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Modeling and experimental
approaches for elucidating
multi-scale uterine smooth
muscle electro- and
mechano-physiology: A review

Amy S. Garrett, Shawn A. Means, Mathias W. Roesler,
Kiara J. W. Miller, Leo K. Cheng and Alys R. Clark*

Auckland Bioengineering Institute, University of Auckland, Auckland, New Zealand

The uterus provides protection and nourishment (via its blood supply) to a
developing fetus, and contracts to deliver the baby at an appropriate time,
thereby having a critical contribution to the life of every human. However,
despite this vital role, it is an under-investigated organ, and gaps remain in our
understanding of how contractions are initiated or coordinated. The uterus is a
smooth muscle organ that undergoes variations in its contractile function in
response to hormonal fluctuations, the extreme instance of this being during
pregnancy and labor. Researchers typically use various approaches to studying
this organ, such as experiments on uterine muscle cells, tissue samples, or the
intact organ, or the employment of mathematical models to simulate the
electrical, mechanical and ionic activity. The complexity exhibited in the
coordinated contractions of the uterus remains a challenge to understand,
requiring coordinated solutions from different research fields. This review
investigates differences in the underlying physiology between human and
common animal models utilized in experiments, and the experimental
interventions and computational models used to assess uterine function. We
look to a future of hybrid experimental interventions and modeling techniques
that could be employed to improve the understanding of the mechanisms
enabling the healthy function of the uterus.

KEYWORDS

uterus, physiology, computational model, multiscale (MS) modeling, reproductive
health, electrophysiology, uterus activation

Abbreviations: AM, Actin-myosin ‘Latch-State’; EHG, Electrohysterography; HM, Hai-Murphy Model;
HHM, Huxley-Hai-Murphy Model; FN, Fitzhugh—-Nagumo Model; ICC, Interstitial Cells of Cajal; IUP,
Intrauterine Pressure; M, Mp, AMp Cross-bridge States; MLCK, Myosin Light-Chain Kinase; MLCP,
Myosin Light-Chain Phosphatase; RyR, Ryanodine Receptor; SERCA, Sarcoplasmic/Endoplasmic
Reticulum Calcium ATPase; SMC, Smooth Muscle Cell; uSMC, Uterine Smooth Muscle Cell.
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1 Introduction

The human uterus undergoes dramatic functional changes:
through monthly hormonal cycles throughout the lifetime of an
individual, and in supporting a fetus in pregnancy. The uterus is a
contractile smooth muscle organ, but the mechanisms that drive
its contractile function are poorly understood. It can contract in
the absence of neural or hormonal stimulation, but it undergoes
intermittent periods of activation and relative quiescence
throughout its lifespan. The most extreme example of this is
in pregnancy, where a lack of contractions is required for most of
gestation for the healthy growth of the fetus, and significant,
coordinated contractions are required at parturition for
successful labor and delivery (Rabotti and Mischi, 2015).
However, significant patterns of contraction exist through the
reproductive hormonal cycle (van Gestel et al., 2003), with the
lowest amplitude and duration of contractions in the post-
ovulatory phase and the highest at menstruation (in humans).
There is variability in uterine activity, but typically by the second
stage of labor contractions are expected to have a duration of 60 s,
a frequency of 3-5 per 10 min, and amplitude of >50 mmHg
(Bakker et al., 2007). A similar frequency might be expected
during human menstruation, with durations of 30-60 s, and
estimates of amplitude varying but ranging from 14 mmHg to as
high as in early labor (van Gestel et al., 2003). Dysfunction of the
uterine smooth muscle to initiate contractions in pregnancy can
result in preterm labor and delivery, introducing health risk that
can last a lifetime (Simmons et al., 2010; Crispi et al., 2018), and
conditions such as endometriosis are hypothesized to be related
to abnormal uterine contractions in the non-pregnant uterus
(van Gestel et al., 2003).

Coordinated contractions in a muscular organ are typically
initiated and maintained by a region of pacemaker cells that
modulate bioelectrical signals. For example, in the heart, a
defined region of pacemaker cells in the atria initiates the
spread of cardiac muscle contraction without failure in
healthy individuals (Smith et al., 2015). Organs with smooth
muscle, like the uterus, contract at a much lower frequency than
the heart (in the order of minutes rather than seconds), but
contractions can be sustained for longer periods. In the
gastrointestinal system, electrical pacemaker function is
coordinated by the interstitial cells of Cajal (ICCs), specialized
neural interstitial cells which mediate coordinated contraction
(Sanders, 1996). Similar cells in the uterus have been identified,
named interstitial Cajal-like cells (ICLCs) or myometrial Cajal-
like cells. Their scattered location throughout the uterine
myometrium appears to indicate that, instead of a specific
isolated pacemaker site, action potentials originate at various
points throughout the organ (Lammers, 2013). The electrical
activity required to enable the intense, coordinated contractions
of labor is made possible by an increased proliferation of gap
junctions, allowing a low resistance path of activation throughout
the tissue (Miller et al., 1989). Despite the critical role of the
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uterus, particularly in pregnancy, and the evidence of unique
features driving its electrophysiological function, its
electrophysiology is poorly understood and lacks active
research compared with cardiac or gastrointestinal
electrophysiology (Figure 1).

To elucidate the electro-mechanical function of the non-
pregnant and pregnant uterus, electrical mapping techniques
can be utilized (Lammers et al., 2008; 2015; Lutton et al.,
2018), as have previously been successfully applied to the
heart (Durrer et al., 1970; Gepstein and Evans, 1998) and the
gastrointestinal tract (Du et al.,, 2009; Lammers et al., 2009;
O’Grady et al,, 2010). Invasive measurements or experiments
on samples of human tissue can be challenging from an ethical
perspective, so frequently animal models aid in expanding
physiological of

measurement modalities and treatments. Bridging the gaps

understanding and the development
between animal experiments and human applications,
mathematical modeling approaches provide insights into
This
review aims to provide an overview of key experimental

function that complement experimental studies.
and computational methods that have been used to

investigate uterine smooth muscle electro-mechanical
physiology in both pregnant and non-pregnant states. A
particular focus is given to studies that aim to link the
electrophysiology of the uterine smooth muscle cells to

tissue or organ scale function.

2 Uterine physiology

Given the challenges involved with obtaining experimental
data from human uteri, utilizing animal models for experimental
investigation is critical. Understanding the structural and
functional differences between species is therefore important
to link experimental and modeling outcomes observed, as well
as to aid translation of these data to the human context.

2.1 Physiology of the uterus between
species

Significant species differences exist in the shape and
function of the uterus (Figure 2 and Table 1). The human
uterus is pyriform (pear-shaped); typically, a single fetus is
carried for approximately 40 weeks (Malik et al., 2021). The
human uterus (Figure 2A) comprises 4 regions: the fundus
(upper edge), the body (middle section), leading down to the
isthmus and cervix. In contrast, common experimental
pigs,
bicornuate uteri - with dual uterine horns. The two horns

animals, such as sheep, and rodents, possess

have multiple implantation sites, and these species have

relatively short gestation periods (from 19 to 70 days,
depending on the species) (Malik et al., 2021). Animal uteri
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FIGURE 1

The results of a Pubmed (https://pubmed.ncbi.nlm.nih.gov/) search for “cardiac electrophysiology”, “gastrointestinal electrophysiology” and
“uterine electrophysiology”, with variants of organ name (e.g., “uterus”) included. The logarithm of the number of articles per year between 1970 and
2021 are shown, as plotting number of publications rendered gastrointestinal and uterine data indistinguishable on the y-axis. Cardiac
electrophysiology publications are increasing and exceeding 1,000 per year, gastrointestinal (smooth muscle organ) publications are steady at
20-40 per year. Publications in on uterine electrophysiology remain relatively stagnant, with <10 per year.

