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Abstract

We developed a mathematical model of colon physiology driven by serotonin signaling in the enteric nervous system. No
such models are currently available to assist drug discovery and development for GI motility disorders. Model parame-
terization was informed by published preclinical and clinical data. Our simulations provide clinically relevant readouts of
bowel movement frequency and stool consistency. The model recapitulates healthy and slow transit constipation pheno-
types, and the effect of a 5-HT, receptor agonist in healthy volunteers. Using the calibrated model, we predicted the agonist
dose to normalize defecation frequency in slow transit constipation while avoiding the onset of diarrhea. Model sensitivity
analysis predicted that changes in HAPC frequency and liquid secretion have the greatest impact on colonic motility.
However, exclusively increasing the liquid secretion can lead to diarrhea. In contrast, increasing HAPC frequency alone
can enhance bowel frequency without leading to diarrhea. The quantitative systems pharmacology approach used here
demonstrates how mechanistic modeling of disease pathophysiology expands our understanding of biology and supports
judicious hypothesis generation for therapeutic intervention.

Keywords Quantitative systems pharmacology - 5-HT, receptor - GI motility - Colon - Bowel dysfunction -
Constipation - Enteric nervous system

Introduction

Gastrointestinal (GI) motility is the process of mixing and
transport of contents unidirectionally through the digestive
tract from ingestion to digestion and defecation. Disorders
in GI motility can occur at all points along the GI tract. In
this study, we focus on motility of the colon, the terminal
part of the GI tract. One major disorder affecting motility
of the colon is constipation. Chronic constipation affects
between 2 and 27 percent of the western population [1].
The percentage of individuals suffering from chronic
constipation is even higher in some rare diseases such as
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multiple sclerosis (MS), a chronic inflammatory neurode-
generative disorder. Treatment options for severe consti-
pation are limited making it an area of active drug
development by pharmaceutical companies [2]. Here, a
quantitative systems pharmacology model of colonic
motility was developed using published data from healthy
and constipated individuals to support drug discovery and
development.

The efficiency of colonic mass transport is governed by
two factors: directional pressure waves that move colonic
content, and the viscosity of chyme in the colon.
Manometry studies have established that large scale mass
transport in the colon is due to discrete events called high
amplitude propagating contractions (HAPCs). These trav-
eling waves of muscle contraction propel chyme in the oral
to anal direction, and often precede the urge to defecate
[3-5]. HAPC frequency, duration and propagation speed
have been measured in healthy and constipated individuals
[4-8].

The viscosity of chyme is related to its liquid content
[9]. The liquid fraction is affected by liquid secretion in the
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small intestine and absorption through the colon [10].
Liquid fraction of chyme entering the colon is difficult to
measure directly, but ileal efflux data from ileostomized
patients suggest that there is a constant influx into the
colon, and the liquid content of chyme does not appear
vary due to food composition and liquid intake [11]. Direct
measurement of liquid fraction in stool is possible and data
is available for both healthy and constipated individuals.

Colonic muscle contractions and secretomotor activity
in the GI tract are regulated by the enteric nervous system
(ENS). The ENS is an extensive and interconnected system
of ganglia that enmeshes the GI tract [12, 13]. A key sig-
naling neurotransmitter of the ENS is 5-hydroxy trypto-
phan (5-HT, serotonin). Enterochromaffin (EC) cells of the
intestinal mucosa synthesize 5-HT and release it in
response to mechanical and chemical stimuli produced by
content in the lumen. Released 5-HT binds to a multitude
of 5-HT receptors on primary afferent neurons including
5-HTa, 5-HTp, 5-HT;, 5-HT,4, 5-HT; receptor subtypes
[2]. The 5-HT, receptor is a known drug target capable of
stimulating colonic motility in humans [14]. Binding of
5-HT to 5-HT,4 receptor leads to acetylcholine (ACh)
release. ACh binds to muscarinic receptors on submucosal
and myenteric neurons and muscle cells to induce con-
tractile and secretomotor activity [2, 12, 13, 15, 16]. Thus,
5-HT, signaling in the ENS is an important regulator of GI
motility and a target for drug developement to treat con-
stipation in multiple disorders including MS.

Multiple sclerosis (MS) is a rare chronic inflammatory
neurodegenerative disorder impacting as many as 1 to 2
million people worldwide. Approximately 400,000 young
adults in the United States suffer from MS [17-19]. Nearly
half (43%) of individuals diagnosed with MS suffer from
constipation [17, 20, 21]. This represents a much greater
prevalence of constipation in MS patients as compared to
the general population. It is also known that in MS, con-
stipation symptoms worsen with disease severity. How-
ever, data on constipation in MS to inform the development
of a QSP model are limited compared to studies in another
severe form of constipation, slow transit constipation
(STC). This motivated the authors of this work to build the
QSP model using data derived from STC and healthy
individuals because to date, studies performed in MS
patients suggest that the constipation phenotype in MS is
consistent with the phenotype of constipation in the general
population [21-23]. In silico approaches can be valuable to
inform drug development in the case of rare disease were
patient numbers are limited as in MS patients with severe
constipation.

STC has been extensively studied and is characterized
by reduced colonic motility due to abnormalities of the
ENS [24]. Manometric studies have demonstrated
decreased HAPC frequency but normal HAPC amplitude in
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the colon of STC patients [1, 24]. Another characteristic of
STC is a decrease in the liquid fraction of the bowel
movement resulting in hard, lumpy, infrequent stool. The
STC phenotype is limited to dysregulation of the colonic
transit only, without changes in small intestinal transit time
[25]. The defecation response also appears to be unaltered
in STC [26].

Laxatives are commonly used to treat constipation, but
treatment options for more severe forms of constipation
such as STC and chronic constipation in neurological dis-
orders such as MS are limited and far from satisfactory.
5-HT, receptor agonist have shown promising results in the
clinic. These agents are capable of eliciting an increase in
colon motility due to their prokinetic and prosecretory
activity, but are limited by their off target adverse effects
[27]. Therefore, it is desired to develop more specific
5-HT, receptor agonist or new strategies to modulate the
5-HT, signaling pathway for treatment of colon dysmotil-
ity. But it is challenging to integrate the complex interplay
of biochemical signaling in the ENS with the physiological
movement of colonic mass to inform therapeutic strategies.

