with a 

reduced number of ICC have been developed (Vetuschi et al., 2006), but these mice show 

significant changes in morphology including reduced body size, reduced muscle layer 

thickness in the colon and small intestine, and colon dilation (Zanninelli et al., 2006), 

making it difficult to attribute any observed phenotype solely to the reduced number of ICC 

rather than the confounding morphological changes. An alternative approach to uncouple 

ICC from the smooth muscle with a pharmacological gap junction blocker also presents 

confounding effects. The gap junctions can be blocked pharmacologically by carbenoxolone 

and glycyrrhetinic acid, which uncouple ICC from smooth muscle and affect ICC-driven 

contractions in smooth muscle (Parsons and Huizinga, 2015, Schultz et al., 2003, Takeda et 

al., 2005). However, Parsons and Huizinga noted that the drugs could possibly act by 

dysregulating the intracellular Ca2+ balance in ICC, thus affecting the pacing in smooth 

muscle. Takeda and colleagues also noted that there are several nonspecific side effects of 

gap junction blockers that could interfere with calcium and potassium currents. Furthermore, 
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connexin 43 gap junctions couple other intestinal cells in addition to ICC and smooth 

muscle. Using an inducible transgenic knock-out model for connexin 43 that was only 

expressed in enteric glia cells (McClain et al., 2014), McClain and colleagues conducted the 

colon bead assay in enteric glial-specific connexin 43 knock-out mice and found significant 

reduction in gut motility and increased colon transit time. Therefore, it is not possible to 

attribute the effect of pharmacological gap junction blockers solely to ICC.

The limitation of current experimental methods supports the importance of using 

computational modeling as a tool to gain understanding, and this is a strength of this 

modeling approach. The model provided insight into potential mechanisms behind 

functional electrical stimulation that would be challenging to deduce from experimental 

measurements alone. However, the model was built on several assumptions from 

biophysical, network, and structural perspectives. First, the ICC model was based on existing 

models for gastric pacemakers instead of colonic pacemakers, due to better characterization 

of gastric slow waves and a lack of well-established colonic pacemaker models. 

Additionally, the smooth muscle model used an L-type calcium current to simulate muscular 

action potentials, but the muscle model did not include pharmacomechanical mechanisms 

for active muscle relaxation as discussed by Carvajal et al. (2000). At the network scale, 

connectivity in the model did not include local monosynaptic reflex pathways, stochastic 

interneuron projection lengths, or intrinsic ascending excitation mechanisms. Regarding 

structural assumptions, the model contained orders of magnitude fewer cells than the 

biological system, and it did not include any effect of longitudinal muscle fibers on pellet 

movement. Further, the system was simplified by assuming axial symmetry of the intestine, 

estimating the spatiotemporal effects of electrical stimulation in a point cell model, and 

estimating parameters where data was otherwise unavailable or limited. For example, pellet 

mechanics were modeled using Newtonian physics and arbitrary friction coefficients. With 

these assumptions and other approximations in mind, the quantitative outcomes of the model 

are not meant to be taken as absolutes. However, the predictions from the model were 

qualitatively validated by in vivo experimental data, and the predictions are biophysically 

relevant for therapeutic development.

Many simplifications in the model are not expected to drastically change the result. For 

example, constructing a 3D model to account for possibe axial asymmetries would not likely 

change the outcome of the model. Similarly, the predictions of the model would likely be 

conserved if the number of cells were increased. On the other hand, a more descriptive 

mechanism relating smooth muscle transmembrane potential and luminal pressure could 

impact the effect of electrical stimulation on gut motility. Although additional enteric circuit 

mechanisms were added to the model, the model does not encompass all neural pathways 

that have been observed experimentally; while model predictions were generally conserved 

in the expanded model, incorporating more complex circuits may lead to improved outcomes 

for retarding colonic transit. For example, 50 Hz sine wave stimulation and 14 Hz pulse 

stimulation appeared to retard transit in the expanded model. By including more components 

to the model, such as neural circuits for segmentation, more diverse outcomes of colonic 

electrical stimulation are probable, which could have therapeutic impacts for other 

functional GI disorders, including diarrhea. Further, the model might provide more insight 

by including electrical stimulation of axons. The model approximates electrical stimulation 

Barth et al. Page 13

J Neural Eng. Author manuscript; available in PMC 2018 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



of point cells, limiting the stimulation to cell bodies. It is conceivable that incorporating 

stimulation of nerve fibers and axons in a spatially-extended model could affect motility 

differently, leading to additional therapeutic approaches to colonic dysmotility beyond 

constipation.