. Vagina . Cervix Body - Fundus . Uterine horns . Fallopian tube/ Oviduct
Human Pig Rat Sheep
Volume: ~34 mL Volume: ~620 mL Volume: ~0.4 mL Volume: ~56 mL
Pregnancy change: 200x Pregnancy change: 35x Pregnancy change: 175x Pregnancy change: 120x
FIGURE 2

Schematic diagrams of the anatomy of (A) human uterus (B) pig, (C) rat and (D) sheep. Colored outlines denote different structures of the uteri.
Diagrams shown not to scale. Indicative (approximate) uterine volumes provided, and the fold-change during pregnancy.

typically also possess a smaller body and fundus than humans humans do (Profet, 1993). However, there are changes in the
(Figures 2B-D). Although all mammals undergo hormonal contractility of the uterus that have been observed with the
cycles (estrous cycles) it is rare for a species to menstruate, as estrous/menstrual cycle across species (Crane and Martin,
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TABLE 1 Overview of species, physiology and experimental measures from the literature.

Animal No.

Offspring

Uterine
shape

Gestation
length

Human Typically 1 Typically

40 weeks

Pyriform

Contraction activity and pH

Contraction activity and

Calcium

Pig 10-12 115-120 days Bicornuate

Sheep 1-3 142-152 days Bicornuate

Electrical activity and

Measurement type

Contraction activity

Contraction activity

Electrical activity

Sample type  References

Fernandes and Crankshaw, 1995; Arrowsmith
et al.,, 2018

Muscle strips

Muscle strip Parratt et al. (1995)

Muscle strip Szal et al. (1994)

Muscle strips Keye, 1923; Seckinger, 1923; Cao et al., 2002

In vivo uterus Parkington and Sigger, (1988)

In vivo uterus Verhoeff et al. (1985)

intrauterine pressure

Guinea Bicornuate

pig

59-72 days

Contraction activity

Rat 8-12 19-21 days Bicornuate

pH

Contraction activity and pH

Contraction activity and

Calcium

Electrical Activity

Contraction activity and

Electrical Activity

Contraction activity

electrical activity

Electrical activity and

Intact uterus Lammers et al. (2008)

Muscle strips Bozler, (1938b)
Lammers et al. (2015)

Blair, 1923; Frank et al., 1925; (Durrant and
Rosenfeld, 1931

Motion Tracking

Muscle strips

Tissue samples Wray, 1988b, 1990; Heaton et al., 1992

Taggart and Wray, 1993b, 1993a; Bullock et al.,
1998

Muscle strips

Muscle strips Taggart et al,, 1996, 1997; Shmigol et al., 1998;

Floyd et al., 2017

Ex vivo uterus Lammers et al.,, 1994; Lutton et al., 2018

Muscle strips Kuriyama and Suzuki, 1976; Lammers et al.,
1995, 2015; Lammers, 1996; Lammers and

Hamid, 1998

Ex vivo uterus with ~ Chkeir et al. (2013)

connection

In vivo uterus de Paiva and Csapo, (1973)

intrauterine pressure

Electrical activity and

tension

Mouse 7-12 19-21 days Bicornuate

Calcium

Contraction activity

Rabbit 1-14 28-32 days Bicornuate

Electrical activity and

Contraction activity and

Electrical activity

Muscle strips Landa et al. (1959)

Muscle strips Matthew et al. (2004)

Motion Tracking Liang et al. (2019)
Bozler, (1938b)
Kao, (1959)

Csapo et al., 1963; Csapo and Takeda, 1965

Muscle strips
In vivo uterus

In vivo uterus

intrauterine pressure

1991). The initiation of labor has been shown to relate to a
progesterone withdrawal in many animal species, but not in
humans (Mitchell and Taggart, 2009). The uterine smooth
muscle cell also exhibits different biophysical profiles (e.g.,
expression of ion channels) between species, although a
coordinated contraction is required for labor across
(Mitchell 2009). addition,
differences in maturity at birth as well as litter numbers

animals and Taggart, In
suggest that the mechanics of birth are species dependent,
and studies of uterine function must consider these
differences when interpreting data.

A commonality between species lies in the structural layers
that comprise the uterine wall: the inner endometrium, the

muscular myometrium, and the outer perimetrium. In the
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myometrium, myocytes bundle up to form two types of
muscle layers: circumferential and longitudinal (Jain et al,
2000). The structure of these layers is clear in mammals with
bicornuate uteri with longitudinal muscle fibers in the outer layer
of the myometrium and circumferential fibers in the inner layer
(Devedeux et al., 1993). However, the complex geometry of the
human uterus presents a unique anisotropic fiber distribution
throughout the myometrium and its various sublayers (Weiss
et al,, 2006), making the purely circumferential and longitudinal
layers harder to distinguish (Wray and Prendergast, 2019; Malik
etal., 2021). This difference in muscle fiber structure could be due
to the differences in contraction mechanics required for the
birthing of many young in animals compared with usually a
single child for humans.
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FIGURE 3

Schematic of cell dynamics relevant to uSMC. lon channels
ranging from the Ca®* L-type to the wide array of K* channels are
present in the plasma membrane, and are colored by ion. Chloride
channels such as the ANO1 appear not only on the plasma
membrane but in the invaginations known as caveolae -- where
Ca?* activated K* channels (the BK) reside in apposition with IP3R
of the Sarcoplasmic Reticulum (SR). Ca?* handling mechanisms for
ejection to extracellular space (the NCX and PMCA) as well as
uptake by the SR (SERCA) are present as well as the RyR with an
apparently minor role if at allin uSMC. Action of hormonal oxytocin
triggers variety of actions including release Ca®* from SR by way of
IP3R, inhibition of the otherwise hyperpolarizing K+ channel the
SL2. O1, and sensitization of the contraction machinery to Ca**
influence. Ultimately an increase in extra-cellular Ca®* leads to
activation of myosin light-chain kinase (MLCK) and initiates the
cross bridge cycle which is shown in the center of the cell
schematic.