Quantitative systems pharmacology (QSP) modeling
integrates mechanistic understanding of physiological and
pathological processes and preclinical and clinical data
from pharmacological modulation of the system. QSP
models are valuable tools for model informed drug dis-
covery and development [28-30]. A QSP model of colonic
motility can provide a unified framework linking ENS
signaling with colonic motility and drug pharmacokinetics
and pharmacodynamics.

The aim of this study was to develop such a fit-for-
purpose QSP model to predict the effect of modulating the
5-HT signaling pathway on clinically relevant endpoints
such as defecation frequency and stool consistency. We
show the QSP model can be used to identify optimal
therapeutic strategies. Since STC and constipation in MS
share basic physiological and pathological mechanisms
impacting GI motility, a QSP model built to capture the
mechanism of STC should be useful in predicting the
effects of drug treatment in MS patients suffering from
chronic constipation.

Methods
Model structure

The QSP model is organized into two modules: a colon
physiology module and a 5-HT signaling module (Fig. 1).

The colon physiology module has four connected com-
partments that represent the ascending, transverse,
descending and rectosigmoid segments of the colon.
Anatomically, the colon is made up of smaller functional
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Fig. 1 QSP model diagram for
colon motility and ENS
signaling. The model consists of
two modules: a 5-HT signaling
module to represent 5-HT,4
receptor activation and
downstream signaling, and

b colon physiology module to
represent mass transport along
the colon. Muscarinic receptor
occupancy in the signaling
module controls HAPC
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Chyme arrives into the first compartment at a continuous
rate of influx. The solid and liquid fractions of chyme are
treated as separate entities each with its own influx rate.
Loss of liquid due to absorption through the colonic wall
and loss of solid due to bacterial digestion are modeled as
first-order processes that occur in all 4 compartments with
rate constants k,,, and kg, respectively.

Chyme moves down the colon by the propulsive force
generated by high amplitude propagating contractions
(HAPCs). These are implemented as external forcing
functions, F;(r) that switch on a first order transport term.
Each HAPC persists for 1 min in a compartment before
moving to the next compartment. Specifically, an HAPC
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propels chyme from the 1st compartment to the 2nd for one
minute, then from the 2nd to the 3rd compartment for one
minute and finally from the 3rd to the terminal compart-
ment for one minute. The total duration of 3 min was
derived from the mean length of the human colon
( ~ 160 cm), and the observed mean HAPC propagation
velocity of approximately 1 cm/s [4, 6-8]. Solid and liquid
components of the chyme are transported with the same
first order rate constant that is assumed to be proportional
to the liquid fraction of the chyme in that compartment.
Between HAPCs, chyme does not move between com-
partments, but liquid absorption and solid loss continue to
happen.

HAPCs cluster at specific times of the day, primarily
after waking up in the morning, and after meals, and are
infrequent between meals and at night [4-8]. Therefore,
timings of HAPC initiation in the first compartment were
set to happen on a schedule that reflect these trends. We
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refer to a set of clustered HAPCs that occur in close suc-
cession as an “episode”.

After each episode of HAPCs, the total mass
(solid + liquid) in the terminal compartment was checked
against a defecation threshold. If the total mass exceeded this
threshold, the terminal compartment was emptied to simu-
late defecation. Thus, defecation is modeled as an HAPC-
dependent event conditional on sufficient mass accumula-
tion in the terminal compartment. The defecation threshold
was treated as a model parameter. The threshold represents
the degree of rectal distension that induces a defecation
response.

Simulations record the timing of defecation, the total
mass of stool and the liquid fraction of stool. The liquid
fraction was converted into a discrete consistency score
using the empirical mapping shown in Fig. 4b. This score
approximates the Bristol stool score commonly used in the
clinic to assess stool consistency. The empirical mapping
was based on the correspondence between stool consis-
tency and liquid content reported by Bliss et al. [31].

The colon physiology module is driven by the 5-HT
signaling module that models the effect of a 5-HT, receptor
agonist on acetylcholine (ACh) binding to muscarinic
receptor. The ligand is either endogenous 5-HT or an
exogenous drug. As shown in Fig. 1, ligand binding to
5-HT, receptor leads to the release of intracellular acetyl-
choline into the extracellular space (AChi — ACh). The
released ACh binds to muscarinic receptors (M).

Endogenous 5-HT is synthesized by enterochromaffin
cells of the gut mucosa and released in response to
mechanical or chemical stimuli [2, 12, 13, 15, 16]. As the
dynamics of 5-HT release are unknown, we assume a fixed
steady state concentration of 5-HT, implemented using a
zero-order synthesis rate and a first order degradation rate.
Similarly, 5-HT, receptors, ACh; and M are assumed to be
synthesized with constant rates (Oth order synthesis rate)
and degraded/internalized with first-order kinetics. 5-HT:5-
HT, receptor complex, drug:5-HT, complex and ACh:M
complex also internalize and degrade with first order rates.
The internalization rates of free and bound muscarinic
receptors were set to be the same, to conserve total receptor
concentration irrespective of receptor occupancy.

We also modeled the effect of a small molecule 5-HT,4
receptor agonist, Compound X (also referred to as the drug).
As described in the Supplemental Material, PK data were fit
to a two-compartment model with first order absorption from
the GI. The predicted plasma concentration of free drug was
used as a time-dependent model input ¢(?). It is assumed that
downstream events for the drug-bound receptor are the same
as endogenous 5-HT-bound receptors.

The output of the signaling module is the 24-hour
average of the bound fraction of muscarinic receptors, f =
[ACh : M]/([M] + [ACh : M]).
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This was linked to the colon physiology module using
empirical Hill functions:
y=—dt
(EC50)71+fn max
where y is either the daily HAPC frequency, or the
liquid influx rate. A different y,, was used for each

mapping, but the ECs, and the Hill coefficient n were kept
the same.