Recently, colonic electrical stimulation has been used more frequently to treat GI motility 

disorders, such as slow-transit constipation (Martellucci and Valeri, 2014). In a preliminary 

pilot study, colonic electrical stimulation was used in two patients suffering severe 

constipation as an alternative treatment to colectomy. Both patients’ symptoms improved, 

with total number of bowel movements per week increasing from 0.3 to 3.5 and 0.5 to 2.5, 

respectively. This experimental treatment is consistent with the findings of our model: 

electrical stimulation increases gut motility. Martellucci and Valeri (2014), however, used 

traditional pulse stimulation parameters: 150 μs pulse width, repeated at 10 Hz, and a 

voltage amplitude of 2 V to achieve enhanced motility. Our model and experimental results 

suggest that low frequency sine wave stimulation could be more effective at increasing 

motility, and the therapy may benefit from exploring this parameter space in human subjects.

Conclusion

The integrated neuromechanical model offers insight into the mode of action for increasing 

gut motility by electrical stimulation. The model suggested that by affecting the frequency of 

pacemaker ICC, low-frequency sine wave stimulation was more effective at increasing gut 

motility than conventional current pulses, and this prediction was verified in awake animal 

studies. The computational model provides a platform to explore a wide array of stimulation 

patterns and parameters more efficiently than empirical approaches, and it may lead to 

refinement of current clinical approaches to neuromodulation in the gastrointestinal tract and 

enteric nervous system.
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Figure 1. Computational model of gut motility simulates peristalsis
(a) Illustration of pellet moving through a section of the GI tract. Illustration is not drawn to 

scale. (b) Network of model enteric neurons, smooth muscle, and ICC. SN: sensory neuron, 

AI: ascending interneuron, DI: descending interneuron, IN: inhibitory motor neuron, EN: 

excitatory motor neuron, CM: circular muscle fiber. (c) Pellet position over time, along with 

raster plots of sensory neuron action potentials and circular muscle fiber contractions, as 

functions of position.
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Figure 2. Electrical stimulation reduces transit time
(a) Pellet position, circular muscle activity, and sensory neuron activity over time during 14 

Hz, 200 μs pulse stimulation at 1 mA. (b) Sensory neuron action potentials during pulse 

stimulation in (a). (c) Circular muscle subthreshold oscillations during pulse stimulation in 

(a). (d) Pellet position, circular muscle activity, and sensory neuron activity over time during 

14 Hz sine stimulation at 1 mA.
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Figure 3. Characterizing sine wave stimulation over a range of frequencies
Pellet position, circular muscle activity, and sensory neuron activity during (a) 0.5 Hz, (b) 5 

Hz, and (c) 50 Hz sine wave stimulation at 1 mA. (d) Motility speed as percent control for 

each of the sine wave stimulation frequencies. (e) Comparing motility speed between the 

optimal sine wave stimulation (0.5 Hz) and 14 Hz and 0.5 Hz pulse stimulation.
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Figure 4. Role of ICC in electrical stimulation of gut motility
(a) Threshold current required to entrain ICC pacemaker frequency to match sine 

stimulation frequency. Transmembrane potential of the ICC at position L/4 in the model of 

motility during (b) no stimulation, (c) 0.5 Hz sine wave stimulation, and (d) 0.5 Hz, 200 μs 

pulse stimulation at 1 mA. Pellet position, circular muscle activity, and sensory neuron 

activity during 0.5 Hz, 1 mA sine wave stimulation with electrical stimulation (e) 
influencing enteric neurons and smooth muscle, but not ICC, and (f) influencing only ICC, 

but not enteric neurons and smooth muscle.
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Figure 5. Effects of stimulation in intermediate and advanced models of motility
Motility speed (% control) is compared in the intermediate expanded model between (a) 0.5 

Hz, 5 Hz, and 50 Hz sine wave stimulation and (b) 14 Hz and 0.5 Hz pulse stimulation at 1 

mA. In the advanced model, motility speed (% control) is compared between (c) 0.5 Hz, 5 

Hz, and 50 Hz sine wave stimulation and (d) 14 Hz and 0.5 Hz pulse stimulation at 1 mA. N 

= 9 for all groups; error bars show standard error.
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Figure 6. Effects of electrical stimulation on colonic transit time in awake rats
(a) Individual trials for bead propulsion time during sine wave stimulation. (b) Summary 

statistics for mean motility speed as percent control during sine wave stimulation. (c) 
Individual trials for bead propulsion time during 0.5 Hz sine wave stimulation compared to 

pulse stimulation. (d) Summary statistics comparing mean motility speed as percent control 

between 0.5 Hz sine wave and pulse stimulation. N = 7 for all groups; error bars show 

standard error. Star (★) denotes significant difference between control (unstimulated) and 

experimental (stimulated) groups, as determined by two-tailed, paired t-test. Dagger (†) 

denotes significantly different from all other groups, as determined by ANOVA and Tukey 

HSD post hoc testing.
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