2.2 Uterine electrophysiology and smooth
muscle function

Uterine smooth muscle cells (uSMCs) are specialized
myocytes. There are two essential structures for contraction:
the contractile mechanism and the sarcoplasmic reticulum (SR)
(Jain et al.,, 2000). The contractile mechanism of myocytes is
typically described by a sliding filament model comprised of
three different myofilaments: 1) thick myosin filaments (15 nm
in diameter), 2) thin actin filaments (8 nm in diameter), and 3)
intermediate filaments (which form the structural network of
the cell, 10 nm in diameter) (Verhoeff et al., 1985; Jain et al.,
2000). The actin and intermediate filaments form a network
connected via two structures: dense bands and dense bodies.
The bands connect the network to the cell membrane, whereas
the bodies connect actin to itself or intermediate filaments
(Aguilar and Mitchell, 2010). Myofilaments and their
associated dense bodies occupy 80-90% of the cell volume,
with six times more actin than myosin in uterine SMCs (Aguilar
and Mitchell, 2010).
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During contraction, the myosin head binds to the actin
filament, leading to cross-bridge cycling and the generation of
tension as the myosin filament moves along the actin filament
(Hafen and Burns, 2022). To initiate this process, a transient peak
in calcium (Ca®") closely precedes a peak in force production in a
contraction. This Ca** binds to calmodulin, triggering the
activation of myosin light-chain kinase (MLCK) and initiating
the cross-bridge cycle (Wray, 2007). ATPase is important to
catalyze the reaction (Malik et al., 2021; Wray and Arrowsmith,
2021), and the SR aids in the contraction process by releasing
Ca’" from its stores. This direct action of calcium binding to
calmodulin in SMC is distinct from cardiac or skeletal striated
muscle cells that require intermediates such as troponin for
attachment of myosin heads. With smooth muscle, the actin-
myosin duo can rest in a so-called ‘latch-state’ (Dillon et al.,
1981), enabling maintenance of organ shape as well as
contraction and movement with minimal energy expenditure.

Figure 3 illustrates the key cellular functions suggested to play
arole in uSMC contraction. Tying Ca®* and contraction to external
signals are the ion fluxes transiting the plasma membrane. Local
ionic currents generate action potentials that result in measurable
electrophysiological signals. These signals can be observed at the
tissue or organ scale as ‘waves’ of electrical propagation. The
velocity of these waves varies from 10-45 mm s depending on
hormonal levels (Melton and Saldivar, 1964) and gestational day
(Verhoeff et al., 1985). Ions flow in and out of the cell via various
channels and exchangers detailed in recent reviews (Wray and
Prendergast, 2019; Dunford et al., 2020; Wray and Arrowsmith,
2021). The Ca’" required for myocyte, in general, controlled by ion
channels and pumps (Aguilar and Mitchell, 2010). The voltage-
gated ‘L-type’ channel is the primary mechanism for Ca** to enter
the cell, which permits an influx of extracellular Ca®" when the
voltage gradient across the plasma membrane allows it (Shmigol
et al,, 1998; Wray et al., 2003). Other ions are also present in the
cytosol or the intracellular space, including potassium (K*),
sodium (Na®), and chloride (ClI"). K" ions are primarily
responsible for maintaining the negative resting membrane
potential and repolarizing the cell (Wray and Prendergast,
2019), and Na* ions slowly cause depolarization of the uSMCs
during pregnancy (Amazu et al.,, 2020; Wray and Arrowsmith,
2021). The role of the CI” ions in uterine myocytes is unclear, but
they may play a role in increasing excitability and contraction at
term (Dunford et al., 2020).

The essential role of L-type channels in transporting Ca®*
across the plasma is well established via abolishment with
nifedipine, ceasing contractile activity when applied (Shmigol
et al., 1998; Wray et al., 2003). Meanwhile, the intracellular store
of Ca®" in the SR in the uterus likely plays a less dominant role in
contraction (Shmigol et al., 2001; Wray and Prendergast, 2019),
although it has a modulatory role (Noble et al., 2014). The SR
shapes cytosolic Ca®" signals with sarco-endoplasmic ATPase
pumps (SERCA), removing Ca®* along with the plasma-
membrane ATPase pump (PMCA) and the sodium-calcium
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exchanger (NCX). Release of Ca** via the SR channels, the
inositol-trisphosphate  (IP3) receptor channel (IP3R) and
(RyR)
amongst other functions (Wray and Burdyga, 2010). The

ryanodine receptor channel, initiate contraction,
IP3R, triggered by oxytocin in clinical settings, release Ca** to
induce stronger contractions (Arrowsmith and Wray, 2014) as
well as inhibit a Na*-activated K* channel (the SLo2.1) (Ferreira
et al, 2019) and heighten response of contractile machinery to
Ca’* (Shmygol et al., 2006). Elevation of uSMC Ca" levels is also
via store-operated calcium entry (the STIM-Orai mechanism; see
(Putney, 2018) for a review) (Noble et al, 2014). Caveolae
microdomains are populated with numerous ion channels
such as the Ca®'-triggered chloride (ANO1), the large
conductance potassium (the BK) (Babiychuk et al., 2004), and
the store-operated calcium entry influx mechanism (Pani et al.,
2008). They are also known to influence the essential L-type Ca*
channels (Jacobo et al., 2009). Notably, excessive cholesterol
overloads the lipid raft formations of caveolae, greatly
diminishing the impact of oxytocin signaling strengths at
these with

implications for the whole uterus (Smith et al, 2005).

intracellular ~ microdomains pathological
Therefore, despite the important role of L-type Ca®,
in  uSMCs

combination of pathways.

dynamics are modulated via a complex

2.3 Uterine function in humans—Tools for
assessment

Reliable measurement of intensity and time-course of uterine
contraction during pregnancy and labor is key to diagnosing pre-
term or dysfunctional labor (Xu et al, 2022). Outside of
pregnancy, uterine monitoring can assess for abnormal uterine
contractions that might indicate problems with fertility (Rabotti
et al, 2015). The goal in both cases is organ-level uterine
monitoring in clinical contexts. Uterine pressure can be
directly measured using an intra-uterine pressure (IUP)
catheter. IUP is the gold-standard measurement technique for
uterine pressure. However, it is invasive and can only be achieved
via rupturing the uterine membranes (Liston et al., 2007). This
technique is reserved for labor, in necessary cases only, to reduce
potential harmful side effects to both mother and fetus (Rabotti
et al., 2008). Therefore, alternative, non-invasive tools are
desirable.

The most common non-invasive clinical tool to monitor
uterine activity is the tocodynamometer, a strain gauge attached
to the abdominal surface that detects the motion of the
abdominal muscles. This technology is useful in the final
stages of pregnancy and during labor when the uterine wall is
near the external abdomen. However, tocodynamometer
measurements poorly correlate with underlying myometrial
contractions and cannot quantify contraction intensity (Haran
et al, 2012). The method relies on the contraction of the
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abdominal muscles as an indicator of global uterine pressure
(Hadar et al., 2015).

Electrohysterography (EHG) is primarily a research
focused non-invasive tool based on techniques developed
for the heart (electrocardiography). It utilizes externally
placed arrays of sensors originally developed to record
maternal and fetal ECG signals to detect waves of electrical
activity in the contracting uterus. The challenge lies in the
signal processing techniques required to analyze the type of
contractions and their propagation patterns, allowing for real-
time analysis of uterine electrical activity (Rabotti et al., 2008;
Rooijakkers et al., 2020). The overlap in frequency range
between fetal heart rate, maternal heart rate and bursts of
contraction activity can compound this issue. While EHG is
readily applicable during pregnancy, in non-pregnant
individuals, these electrical measurements are more difficult
as the uterus sits deeper in the abdomen. The already small
electrical signals become difficult to isolate, given the location
and interference of other organs. However, EHG is favorable
compared to external tocodynamometry (Thijssen et al., 2020)
as it has consistently been shown to be more reliable, sensitive,
and interpretable (Hayes-Gill et al., 2012; Vlemminx et al,
2017; Moni 2021).
measurement techniques in labor (Cohen, 2017) and the

et al., Clinical review of uterine
application of EHG measurement for prediction of pre-
term labor (Garcia-Casado et al., 2018) indicate that EHG
shows promise for more routine use to assess uterine
electrophysiology in the future.