Model equations
The colon physiology module is represented by the fol-

lowing ordinary differential equations (ODEs):
Compartment 1:

dm1
. = kinm - kloss -my — Fp- krrans by
dt
dWl
d_ = kin.w - kabs “wy — Fp - ktrans : ll “ Wi
t
Compartments 2 and 3:
dm;
d—l‘j = Fj-1- ktmns . lj—l U kloss smj — Fj . ktmns : lj
. mj
dw;
d_tj = Fj_1 - kyans - lj=1 - Wj—1 — Kaps - W — Fj - kians - [
. wj
with j = 2, 3
Compartment 4:
dm4
— = F; 'ktrans'ZS s m3 _kluss'm4
dt
dW4
? = F; 'ktmns'l3 *wW3 _kabs'w4

where, m; and w; are the solid and liquid mass, and
I; = w;j/(m; + wj) is the liquid fraction in the jth compart-
ment. The variable F is an indicator for the presence of an
HAPC in the jth compartment: F;(¢) = 1 if a contraction is
present at time ¢ in compartment j and O if otherwise.

At scheduled check times after every episode of the
HAPCs, the total mass in the terminal compartment is
checked against the  defecation threshold. If
My + Wa > Mypresh, the terminal compartment mass is reset
to 0, to simulate a defecation event. The system is then
integrated forward with updated initial conditions. Table 1
lists nominal parameter values for the colon physiology
module used in our simulations.

The signaling module is represented by the following
ODEs:
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Table 1 Colon physmlo.gly Parameter Description Value Units Source
module parameter definitions
and nominal values used in Ko Solid influx rate 0.033 gmin~'  Kramer [11], Kay [33]
model simulations . o
Kipw Water influx rate 0.30 g min Kramer [11], Kay [33]
Kirans Mass transport rate constant 0.5 min~! Model calibration
Kioss Solid loss rate constant 3.3 x 107 min ! Model calibration
Kabs Water absorption rate constant 1073 min~! Model calibration
Mypresh Defecation threshold 70 g Model calibration

d
—[5HT]| = kinsur — ketearsur[SHT]

dt
— kpina sur[SHT|[SHT4
+ kunpina.sur[SHT : SHT4]

a [Drug] = ¢(t)

dt - kclear.Dmg [Drug]

- kbind.Drug [Drug] [5HT4}
+ ktmbind.Drug [Di’ug : 5HT4}

d
—[SHT4] = kyynsura — kaeg sura[SHT4]

dt
— kpina sur[SHT|[SHT4]
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[SHT : SHT4] = kpina sur[SHT|[SHT4]

dt
- kunbind.SHT [SHT : 5HT4]
— kint.sura[SHT : S5HT4)

d
w7 [Drug : SHT4] = kpina.prug|Drug|[SHT4]

- kunbindDrug [Drug : 5HT4]
— kins.sura[Drug : SHT4]

d
7 [AChi] = keynacni — kaeg.acnilACh]) — Kretease

- ([SHT : SHT4]-+[Drug : SHT4]) - [ACh]
d

—[ACh] = kyetease - ([SHT : 5HT4] + [Drug : SHT4])

dt
- [ACh;] — kping.acn[ACh][M]
+ kunbina.acn[ACh - M| — kejear.acn|ACh]

d
a [M] == ksyn.M - kdegM[M] - khindACh [ACh] [M]
+ Kunbind.AchlACh : M]

d
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dt
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Drug-free steady state concentrations of species in the
signaling module are listed in Table 2, and nominal
parameter values used in model simulations are listed in
Table 3.

Software for model implementation

The model was implemented using KroneckerBio
v0.5.2.3 (https://github.com/kroneckerbio/kroneckerbio).
Simulations and model analysis were performed using
MATLAB Version: 9.3 (R2017b) (MathWorks, Natick,
MA). The signaling module was initialized with all
species at their drug-free steady state concentrations. The
colon physiology module was initialized with no mass in
the colon. A model equilibration step was run untill
defecation frequency and stool mass reaches steady state.
Typically, a simulated 30-week run was sufficient to
reach steady state. All simulations shown here were
performed starting with the pre-equilibrated baseline
mass distribution.

Data used to inform model

Several published observations were used to constrain
model parameters to physiological values. Total colonic
influx was set to a rate of 480 grams/day with a 90% liquid
content to match ileal efflux measurements in ileostomized
patients [11, 32]. The ileal efflux was observed to be
independent of food composition, timing of meals [11] and
unaltered in a constipated bowel [25]. Accordingly, we
assumed a constant colonic influx rate.

The reported mean of 6 HAPC per day in healthy vol-
unteers was used to define a healthy phenotype [4-8]. The
precise timings of HAPC vary, but they are more frequent
after waking up and after meals. Therefore, we used the
following episodes of HAPCs to define a healthy pheno-
type: 3 in the morning after waking up, 2 in the afternoon
(post-lunch) and 1 in the evening (post-dinner). As
described below, model parameters were calibrated such
that 6 HAPC/day produced one defecation per day, with an
average weight of 124 grams for healthy volunteers, to
match values reported in the literature [33, 34]

To simulate an STC phenotype, the HAPC frequency
was lowered to 2/day [4, 5] with 1 in the morning after
waking up and 1 in the afternoon post lunch. Based on the
Rome III criteria for constipation, < 3 complete sponta-
neous bowel movements per week are expected for STC
patients with a liquid fraction < 60% [24, 31]. The model
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Table 2 Signaling module

. Species Description SS concentration Unit
species and steady state
concentrations for ,nom‘Pal SHT Endogenous Serotonin 12.7 nM
parameter values listed in .
Table 3 SHTA Serotonin receptor 100 nM
SHT: 5HT4 Serotonin-bound receptor 249 nM
ACh; Intracellular Acetylcholine 899 nM
ACh Extracellular (released) acetylcholine 251 nM
M Muscarinic receptor 799 nM
ACh: M Acetylcholine-bound Muscarinic receptor 201 nM
Table 3 Signaling module parameters and their nominal values
Parameter Description Value Units Source
Kinsar Endogenous serotonin release rate constant 0.41 nM s~!  Model calibration
KeiearsHT Serotonin clearance rate constant 0.03 s Adjusted to achieve baseline 5-HT4 occupancy of 20%
Kpind.sHT Serotonin binding rate constant 1073 nM s~! Typical biochemical association rate constant for small
molecules
Kynbind SHT Serotonin dissociation rate constant 50 x 1072 s7! Model calibration
Kgyn.sHT4 SHT, receptor synthesis rate constant 0.1 nM s~!  Model calibration
Kaeg 5HT4 SHT, receptor degradation rate constant 70 x 107% 7! Model calibration
Kint.5HT4 Bound 5HT, receptor internalization rate 12 x 107 s7! Model calibration
constant
Kgyn.achi Intracellular ACh synthesis rate constant 10° nM s~!  Model calibration
Kdeg.AChi Intracellular ACh degradation rate constant 1 s ! Model calibration
Kretease ACh release rate constant 45 %x 10 nMs™! Adjusted to match Borman and Burleigh [36]
KpinaAch Acetylcholine binding rate constant 1073 nM s~! Typical biochemical association rate constant for small
molecules
Kynbind ACh Acetylcholine dissociation rate constant s To match reported K, in Keef [37]
Ketear.ach Extracellular acetylcholine clearance rate 0.4 st To ensure rapid clearance of extracellular ACh
constant
Ksyn.m Muscarinic receptor synthesis rate constant 0.1 nMs~!  Assumed synthesis rate
kdeg.m Muscarinic receptor degradation rate constant 107 s7! Assuming Muscarinic receptor concentration is at K,
for ACh:M binding
Kbind.Drug Drug binding rate constant 1073 nM s~} Typical biochemical association rate constant for small
molecules
Kunind.Drug Drug:5HT, dissociation rate constant 0.03 s7! Model calibration
Ymax (HAPC)  Maximum number of HAPCs for healthy 16 Model calibration
phenotype mapping
Ymax (liquid Maximum liquid influx rate for healthy 0.77 g min~' Model calibration
influx) phenotype mapping
n Hill coefficient for healthy phenotype 55 Model calibration

mapping

parameters were calibrated to reproduce these observa-
tions. The observed relationship between a qualitative
consistency score and the measured liquid fraction of stool
was used to map liquid fraction to a stool consistency score
in our simulations [31] (Fig. 4b).

The defecation threshold mass was set to the same value
for healthy and STC phenotypes, as the rectal distension

@ Springer

volume that induces a defecatory sensation is not affected
by STC [26].

Two key pieces of published data were used to inform
the signaling module. Borman and Burleigh [35] measured
5-HT induced contraction of longitudinal muscle segments
of human terminal ileum, and reported that maximal
muscle contraction elicited by 5-HT stimulation is
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approximately 40% of maximal muscle contraction due to
ACh stimulation. Keef et al. measured contractile response
of circular muscles of the canine proximal colon in
response to ACh and determined an ECso of ~ 1 uM [36].
Accordingly, we set the binding K4 of ACh to muscarinic
receptors to be 1 uM.

Model calibration

The colon physiology module was calibrated using a sys-
tematic parameter search strategy. The objective was to
find a combination of parameters that could reproduce the
following phenotypes:

e Healthy: With 6 HAPCs per day, produce a defecation
frequency of 1/day and a liquid fraction of approxi-
mately 75%.

e STC: With 2 HAPCs per day, produce a defecation
frequency < 2/week and < 60% liquid fraction.

e Healthy treated with a prokinetic drug such as Prucalo-
pride: With > 10 HAPCs per day, produce > 4 defe-
cations per day, with a liquid fraction > 80%

A 6-dimensional grid was set to sample a range of
values for each parameter listed in Table 1 (except ki,
which was kept fixed to literature data) [11, 32]) and dif-
ferent HAPC frequencies. The range of values sampled are
listed in the Supporting Information (Table S2). Each point
in the parameter space grid represents a unique parameter
combination. For each combination, the colon physiology
module was simulated for 30 weeks to ensure the model
reached a steady periodic behavior. The simulation time
course was then collected for one additional week to
compute the defecation frequency and mean liquid.
Parameter combinations that failed to match all three cri-
teria listed above were rejected. Remaining parameter sets
were tested to determine how fast the colon physiology
module showed a measurable change in defecation fre-
quency and stool consistency in response to changes in
HAPC frequency or liquid influx rate for each parameter-
ization. For the simulations in this study, we selected a
parameter set that elicited a robust response within 24 h, as
this is the typical time period for evaluating clinical effi-
cacy. This parameter set is reported in Table 1.

For the 5-HT signaling module, the ACh release rate
was adjusted such that the maximal muscarinic receptor
occupancy in response to 100% 5-HT, engagement was
capped at approximately 40%. To link 5-HT, signaling
module to colon physiology module, we assumed a base-
line muscarinic receptor occupancy of 20% to ensure a
working dynamic range. We determined Hill function
parameters such that this baseline maps to 6 HAPCS/day

and 432 g/day = 0.3 g/min of liquid influx for the healthy
phenotype. To map to an STC phenotype, we lowered the
maximal HAPC frequency such that the baseline mus-
carinic receptor occupancy of 20% produced 2 HAPCs/day
(Fig. 4a), consistent with published data [4, 5]. We used
the same liquid influx mapping for the two phenotypes with
a baseline liquid influx rate of 0.3 g/min at 20% muscarinic
receptor occupancy (Fig. 4b).

Pharmacokinetic (PK) data from oral and intravenous
administration of Compound X in healthy volunteers were
fit to a linear two-compartment model described in Sup-
porting Information. The estimated PK parameters are
reported in Table S1. We assumed that free drug diffuse
freely between blood and its site of action within colonic
tissue. Therefore, the plasma free drug concentration was
used as the input function c(#) to the signaling module.

Dose response to the drug, measured by stool frequency
and stool consistency in healthy volunteers treated with a
single oral dose, was used to adjust the ECsq and Hill
coefficients used in the mapping functions linking the two
modules. These parameters were adjusted to match the
observed dose response for Compound X.

Sensitivity analysis

Single parameter sensitivity analysis was performed for the
colon physiology module and signaling module separately.
For the colon physiology module, each model parameter
was varied by £ 50% of its nominal value while holding
the remaining parameters fixed at their nominal values.
Mean defecation frequency and stool consistency were
computed for each parameter set as described above. For
the signaling module each parameter was varied by an
order of magnitude in either direction (i.e. 10 x or 0.1x),
and the model was run to steady state to determine the
steady state muscarinic receptor occupancy.

Results

Calibration of colon physiology and signaling
modules

We constructed a mathematical model of colonic transit
driven by 5-HT signaling (Fig. 1). The colon physiology
module describes the influx, transport and absorption of
colonic content, and implements a threshold-dependent
defecation. The signaling module implements ligand
binding to 5-HT, receptors to trigger the release of intra-
cellular acetylcholine (ACh). ACh binds to muscarinic
receptors to stimulate contractile and secretory responses.
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See “Methods” for a detailed description of the model and
parameter calibration.