Several commercially available EHG devices are currently on
the market, including wireless systems (Table 2). Most wireless
EHG measurement systems claim to be robust to maternal
movements; however, the measurement context remains a
clinical setting during labor. It is unclear whether these
measurement systems would prevail in an external
environment (e.g., at home) or work for a broader range of
body types under non-clinical conditions. The advancement of
measurement reliability could provide a useful at home tool for
assessment of pregnancy and labor, and be used to inform clinical

decisions.

3 Experimental measurements

Development of technologies to monitor uterine function
relies on an understanding of how the organ functions from an
electro-mechanical perspective, across spatial scales, from sub-
cellular function to the whole organ. The following sections
outline the key experimental measurements which have been
undertaken to date in uterine smooth muscle research,
including active force, electrical activity arising from action
potentials and ionic flux (specifically Ca®"). Figure 4 shows an
example of the experimental measurement of these three key
quantities.
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TABLE 2 Commercially available EHG devices currently on the market, along with their ability to provide fetal heart rate (fHR), maternal heart

rate (mHR).

Name Website fHR mHR EHG Wireless References

Bloomlife https://bloomlife.com/ X v v v Altini et al. (2018)

PreTel https://pretelhealth.com/ v v v

MindChild https://www.mindchild.com/ v X v X

Novii https://www.gehealthcare.com.au/products/maternal-infant-care/fetal- v v v Hayes-Gill et al.
monitors/novii-wireless-patch-system (2012)

Avalon beltless fetal https://www.usa.philips.com/healthcare/product/HC866488/avalon- v v v v

monitoring system beltless-fetal-monitoring-solution
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FIGURE 4

Illustration based on simultaneous measurements of

electrical activity, calcium transients, and force in uterine smooth
muscle. Adapted from experimental recordings from (Burdyga
et al,, 2007).

3.1 Active force measurements in muscle

Like cardiac and skeletal muscle, the measurement of active
force production in uSMC was first pioneered in the early 20th
century (Blair, 1923; Keye, 1923; Seckinger, 1923). Force
measurement techniques have been applied to study uSMC
contractions, including the reaction of muscular mechanical
activity to pharmacological interventions, to aid in the
development of therapies to either halt contractions in early
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labor, or help advance difficult labor (Heaton et al, 1992;
Matthew et al, 2004). This is viable for human tissue
experiments and has been used to investigate changes in
active mechanical contractions in both non-pregnant
(Fernandes and Crankshaw, 1995) and pregnant myometrium
(Arrowsmith et al., 2018). Contraction activity has also been
assessed ex vivo using motion tracking algorithms. Spontaneous
mechanical activity of ex vivo intact uteri can be recorded using
high resolution cameras and the contractions quantified. In the
isolated mouse uterus, the effects of muscle relaxant drugs for the
development of treatments for painful menstrual cramps
(dysmenorrhea), and in the isolated guinea pig uterus the
location of a pacemaker regions have been investigated
(Lammers et al., 2015; Liang et al., 2019). These studies focus
on active force development in the muscle in response to stimuli,
leaving passive mechanics (i.e., the baseline force or tension
developed in the muscle in response to length changes) not
included, although some work in passive length-tension has been

carried out previously (Gordon and Siegman, 1971).

3.2 Intracellular pH measurements

Intracellular pH has long been known to influence smooth
muscle contraction. Measurement in smooth muscle, including
uterine myometrium, came into focus in the 1980s (Wray,
1988b). Nuclear Magnetic Resonance (P-NMR) spectroscopy
measures intracellular pH by determining the compounds
within the cell, mainly inorganic phosphate, whose resonant
frequency is influenced by ph. Shifts in the frequency
spectrum position of inorganic phosphate give an approximate
measure of the intracellular pH, for example in response to
changes in extracellular pH (Wray, 1988a). P-NMR allowed
investigation of metabolic expenditure in pregnant and non-
pregnant samples of uterine smooth muscle and the effect of
metabolic inhibition (Wray, 1990). This technique opened the
door for experiments that showed modulation of intracellular
pH; using extracellular alkaline solutions results in increased
contraction frequency of uterine myometrium (Heaton et al,
1992). Large volumes of tissue are required for accurate P-NMR
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measurements, and time resolution of measurement is poor,
preventing simultaneous force measurements.

Fluorescent indicator techniques, for example, carboxy-
SNAREF, allowed simultaneous measurement of pH and force
(Taggart and Wray, 1993b). When carboxy-SNAREF is loaded
into myometrial tissue strips and excited, intracellular pH is
indicated by the ratio of two emission signals. Increased
contraction force was observed with an increase in
pH (alkalinization), and a decrease in force with a decrease
in pH (acidification). This approach was used to investigate
the which
spontaneous contraction in uterine tissue (Taggart and
Wray, 1993a), the buffering of pH between the extra- and

intracellular environment (Bullock et al., 1998), and the

small transient acidifications accompany

implication of acidification during labor in human tissue
(Parratt et al., 1995). The latter study found an increase in
pH with gestation age, inferring that the alkalinization of
tissue during pregnancy contributes to the increase in
frequency and magnitude of contractions required at term.

3.3 Calcium measurements

pH modulation of force is closely tied to Ca®', and Ca®*
measurement sheds light on the mechanism for uSMC
be
intracellular Ca®* levels in muscle samples. A fluorescent

contraction. Bioluminescence can used to assess
molecule called aequorin (Jiang and Morgan, 1987), allowed
the first simultaneous force and calcium measurement in uterine
smooth muscle in intact (non-permeabilized) pregnant human
uterine myometrium extracted during routine caesarean
deliveries (Szal et al, 1994). This study showed that force
production is dependent on calcium concentration, but also
observed little change in the force-calcium relation in
response to the use of agonist solutions. Taggart and Wray
the

and

used aequorin calcium fluorescence to investigate

relationship  between force, intracellular calcium
intracellular pH (Taggart et al., 1996), and the effect of
phosphorylation inhibition with cyanide on the Ca**-force
relation (Taggart et al., 1997).

Over time, use of aequorin diminished, replaced with
compounds such as Fura-2 and Indo-1 (Blinks, 1990).
Fura-2 is a ratiometric indicator, where the ratio of the
response to excitation at two wavelengths is related to the
concentration of calcium in the cytoplasm. In comparison,
Indo-1 fluorescence uses only one excitation wavelength, and
quantifies the ratio of emission signals at two wavelengths.
Although Indo-1 has been utilized in both human and animal
samples to investigate a range of mechanisms (Shmigol et al.,
1998; Matthew et al., 2004; Floyd et al., 2017), much is still
unknown about the handling of calcium in uterine smooth
muscle, although it is possible that the ‘energetics of calcium,
homeostasis and force output in smooth muscle are
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independently regulated’, as succinctly stated by Taggart
et al. (Taggart et al., 1997).