For the calibrated colon physiology module, a healthy
phenotype with 6 HAPCs per day leads to a bowel
movement (BM) once a day with an total stool mass of

A Colon physiology module: Healthy phenotype
ove HHHHHHH
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Fig. 2 Model calibration for colon physiology module and signaling
module. Simulated time courses of colonic mass and defecation
profiles for a healthy, and b STC phenotypes in the colon physiology
module. All parameters are identical for the two phenotypes, and only
the HAPC frequency varies (6/day for healthy versus 2/day for STC).
The top panel shows the timing of HAPC episodes. Light tick = 1,
medium tick = 2, and bold tick = 3 HAPCs per episode. The two
middle panels show the time course of solid (bold shaded region) and
liquid (light shaded region) mass in the first and the terminal
compartments of the model. The horizontal line shows the threshold
for emptying mass in the terminal compartment. Emptying of the
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123 g consisting of 96.6 g liquid (liquid fraction = 78.5%)
as shown in Fig. 2a. These results are consistent with
values reported in the literature [4-7, 34]. Patients with
slow transit constipation (STC) show a reduction in HAPC
frequency [4, 5]. In the model, decreasing HAPC frequency

B Colon physiology module: STC phenotype
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terminal compartment leads to defecation, as shown in the bottom
panels. The total mass of each defecation is proportional to the area of
the full circle. The inner (dark) circle represents the solid mass, and
the outer annulus represents the liquid mass. Their relative size is a
visual indicator for stool consistency. ¢ Dose response of the signaling
module for different steady-state 5-HT concentrations. Solid lines plot
5-HT, receptor occupancy and muscarinic receptor occupancy.
Observed dose response data (black squares) are the contractile
response of longitudinal muscle strips of the human terminal ileum
stimulated in vitro with 5-HT, relative to maximal contraction due to
ACh (digitized from Fig. 1 of (27))
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to 2 per day produces 2 bowel movements per week with a
mass of 70 g and a much drier consistency (liquid
mass = 38.7 g, liquid fraction = 59.5%) (Fig. 2b). Thus,
the model recapitulates common symptoms of STC.

Importantly, the smaller, drier stool produced in the STC
phenotype was not engineered by changing the absorption
rate constants. Rather, it was the result of a longer resi-
dence time between defecations, due to infrequent HAPCs,
that led to greater water absorption and compaction of the
stool.

The 5-HT signaling module was calibrated separately as
described in the Methods. The dose response of the sig-
naling module to 5-HT concentration at steady state is
shown in Fig. 2c. Assuming that the fraction of bound
muscarinic receptors directly correlates with muscle con-
traction, the dose response for muscarinic receptor occu-
pancy agrees well with previously reported ex vivo muscle
contraction response to S-HT [35] (Fig. 2c).

Simulated treatments with colon physiology
module

Two classes of drugs are commonly used to treat chronic
constipation: pro-kinetic agents that increase coordinated
contractions, and pro-secretory agents that increase intestinal
liquid secretion. 5-HT,4 receptor agonists such as Prucalopride
elicit both pro-kinetic and pro-secretory responses. Prucalo-
pride treatment is reported to increase HAPC frequency, ele-
vate intestinal fluid secretion, and decrease colonic transit
time [7, 37, 38]. Patients treated with prucalopride experience
increases in BM frequency and stool water content [39—41].
Secretagogues, such as Lubiprostone, increase fluid and
mucin release in the small intestines of preclinical animal
models [42, 43]. In patients, Lubiprostone increases both BM
frequency and water content [44].

We tested the effect of simulating treatments that
increase either the HAPC frequency or liquid influx rate in
the STC phenotype described above. These perturbations
simulate the effect of a pro-kinetic and a pro-secretory
drug, respectively. As seen in Fig. 3a, each simulated
treatment increased the defecation frequency relative to an
STC phenotype. A prokinetic treatment that increased
HAPC frequency from 2/day to 3/day normalized the
defecation frequency to 1/day. A prosecretory treatment
that increased liquid influx by 10% increases the defecation
frequency to 0.5/day.

To further explore the effect of each treatment, we
simulated the response to varying HAPC frequency or
liquid influx rate independently over a range of values. The
effect on bowel movement frequency and stool consistency
are shown in Fig. 3b, c, respectively. Comparing the two
treatments suggests that changes in HAPC frequency have
a greater impact on BM frequency (Fig. 3b, top panel) than

changes in secretion (Fig. 3c, top panel). The change in
liquid fraction of the stool is comparable for both treat-
ments (bottom panels of Fig. 3b, c).

Calibration of module mapping for a 5-HT,
agonist and model prediction

The 5-HT signaling module was linked to the colon
physiology module using empirical Hill functions that
predict the HAPC frequency and liquid influx rate for a
given mean muscarinic receptor occupancy (Fig. 4a).
Mapping parameters (ECs5y and Hill coefficient, n) were
adjusted to capture changes in stool frequency and stool
consistency in response to Compound X—an orally
administered 5-HT, receptor agonist X [45, 46]. Observed
pharmacokinetics (PK) were fit with a linear two-com-
partment model (see Supporting Information). The
observed and predicted dose response 0-24 h after a single
oral dose of Compound X are shown in Fig. 4c. Calibrated
model predictions show a good match to the data from
healthy volunteers treated with a single oral dose.

We next simulated treatment of STC with compound X.
As shown in Fig. 4d, the model simulations predict that
while a dose of 1-2 mg is sufficient to restore BM fre-
quency, a higher dose is required to restore stool consis-
tency to healthy levels.

Sensitivity analysis

To quantify the responsiveness of the model to changes in
parameter values, we performed a single parameter sensi-
tivity analysis for each module. For the colon physiology
module, we varied each model parameter within a range
of £ 50% of its nominal value for a healthy phenotype and
measured the resulting changes in defecation frequency
and consistency (Fig. 5a). These readouts were found to be
the most sensitive to changes in HAPC frequency and, to a
lesser extent, the transport rate (k;.,s), liquid influx rate
(kin.w) and the liquid absorption rate (k,;s). Doubling HAPC
frequency produces up to three defecations per day, with
the liquid fraction approaching 85%, while doubling the
liquid influx rate increased the defecation frequency to
2/day with a liquid fraction approaching 90% i.e. resem-
bling a diarrhea-like phenotype. Changes in the solid mass
influx, or mass loss had a minimal effect on defecation
frequency and consistency. This is not surprising, as the
solid mass influx is < 10% of the total influx. Sensitivity
analysis for STC phenotype was also performed and shows
similar trends (results not shown).