Along with calcium, the ionic flux of sodium and potassium
have consequences during contraction. The influence of these
ions in uterine smooth muscle can be measured using
intracellular electrophysiology techniques, such as voltage
clamp (Anderson, 1969; Mironneau, 1973; Reinl et al., 2015),
current clamp (Anderson et al.,, 1971; Reinl et al., 2018) and patch
clamp (Young et al., 1991; Young and Herndon-Smith, 1991).
However, these measurement techniques are not a major focus of
this review.

3.4 Electrophysiology mapping

Uterine electrophysiology is measured with electrodes
placed on the surface or inserted in the organ, which record
potential differences in membrane voltage. One of the first
studies to record electrical activity in uSMC placed dissected
strips of myometrial tissue in a muscle chamber with two types
of electrodes: stimulating and recording. They showed that
weak electric stimuli cause the uterine strips to contract, and
the strips were able to contract spontaneously (Bozler, 1938a;
1938b). In this latter case, contractions were followed by bursts
of electrical impulses. However, spontaneous contractions only
occurred when the samples were extracted during estrus, with
tissues extracted during diestrus exhibiting weak or no
contractions. Since then, many investigators have used
electrodes to measure uterine electrical activity. The protocol
varies depending on if the experiment is conducted ex vivo
(Lammers et al., 1994; Ma et al., 2020) or in vivo (Kao, 1959;
Csapo et al., 1963). For ex vivo experiments, typically one of the
uterine horns from small laboratory animals is excised and
either kept intact (Csapo and Takeda, 1965; Lammers et al.,
2008), opened along the mesometrial or anti-mesometrial
border (Lammers et al, 2015; Lutton et al., 2018), or
dissected to extract smaller segments of the myometrium
(Landa et al., 1959; Kuriyama and Suzuki, 1976). However,
maintaining the uterine horn intact allows for an ex vivo
experiment to be conducted with the uterine horn in its
2013).
experiments are typically performed on larger animals, such

hormonal environment (Chkeir et al., In vivo
as rabbits or sheep, with electrodes sutured into the uterine wall
(Kao, 1959; Buhimschi and Garfield, 1996; Buhimschi et al.,
1998). Some in vivo experiments have been conducted for
several days, allowing for long-term observations of electrical
activity (Kao, 1959; Verhoeff et al., 1985). Although most
experiments measure spontaneous activity, the myometrium
can be excited with a stimulating electrode (Parkington and
Sigger, 1988).

Electrode studies have mainly focused on animals
during pregnancy and near parturition, when the uterus
is the most electrically active. Simultaneous recordings of
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the electrical activity and intra-uterine pressure indicate
that electrical myometrial bursts, uterine volume and
pressure are linked. An increase in volume triggers an
increase in pressure and propagation of electrical bursts
(Csapo and Kuriyama, 1963). As term approaches, the
frequency of electric events increases, and their duration
decreases (Verhoeff et al., 1985). Electrical bursts travel
faster with a 2-fold increase during labor (Parkington and
Sigger, 1988). Increases in propagation velocities have been
linked to an increase in gap junction (Miller et al., 1989) and
the presence of estradiol (Melton and Saldivar, 1964).
Garfield et al. identified the formation of gap junctions in
micrographs of uSMC when placed in tissue baths. They
hypothesized that these were able to form as the tissue was
no longer in contact with inhibitor hormones that block the
synthesis of gap junctions (Garfield et al., 1980; Garfield and
Hertzberg, 1990).

The development of high-resolution multi-electrode arrays
in the 1990s has enabled the study of spatial patterns in the
electrical activity of the uterus (Lammers et al., 1995; Lammers
and Hamid, 1998; Chkeir et al, 2013). Arrays of up to
240 electrodes with a 2 mm inter-electrode distance enabled
tracking electrical bursts in strips of myometrial tissue or
across an entire uterine horn. This has prompted the search
for a pacemaker area, a location where the electrical bursts
originate, in the pregnant uterus (Lammers et al, 2015;
Lutton et al,, 2018). More recently, in vivo studies have been
performed on non-gravid rat uteri, reporting spontaneous low
frequency slow-wave type activity coupled with higher-frequency
spike-like activity (Garrett et al., 2022).

There are few studies investigating the influence of the estrus
cycle (diestrus/estrus) or during early pregnancy. Recently, Ma
et al. identified patterns of coordinated activity in estrus and
diestrus mice (Ma et al., 2020). They used a microelectrode array
of 64 electrodes with an inter-electrode distance of 200 um.
During estrus, the activity in the strips was found to be
synchronous and characterized by short bursts of high
frequency and low amplitude. Contrarily, during diestrus, the
activity was asynchronous and dominated by long-duration, low-
frequency, and high-amplitude bursts.

The size of the tissue sample also affects experimental
outcomes. Landa et al. noticed a correlation between electric
spikes and mechanical contractions on 2 mm wide strips but
not on those as wide as the horn (Landa et al., 1959). Similarly,
Lammers et al. observed changes in the generation of
spontaneous electric activity depending on the size of the
myometrial strip. Generation became more regular when
isolating a small strip of tissue from the organ, with a
stable pacemaking site appearing (Lammers et al., 1994).
The existence of a defined pacemaking site in the uterus
remains contentious, and continual developments in both
invasive and non-invasive monitoring of this function is
needed.
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FIGURE 5

Comparison of the Bursztyn et al. and Tong et al. uSMC
models. Shown are simulated intracellular calcium (Ca, upper
panel) and membrane voltage (V, lower panel). V is an input
parameter for the Bursztyn, whereas V is an output variable

for the Tong responding to a steady stimulus current. Resulting
Ca?* concentrations are roughly comparable but with the simpler
Bursztyn model rising higher likely due to lack of other currents
such as the potassium suites included with the Tong model.

4 Mathematically modeling uterine
function

Mathematical modeling provides a flexible tool to
complement experimental approaches, and to test hypotheses
regarding uterine function where experiments cannot. This
section outlines mathematical modeling techniques which
attempt to address the complexities of the uterus over a range
of scales, from the individual cell to tissue organization and
characterize its function for the purpose of clinical applications.

4.1 Cellular functions

4.1.1 lon currents

Mathematical models of uSMC are natural derivatives of
prior work investigating other SMC (Parthimos et al., 1999; Yang
et al,, 2003). The models differ in their level of detail describing
the intracellular signaling pathways shown in Figure 3. We
catalogue key models for the uSMC here. (For easy reference,
an overview of these model features is
S1) Of note,
these models

provided in
data
were primarily derived from

Supplementary Table experimental
calibrating
published results from rat studies, except for one model (Atia
etal, 2016). A seminal cell-level model of uSMC is the Bursztyn
et al. model, which focuses on the relationship between
membrane intracellular ~ Ca*

depolarization, triggered
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contraction, and force generation (Bursztyn et al., 2007). A key
simplification of this model is that it utilizes an assumed
functional form for membrane voltage (V,,) independent of
ionic current. This V,, parameter imparts its effect only on
the L-type voltage-activated Ca*" channel (see Supplementary
Table S1), consistent with observations that this channel
primarly influences uSMC contraction (Shmigol et al., 2001;
Wray and Prendergast, 2019). However, dynamic control of
membrane voltage beyond the flux of Ca®* is necessary for
activation (i.e., action potentials) and restoration of the system
to baseline.

Subsequent models incorporated additional intracellular ions
and their transporters, such as Rihana et al., adding K" and Na*
(Rihana et al., 2009). Tong et al. later included 11 different ion
channels in their model, adding chloride and non-specific cation
channels with two subtypes of Ca**-triggered K* (Tong et al,
2011; 2014). The additional complexity of these channels led to
distinct yet comparable results; see for instance a comparison of
the Bursztyn and Tong models in Figure 5. In contrast to the
Bursztyn model, the response of the Tong model is triggered by
current injection, and therefore V,,, is a model output. It takes
approximately an order of magnitude longer to solve the Tong
model (solved in OpenCOR, www.opencor.ws, using a CVODE
solver), highlighting one tradeoff between physiological accuracy
and complexity in uSMC modeling.

The most recent models of uSMC function have trended
toward increased complexity moving towards a comprehensive
model framework. Testrow et al. expanded the Tong model and
investigated the influence of intracellular Ca®* dynamics
2018).
function from a transcriptomics perspective, Atia et al.

(Testrow et al, Meanwhile, approaching uSMC
identified mRNA sequences expressed in the uSMC and
estimated parameters of the conductance repertoire (Atia
et al, 2016). They proposed their complete collection of
channels as ‘essential’ to uSMC function, with channel density
estimated from mRNA data. However, they excluded some
widely accepted channels in the uSMC, which appear in all
other models. Potential targets for future investigation include
(SL2-01,
Figure 3), whose hyperpolarizing effect is reduced during

the oxytocin-modulated potassium channel see

oxytocin-mediated increased contraction (Ferreira et al., 2019).

4.1.2 Ca** dynamics

Ca® is critical to uSMC contraction, with the L-type channels
playing a major role (Shmigol et al., 2001; Wray and Prendergast,
2019). However, SR modulation via SERCA pumps and release of
Ca’" via the IP3R and RyR channels also influence contraction
signals (see Figure 3) (Wray and Burdyga, 2010). While the SR
plays a supportive role (Loftus et al., 2015; Wray and Prendergast,
2019), it is one with a potentially dramatic impact during
Ca™ typically
representations in uSMC models, with only the classic 1977

pregnancy. dynamics  are simplified

(Wanner et al,, 1977) and the recent Testrow et al. models
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FIGURE 6

Smooth Muscle Contraction Schematic. (A) Four-states
representing the myosin head (M) and actin filament/myosin
complex (AM) in unphosphorylated states. Ca®* binds with
calmodulin-myosin complexes activating the myosin light-
chain kinase (MLCK). MLCK combined with phosphate (p)
transitions M to Mp, entering the crossbridge cycle with

AMp. Transition between Mp and attached AMp states perform
contractile work as determined by displacement, x. Rate of
attachment in turn dependent on x with maximal and minimal
displacements via f(x); detachment transitions similarly with g(x).
Latch state—or dephosphorylated AM—classic feature of smooth
muscle cells maintaining contracted state without energy input;
note, M can only reach the latch state through the crossbridge
cycle. (B) Depiction of contracted or unstressed latched states
aligned with displacement range (0 <x <h) and transition rate
dependency on displacement illustrated for f(x) with maximum
rate at full contraction. f(x) and g(x) designed to match Hai &
Murphy parameters at the average point x = h/2.

including SR Ca’" uptake and release (Testrow et al., 2018). It
is important to consider similarities and differences between
uSMC and other SMC. For example, the role of RyR in uSMC (if
any) is likely less important than in other SMC (Matsuki et al.,
2017), but it is nevertheless included in the Testrow model. IP3R,
on the other hand, are present and clinically relevant during
stimulation with oxytocin, but are strikingly excluded from any
uSMC models to date. While the inclusion of some SR Ca®"
release mechanism is better than none, dynamical characteristics
of these two SR channels are considerably different (Dupont
et al., 2016).

In phasic smooth muscles SR IP3R channels are observed in
tight proximity to caveolae, which are in turn populated with
Ca?**-activated ANO1 and BK channels (Nixon et al., 1994).
Spatial organization of L-type channels, which may also be
located proximal to the SR (Navedo et al., 2005), add intrigue
to the SR dynamic picture. The SR-plasma membrane Ca**
microdomains and the remodeling of the uterine channel
repertoires prior to and during parturition, which modulate or
outright compete with the L-type channel dominance, appears
territory ripe for mathematical exploration. However, most cell
models focus primarily on the Ca**-mediated connection
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between electrical propagation and contraction, an area
considered next.

4.1.3 Contraction within the cell

Modeling of cellular contraction hinges on the action of Ca®*
interacting with the myosin-actin contractile machinery
(Figure 6), typically based on the seminal model of Hai and
Murphy (HM) for SMCs (Hai and Murphy, 1988). This model
established a four-state scheme with the states representing the
myosin head (M) and the actin myosin complex (AM) in both
phosphorylated (AMp) and unphosphorylated states. Ordinary
differential equations (ODEs) represent transitions between
different states and reaction rates (the k; in Figure 6) between
each state are all constant with two exceptions: k; and ke Both are
modulated by free Ca** driving phosphorylation by way of the
MLCK (see Section 2.2). Instead of explicitly modeling this Ca**
influence, HM used a time-dependent step function for k; and kg
to mimic Ca*" transients, with values fitted to phosphorylation
data. Computing the force generated by the cross-bridge cycle
entails displacement of the filaments. However, with the HM
formulation there is effectively no displacement measured.
Instead, stress (S) is defined as the total concentration of AM
and AMp complexes. In uSMC modeling, Bursztyn et al.
(Bursztyn et al., 2007) modified the HM model with fits of
parameters to uterine data (Word et al, 1994). An explicit
dependency of k; on Ca’>* — a sigmoidal Hill function—was
utilized instead of the time-dependent step function in the
original. HM model. This inspired incorporating the Ca®"
dynamics that Bursztyn merged into their model as described
in Section 4.1.1.

Simulations of force generation computed with spatial
displacement of myosin and actin filaments was introduced by
(Fredberg et al., 1999; Mijailovich et al., 2000). These models
hybridized the HM model and a Huxley sliding filaments model
to produce the Huxley, Hai and Murphy (HHM) hybrid model
(Huxely, 1957). HHM theory extended the HM ODE system to
four partial differential equations (PDEs), where transition rates
depended on displacements designed to match the average HM
parameters (Figure 6B). Although more numerically complex to
solve, the HHM model provides force calculations via the PDEs
instead of the HM stress estimate, yet still limits Ca®" impulses to
a time-dependent step function from the original HM model
(Hai and Murphy, 1988). Wang et al., later incorporated explicit
Ca’* dependencies into the HHM model (Wang et al., 2008) for
arterial smooth muscle, including both forward phosphorylation
transition of myosin and the reverse de-phosphorylation action.
Additionally, the velocity of contraction, v(t), appeared in the
Wang model, exploiting the balance of force exertions by the
SMC with surrounding elastic tissue in radially symmetric
arteries.