We assessed the sensitivity of the signaling module by
increasing or decreasing each parameter by an order of
magnitude from its nominal value and measured the effect
on steady state muscarinic receptor occupancy (Fig. 5b).
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Compound X single oral dose (mg)

single oral dose of Compound X given to healthy volunteers. Clinical
end points shows are mean ( £ SD) number of BMs per day and stool
consistency at each dose (black squares with error bars). d Predicted
dose response to Compound X over 24 h after a single oral dose of
Compound X given to STC patients (Color figure online)
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Fig. 5 Model Sensitivity analysis for healthy phenotype. a Colon
physiology module sensitivity analysis. Each panel shows the effect
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its nominal value (indicated by the red circle) on daily defecation
frequency (top row) and stool consistency (bottom row). b 5-HT4
signaling module sensitivity analysis. Each parameter was increased
tenfold (green bars) or decreased tenfold (magenta bars) from its

The mean muscarinic receptor occupancy is most strongly
affected by parameters that control intracellular acetyl-
choline levels (ksynacn and kgeq ach), acetylcholine release
and clearance (Kyeiease.acn and kgeg acn) and muscarinic
receptor binding(kpingacr and  kypinaacr)- Increasing
acetylcholine synthesis, acetylcholine release or muscarinic
receptor binding rates tenfold increased the muscarinic
receptor occupancy by 3 to fourfold. Decreasing acetyl-
choline clearance or unbinding by tenfold also produced
similar increases. Parameters that regulate 5-HT, signaling
upstream of acetylcholine show a moderate range of sen-
sitivities and result in < 40% relative change in muscarinic
receptor occupancy.

Discussion

In this study, we put forth a mathematical model of colon
physiology driven by serotonin signaling in the ENS.
Model parameterization was informed by published

nominal value listed in Table 3. The change in fraction bound
muscarinic receptor is plotted. Green bars represent a tenfold increase
and magenta bars represent a tenfold decrease from the nominal
parameter value. Numbers in the bar indicate predicted steady state
fraction of bound muscarinic receptor for the new parameterization
(Color figure online)

preclinical and clinical data. Our simulations provide
clinically relevant readouts of bowel movement frequency
and stool consistency. The model recapitulates healthy and
STC phenotypes, and the effect of Compound X, a 5-HTy,
agonist, in healthy volunteers. Using the calibrated model,
we predicted the effects of treating STC patients with
Compound X. We also performed a sensitivity analysis on
the healthy phenotype and identified HAPC frequency as
the most important modulator of BM frequency.

Our model includes a physiologically motivated defe-
cation mechanism that is HAPC-driven and dependent on
mass accumulation above a threshold in the last compart-
ment. This was based on the observation that HAPCs often
precede an urge to defecate [3] and that a sufficient dis-
tension of the terminal colon is required to initiate a
defecation response [46]. We also implemented a consis-
tency-dependent transport rate between compartments.
Consequently, as chyme loses liquid content through
absorption, its passage slows down. This approximates the
process of stool compaction in constipation. Conversely, a
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more liquid stool is transported and expelled faster, con-
sistent with a diarrhea-like phenotype. Our simulations can
reproduce each of these phenotypes. The liquid fraction of
stool is empirically mapped to the Bristol stool scale for
ease of clinical interpretation.

Sensitivity analysis of the colon physiology module
suggests that a pro-kinetic treatment that solely increases
HAPC frequency (Fig. 5a, far right panel) is more effective
than a pro-secretory treatment that only increases the liquid
influx rate (Fig. 5a, far left panel). Intuitively, this makes
sense, as a prokinetic treatment directly affects mass
transport, moving more mass per unit time into the terminal
compartment, whereas a prosecretory treatment increases
the overall mass in the system, but is limited by the rate of
mass transport. In addition, the sensitivity analysis of the
signaling module suggests that a muscarinic receptor ago-
nist maybe more potent than a 5-HT, agonist for treatment
of constipation. However, the model does not account for
any increase in uncoordinated muscle contractions that do
not move colonic mass.

The model focuses on control of GI motility by the ENS
and does not factor in extrinsic control from the CNS. We
use pre-set HAPC schedules and ignore individual-level
variability in HAPC timings and frequency. The signaling
module is a coarse-grained representation of a complex
process involving numerous ganglia, spatially localized
5-HT secretion and coordinated neuromuscular events.

Despite these limitations, our approach creates a unified
framework that captures the effect of ENS signaling on
colonic motility, incorporates drug PK and produces clin-
ically relevant endpoints. This platform is designed to
enable quantitative assessment of existing drugs or exper-
imental compounds. The model can be used to investigate
optimal dosing schedules, to identify best approaches to
treating constipation while avoiding diarrhea, and to enable
differentiation from competitor compounds. The modular
design enables model expansion to include additional sig-
naling pathways that regulate colonic motility.

Several models of the electrophysiology of the upper GI
tract and the coupling between electrophysiology and GI
motility have been previously published [47-49]. These
models integrate processes on different temporal and spa-
tial scales [50]. While useful in recapitulating known
biology, these studies do not directly address questions that
arise during the drug development process. The structural
complexity of the models can also make it challenging to
simulate them and interpret the results of pharmacological
modulation. In addition, these studies focus on the stomach
and intestine rather than the colon. Therefore, the QSP
model described here provides a unique, fit-for-purpose
platform to simulate treatments of colonic dysmotility.

This large intestine motility platform with demonstrated
value in slow transit constipation also has potential for
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applicability across many pathophysiological conditions
affecting GI motility resulting in constipation or diarrhea.
The current platform was originally developed to model
constipation which is not considered a rare event [51].
However, this platform can be readily modified by alter-
native parameterization to widen its scope and utility. For
example, MS can adversely affect the bowel function
mainly through changes in the innervation of smooth
muscles, which are controlled by ENS [52]. MS is a rare
chronic inflammatory neurodegenerative disorder impact-
ing as many as 1 to 2 million people worldwide
[17, 19, 20]. The rates of constipation and fecal inconti-
nence in MS patients are approximately 39 to 73% [53].