These force calculation advances were later exploited for a
uSMC model where Maggio et al. customized the HHM-Wang
arterial SMC representation to uSMC, simplifying model
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dependency on Ca** in the control parameters for myosin
light-chain phosphatase (Maggio et al., 2012), and using the
same data (Word et al., 1994) fit by the Bursztyn model. This
effort enabled prediction of force generation in the uSMC,
investigating the sensitivity of the contraction shortening ()
and its influence on isometry of contraction. The varying roles of
uterine tissue during the process of facilitating menstruation,
fertilization, or embryo transport could be critically dependent
on this isometry. Maggio et al. defined a measure of isometry, the
parameter gamma (y), as the ratio of the average length of
contractile units inside the cell to maximal attachment length
(h) shown in Figure 6. A purely isometric contraction (y = 0)
generates the maximal possible contraction strength, according
to Maggio et al. Alternatively, lower isometry (or increasing y)
weakens the peak contractile force due to greater disarray in the
actin/myosin assemblies. Notably, Maggio showed that the
slightly non-isometric y in the HM overestimates the non-
isometric strength, with implications for models using the
HM scheme.

The later Testrow et al. model modified another arterial SMC
contraction model from Yang et al. including passive elasticity of
the cell, cross-bridge elasticity, and viscoelastic force (Yang et al.,
2003). However, the Testrow et al. adaptation from the arterial
suite of parameters to the uterine is quite limited; most values are
simply carried over. Unfortunately, the literature on available
parameters for the uSMC is not comprehensive, rather limiting
utility of complex contraction models for uSMC despite their
importance to characterizing uterine function. Ion channel
parameters may be inferred analogous to the cardiac modeling
effort of Ohara, et al., who isolated the distinct influences of
membrane voltage and Ca®" on inactivation of whole ventricular
cells (O’Hara et al.,, 2011).

4.2 Modeling uterine tissue

Confocal microscopy images of Ca®* transients in human
myometrium demonstrated distinctive filamentary patterns in
uterine tissue responding to stimuli (Bru-Mercier et al., 2012).
The uSMC are thus organized into contractile fibers across the
uterine tissue. A recent approach assembled the Testrow single-
cell model, and their selected Tong and Yang submodels, into a
fiber by constructing a linear array of individual uSMC
(Goldsztejn and Nehorai, 2020). Their choice of the Yang
submodel allows computation of the forces between individual
cells and estimates of tension over the whole structure, for a
constant total length. Electrical coupling is provided using the
Tong solution for membrane voltage, V,, for each individual cell
and the cable equation simulated 1D diffusion along the fiber. A
resistance between the myocytes was applied, representing gap
junctions in uterine tissue (Miyoshi et al., 1996). Goldzstejn et al.
varied this intercellular resistance, inspecting its effect on
conduction velocity over the idealized fiber, not unlike the
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observations of gap junction expression varying over the course
of pregnancy and parturition (Miller et al., 1989; Balducci et al.,
1993).

2D networks of myocytes assembled into relatively
computationally inexpensive tissue models provide a different
approach to understanding uterine tissue function. To achieve
computational efficiency, typically full ion-current and
membrane voltage simulations are neglected, and the classic
Fitzhugh-Nagumo (FN) reduced model, with just two ODEs
(an excitation and a recovery variable) is used (see Section 4.1.1).
Benson et al. modified the FN two-variable ODE with a diffusion
term for the excitation variable representing V,,, (Benson et al.,
2006). Since uterine tissue lacks a single specific pacemaker
region (Lammers et al., 2015), Benson et al. randomly varied
an input stimulus over a 2D spatially discretized square region
with grid points treated as individual myocytes. Diffusive
coupling between them was also randomly varied -
representative of gap-junction variations. Heterogeneity was
suggested key to overall behavior, driving transitions of the
entire system between quiescence, bursting and synchrony.
However, measured uSMC dynamic data did not inform their
parameter set.

Sheldon et al. applied the FN excitable model for an idealized
uterine tissue, but replaced diffusive coupling with a lattice
network of point cells in a 25 x 25 grid (Sheldon et al., 2013).
Positioned at the lattice center, a single pacemaker cell subjected
all surrounding cells to its influence via random variations in
coupling strength mimicking gap junctions. Sheldon et al.
measured statistical distributions of capacitance and resting
membrane potentials for murine uterine tissue at 18 days
gestation and translated these measurements into distributions
of coupling strengths and resting V,,, over the lattice. Excitability
for the entire system was largely dependent on the local
correlations of coupling strength: lower correlations tended
towards greater global excitation, reinforcing the heterogeneity
results from the Benson model.

Xu et al. replaced the FN oscillator with the biophysical Tong
et al. (2014) uSMC model and constructed a similar lattice-
network tissue model (Xu et al., 2015). With a relatively large
network of 50 x 50 cells, Xu et al. also varied coupling strength
over the network, but further peppered random numbers of
‘ICC-like’ passive cells throughout the lattice. The ICC-like cell
models excluded ion channel activity but coupled membrane
voltage differences with surrounding uSMC cells in the lattice.
Interestingly, no current was applied yet oscillations emerged: the
uSMC cells experienced stimulation by way of the coupled
passive cells given a high enough passive coupling strength (as
previously seen by (Sheldon et al., 2013)). Progressively stronger
coupling drove the system from quiescence to clusters of activity,
followed by spatial waves across the lattice and eventually full
synchronization. Qualitatively, the Xu model reproduced some
behavior observed in cultures of uterine tissue (Lammers et al.,
2008).
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The utility of these tissue model explorations appears limited
to feasibility studies—particularly given their disconnection with
experimental data overall. Nevertheless, they permit
consideration of distinct cells exhibiting varied intrinsic
excitability (if any) and resting Vm along with distributions of
coupling arrayed in idealized uterine tissue slices. Despite the
lack of spatial scaling to actual uterine tissue, they provide
insights into potential mechanisms generating the observed
electrical patterns-but necessarily call for more realistic
implementations.

Other groups have since expanded these concepts to larger
networks of up to 10,000 cells in a multi-scaled scheme for
simulating surface EHG signals (Rihana et al., 2009; Rabotti et al.,
2010; Laforet et al., 2011). Overall, spatial coupling methods such
as the gap-junction approach defined by Sheldon et al, the
Koenigsberger geometric configuration (Koenigsberger et al.,
2004) used by Laforet et al, or simply diffusion as in
numerous tissue bidomain models, has built the groundwork
for full-organ systems and the expansion to geometries, both

simple and complex (Laforet et al., 2013).