The QSP model presented here provides a unified
framework integrating preclinical data of ENS signaling
and clinically relevant endpoints to recapitulate, via sim-
ulation, physiological studies of bowel movements in
healthy and constipated individuals. Simulated drug treat-
ments of both approved drugs as well as a novel compound,
compound X, are consistent with experimental observa-
tions. The model can be further extended to test novel
therapeutics, based on a mechanistic understanding, for
additional indications which exhibit bowel movement
dysfunction.

References

1. Lembo A, Camilleri M (2003) Chronic constipation. N Engl J
Med 349:1360-1368
2. Mawe GM, Hoffman JM (2013) Serotonin signalling in the gut—
functions, dysfunctions and therapeutic targets. Nat Rev Gas-
troenterol Hepatol 10:473-486
3. Bharucha AE (2012) High amplitude propagated contractions.
Neurogastroenterol Motil 24:977-982
4. Bassotti G, Chiarioni G, Vantini I, Betti C, Fusaro C, Pelli MA,
Morelli A (1994) Anorectal manometric abnormalities and
colonic propulsive impairment in patients with severe chronic
idiopathic constipation. Dig Dis Sci 39:1558-1564
5. Rao SSC, Sadeghi P, Beaty J, Kavlock R (2004) Ambulatory
24-hour colonic manometry in slow-transit constipation. Am J
Gastroenterol 99:2405-2416
6. Narducci F, Bassotti G, Gaburri M, Morelli A (1987) Twenty four
hour manometric recording of colonic motor activity in healthy
man. Gut 28:17-25
7. De Schryver AMP, Andriesse GI, Samsom M, Smout AJPM,
Gooszen HG, Akkermans LMA (2002) The effects of the specific
SHT(4) receptor agonist, prucalopride, on colonic motility in
healthy volunteers. Aliment Pharmacol Ther 16:603-612
8. Bassotti G (1988) Colonic mass movements in idiopathic chronic
constipation. Gut 29:1173-1179
9. McRorie J, Brown S, Cooper R (2000) Effects of dietary fibre and
olestra on regional apparent viscosity and water content of
digesta residue in porcine large intestine. Aliment. Pharmacol,
Ther
10. Kiela PR, Ghishan FK (2016) Physiology of Intestinal Absorption
and Secretion. Best Pract Res Clin Gastroenterol 30:145-159



Journal of Pharmacokinetics and Pharmacodynamics (2019) 46:485-498

497

11.

13.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Kramer P, Kearney MS, Ingelfinger FJ (1962) The effect of
specific foods and water loading on the ileal excreta of ileosto-
mized human subjects. Gastroenterology 42:535-546

. Furness JB, Jones C, Nurgali K, Clerc N (2004) Intrinsic primary

afferent neurons and nerve circuits within the intestine. Prog
Neurobiol 72:143-164

Furness JB (2012) The enteric nervous system and neurogas-
troenterology. Nature Reviews Gastroenterology and Hepatology
9:286-294

. Shin A, Camilleri M, Kolar G, Erwin P, West CP, Murad MH

(2014) Systematic review with meta-analysis: highly selective
5-HT4 agonists (prucalopride, velusetrag or naronapride) in
chronic constipation. Aliment Pharmacol Ther 39:239-253
Gershon MD (2004) Review article: serotonin receptors and
transporters - roles in normal and abnormal gastrointestinal
motility. Aliment Pharmacol Ther 20:3-14

Gershon MD, Tack J (2007) The Serotonin Signaling System:
From Basic Understanding To Drug Development for Functional
GI Disorders. Gastroenterology 132:397-414

Wiesel PH, Norton C, Glickman S, Kamm MA (2001) Patho-
physiology and management of bowel dysfunction in multiple
sclerosis. Eur J Gastroenterol Hepatol 13:441-448
Dilokthornsakul P, Valuck RJ, Nair KV, Corboy JR, Allen RR,
Campbell JD (2016) Multiple sclerosis prevalence in the United
States ~ commercially  insured  population.  Neurology
86:1014-1021

Williams R, Rigby AS, Airey M, Robinson M, Ford H (1995)
Multiple sclerosis: it epidemiological, genetic, and health care
impact. J Epidemiol Community Health 49:563-569

Gulick EE (2010) Comparison of Prevalence, Related Medical
History, Symptoms, and Interventions Regarding Bowel Dys-
function in Persons With Multiple Sclerosis. J Neurosci Nurs
42:E12

Weber J, Grise P, Roquebert M, Hellot MF, Mihout B, Samson
M, Beuret-Blanquart F, Pasquis P, Denis P (1987) Radiopaque
markers transit and anorectal manometry in 16 patients with
multiple sclerosis and urinary bladder dysfunction. Dis Colon
Rectum 30:95-100

Glick ME, Meshkinpour H, Haldeman S, Bhatia NN, Bradley WE
(1982) Colonic dysfunction in multiple sclerosis. Gastroenterol-
ogy 83:1002-1007

Munteis E, Andreu M, Martinez-Rodriguez J, Ois A, Bory F,
Roquer J (2008) Manometric correlations of anorectal dysfunc-
tion and biofeedback outcome in patients with multiple sclerosis.
Mult Scler 14:237-242

Bassotti G, Villanacci V (2006) Slow transit constipation: a
functional disorder becomes an enteric neuropathy. World J
Gastroenterol 12:4609-4613

Hasler WL, Saad RJ, Rao SS et al (2009) Heightened colon motor
activity measured by a wireless capsule in patients with consti-
pation: relation to colon transit and IBS. Am J Physiol Gas-
trointest Liver Physiol 297:G1107-G1114

Shah N, Baijal R, Kumar P, Gupta D, Kulkarni S, Doshi S,
Amarapurkar D (2014) Clinical and investigative assessment of
constipation: A study from a referral center in western India.
Indian J Gastroenterol 33:530-536

Wong BS, Manabe N, Camilleri M (2010) Role of prucalopride, a
serotonin (5-HT(4)) receptor agonist, for the treatment of chronic
constipation. Clin Exp Gastroenterol 3:49-56

Nijsen MIMA, Wu F, Bansal L et al (2018) Preclinical QSP
Modeling in the Pharmaceutical Industry: an 1Q Consortium
Survey Examining the Current Landscape. CPT Pharm Syst
Pharmacol 7:135-146

Zineh I (2019) Quantitative systems pharmacology: a regulatory
perspective on translation. CPT Pharm Syst Pharmacol. https://
doi.org/10.1002/psp4.12403

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Peterson MC, Riggs MM (2015) FDA Advisory Meeting Clinical
Pharmacology Review Utilizes a Quantitative Systems Pharma-
cology (QSP) Model: A Watershed Moment? CPT Pharmaco-
metrics Syst Pharmacol 4:¢00020

Bliss DZ, Savik K, Jung H, Jensen L, LeMoine M, Lowry A
(1999) Comparison of subjective classification of stool consis-
tency and stool water content. Journal of Wound, Ostomy and
Continence Nursing 26:137-141

Kay RM, Cohen Z, Siu KP, Petrunka CN, Strasberg SM (1979)
Ileal excretion and bacterial modification of bile acids and
cholesterol in patients with continent ileostomy. Gut 21:128-132
Rendtorff RC, Kashgarian M (1967) Stool patterns of healthy
adult males. Dis Colon Rectum 10:222-228

Heaton KW, Radvan J, Cripps H, Mountford RA, Braddon FE,
Hughes AO (1992) Defecation frequency and timing, and stool
form in the general population: a prospective study. Gut
33:818-824

Borman RA, Burleigh DE (1995) Functional evidence for a
5-HT2B receptor mediating contraction of longitudinal muscle in
human small intestine. Br J Pharmacol 114:1525-1527

Keef KD, Ward SM, Stevens RJ, Frey BW, Sanders KM (1992)
Electrical and mechanical effects of acetylcholine and substance
P in subregions of canine colon. Am J Physiol 262:G298-307
Hoffman JM, Tyler K, MacEachern SJ et al (2012) Activation of
colonic mucosal 5-HT4 receptors accelerates propulsive motility
and inhibits visceral hypersensitivity. Gastroenterology
142:844-854

Bouras EP, Camilleri M, Burton DD, Thomforde G, McKinzie S,
Zinsmeister AR (2001) Prucalopride accelerates gastrointestinal
and colonic transit in patients with constipation without a rectal
evacuation disorder. Gastroenterology 120:354-360

Camilleri M, Kerstens R, Rykx A, Vandeplassche L (2008) A
placebo-controlled trial of prucalopride for severe chronic con-
stipation. N Engl J Med 358:2344-2354

Poen AC, Felt-Bersma RJ, Van Dongen PA, Meuwissen SG
(1999) Effect of prucalopride, a new enterokinetic agent, on
gastrointestinal transit and anorectal function in healthy volun-
teers. Aliment Pharmacol Ther 13:1493-1497

Sloots CEJ, Poen AC, Kerstens R, Stevens M, De Pauw M, Van
Oene JC, Meuwissen SGM, Felt-Bersma RJF (2002) Effects of
prucalopride on colonic transit, anorectal function and bowel
habits in patients with chronic constipation. Aliment Pharmacol
Ther 16:759-767

De Lisle RC (2012) Lubiprostone stimulates small intestinal
mucin release. BMC Gastroenterol 12:156

Sun X, Wang X, Wang G-D, Xia Y, Liu S (2011) Lubiprostone
reverses the inhibitory action of morphine on mucosal secretion
in human small intestine. Dig Dis Sci 56:330-338

Barish CF, Drossman D, Johanson JF, Ueno R (2010) Efficacy
and safety of lubiprostone in patients with chronic constipation.
Dig Dis Sci 55:1090-1097

Beattie DT, Armstrong SR, Vickery RG et al (2011) The phar-
macology of TD-8954, a potent and selective 5-HT(4) receptor
agonist with gastrointestinal prokinetic properties. Front Phar-
macol 2:25

Ratuapli SK, Bharucha AE, Noelting J, Harvey DM, Zinsmeister
AR (2013) Phenotypic identification and classification of func-
tional defecatory disorders using high resolution anorectal
manometry. Gastroenterology 144:314-322.e2

Faville RA, Pullan AJ, Sanders KM, Smith NP (2008) A bio-
physically based mathematical model of unitary potential activity
in interstitial cells of Cajal. Biophys J 95:88-104

Du P, Poh YC, Lim JL, Gajendiran V, O’Grady G, Buist ML,
Pullan AJ, Cheng LK (2011) A preliminary model of gastroin-
testinal electromechanical coupling. IEEE Trans Biomed Eng
58:3491-3495

@ Springer


https://doi.org/10.1002/psp4.12403
https://doi.org/10.1002/psp4.12403

498

Journal of Pharmacokinetics and Pharmacodynamics (2019) 46:485-498

49. Youm JB, Leem CH, Lee SR, Song I-S, Kim HK, Heo HJ, Kim
BJ, Kim N, Han J (2014) Modeling of stochastic behavior of
pacemaker potential in interstitial cells of Cajal. Prog Biophys
Mol Biol 116:56-69

50. Du P, Paskaranandavadivel N, Angeli TR, Cheng LK, O’Grady G
(2016) The virtual intestine: in silico modeling of small intestinal
electrophysiology and motility and the applications. Wiley
Interdiscip Rev Syst Biol Med 8:69-85

51. Higgins PDR, Johanson JF (2004) Epidemiology of constipation
in North America: a systematic review. Am J Gastroenterol
99:750-759

@ Springer

52. Camilleri M (1990) Disorders of gastrointestinal motility in
neurologie diseases. Mayo Clin Proc 65:825-846

53. Hinds JP, Eidelman BH, Wald A (1990) Prevalence of bowel
dysfunction in multiple sclerosis. A population survey. Gas-
troenterology 98:1538-1542

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.



	A quantitative systems pharmacology model of colonic motility with applications in drug development
	Abstract
	Introduction
	Methods
	Model structure
	Model equations
	Software for model implementation
	Data used to inform model
	Model calibration
	Sensitivity analysis

	Results
	Calibration of colon physiology and signaling modules
	Simulated treatments with colon physiology module
	Calibration of module mapping for a 5-HT4 agonist and model prediction
	Sensitivity analysis

	Discussion
	References