4.3 Whole organ modeling

Tissue level lattice models provide steps toward modeling
clinical measurements such as EHG or IUP. However, the
concepts explored in tissue level models (Section 4.2), need
scaling up to the organ level to provide clinical interpretation.
The earliest such models neglected the biophysical detail at the
cell level with cellular automata schemes layered over
ellipsoidal and more realistic uterine geometries (Andersen
and Barclay, 1995; Young, 1997). By assuming a pacemaker
region and varying its location Andersen and Barclay
demonstrated geometric influence on tension in the system,
with emergent tensile oscillations qualitatively similar to
experimental patterns (Andersen and Barclay, 1995). By
including calcium in addition to electrical propagation of
action potentials along restricted paths (analogous to
myocyte bundles from the fundus to the cervix) Young was
able to generate simulations that fit measured IUP data
(Young, 1997). The model restricted the APs to trigger
calcium release in radially symmetric waves, confined to
circular regions (presumed bounded by collagen fibers
blocking progression). Ca** waves in turn switched cells
from a resting to a contracted state, and the total number
of contracted cells determined the force generated. The
influence of structural organization on signaling was
assessed by varying myocyte bundle size, Ca®" wave speed
and cellular contraction timespans (the only intracellular
detail). Later, the same group considered mechano-
transductive ion channels-a key and often overlooked
element in the myometrium—which trigger spontaneous
and phasic contractions upon stretching (Young, 2015).
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The multiple scales of uterine structure, ranging from the whole organ (left) to tissue layers, intra-tissue organization and individual cells (right).
Characterizing uterine behavior entails teasing out dynamical connections between spatial and temporal scales such as myometrial responses to
mechanical distensions shaped by tissue layers organized into contractile fibers. In turn, fibers comprised of individual cells coupled with neighbors
via gap junctions or stretch activated sensors drive overall organ-wide responses from cell-level ion channel activity, themselves subject to
hormonal influence either by endogenous evolution of concentrations up to parturition or artificially by clinical stimulation. Each scale individually
presents mathematical modeling challenges, further amplified their integration into a whole, realistic and tractable representation of the entire

organ.

FIGURE 8

Three-dimensional organ simulations demonstrate tissue
organizational dominant influence on overall behavior. (A)
Yochum et al., simulation result showing electrical activity in
spatially-distant regions due to mechano-transductive

coupling well ahead of tissue-surface action potential wave-front
(Yochum et al., 2018); note lack of contractile fibers over surface.
(B) Organization of contractile fibers over three-dimensional
organ simulated in Zhang et al., 2016, and layers of longitudinal and
circumferential fiber layers (‘fasciculi’) in (C) Sharifmajid et al.
(2016) inspired by observed patterns of fiber and collagen
distributions of Weiss, et al., 2006. Reprinted from Yochum et al.
(2018) with permission from Elsevier; Adapted from Zhang et al.
(2016) under the Creative Commons License; Adapted from
Sharifimajd et al. (2016) by permission from Springer Nature.

Rather than circular calcium waves they partitioned uterine
tissue into electrically isolated regions (Ramon et al., 2005).
Therefore, APs died out at distinct boundaries on the surface,
assumed from non-conductive tissue or lack of gap junctions.
The electrically isolated regions were coupled via mechano-
transduction, transmitted through tension and pressure
generated in the uterine volume. Variation of thresholds
for regional excitations, as well as number of regions,
suggested an optimal spatial partitioning for organ-wide
response and synchronization with no explicit pacemaking
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region required, as had been assumed in earlier models
(Andersen and Barclay, 1995).

Notably, readily accessible EHG skin measurements are
dependent on cellular mechanisms that determine transitions
from a quiescent to contracting organ (Figure 7 illustrates
connections between these scales). Influence of cellular scales
on observable EHG may be simulated by solving the forward
problem—projecting an electrical source through organ and
tissue layers to the skin surface (Rabotti et al., 2010).
Alternatively, bidomain formulations enable capturing
essential cellular influences on the organ-wide analogous to
those used in cardiac (Colli Franzone et al., 2005) and
gastrointestinal models (Cheng et al., 2007; Sathar et al,
2015). These cumulated in the Yochum et al. (Yochum
2018) of
electrophysiology, derived from an anatomic finite element
from FEMONUM repository (http://femonum.
telecom-paristech.fr/) (Bibin et al, 2010) that included

cellular contractile forces, as well as tissue elasticity and

et al, comprehensive  model uterine

model

viscosity. Diffusion of membrane voltage over the surface
was halted at boundaries between sub-divided regions of
uterine surface (following (Young, 2015), see Figure 8A).
Simulated mechano-transductive ion currents established a
feedback mechanism between surface deformation and
intracellular action potentials, with the model predicting
that rapid increases in IUP do not occur without stretch-
activation. Electrically isolated regions erupted into activity
purely due to distortions sensed via mechano-transduction
well ahead of depolarization wavefronts—evoking observations
by (Eswaran et al., 2002) (Figure 8A). Transmission of
contractions through the whole organ could thus be
enabled by
independently of V.

intracellular  stretch-activated  channels
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With the aim of computational tractability, organ scale
models of the uterus use simplifications in both the cellular
models, and in the anatomy. Simplification of cellular dynamics
to the FN model (Aslanidi et al., 2011) eases computational load
at the whole organ scale in a realistic geometry. Cochran and Gao
(2015) used the FN integrated into a bidomain tissue model for
diffusive APs, and mechanical stress based on work in arterial
wall mechanics (Holzapfel et al., 2000). Sharifimajd et al. later
incorporated a Ca®" model responsive to FN action potentials
(Sharifimajd et al, 2016), and employed a HM contraction
scheme with Ca**-dependency for cross-bridge cycling (see
Section 4.1.3). Each of these studies reproduced clinical and/
or experimental data, despite differences in cell model
formulation. Elucidating the relationship between cell and
organ function in the uterus demands data driven approaches
across spatial scales (Aslanidi et al., 2011), and potentially a drive
for robust methods to simplify comprehensive cell level models.
Balancing computational tractability and physiological relevance
at the organ scale is essential.

Geometries ranging from both anatomically-realistic
(Zhang et al, 2016)) to idealized
ellipsoidal geometries (Figure 8C, e.g., (Sharifimajd et al,

(Figures 8A,B, e.g.,

2016)) appear in the modeling literature, and tissue fiber
orientations vary widely as well. Interestingly, the same data
describing fiber organization (Weiss et al., 2006), inspired two
quite different anatomic models. La Rosa et al. imposed a
uniform orientation angle of m/4 by virtue of a spherically
symmetric geometry, identically aligning all fibers (la Rosa
et al,, 2012), yet Zhang et al., randomly perturbed orientation
angles on a realistic geometry from a normal distribution over [0,
n/4]; see Figure 8B (Zhang et al, 2016). Both studies, citing
Weiss, demonstrated the primary influence of activity depends
not on organ shape, but fiber orientation (Weiss et al., 2006).
Human uterine fiber architecture is extraordinarily complex and
further subject to change during pregnancy presenting challenges
for not only organ-scale modeling, but measuring their likely
distributions in vivo.

Numerous questions remain unanswered and multi-scale
models are uniquely situated to address them, but finding
simple, elegant and computationally tractable representations
that capture essential behavior is key. Characterizing the fiber
network influence on overall uterine function in a full model
presents a formidable challenge, particularly considering stretch-
activated electrical activity over disconnected regions. No single
modeling scheme connects these two critical components to date,
not to mention complications with including intracellular Ca**
signaling details along with hormonal influences and phase of
pregnancy. While, for instance, FN models indeed mitigate
computational expense, the multi-pronged effects of oxytocin
on release of Ca** through IP3R, combined with sensitization of
cross-bridge phosphorylation and modulation of K* channels,
cannot be captured in such simple models. Integrating suitably
complex cell-level models into tissue-wide and organ-scaled
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representations can benefit from experience with other organs
such as cardiac or gastro-intestinal, but the subtle and unique
complexity of the uterine system calls for novel and creative
modeling solutions.

5 Conclusion

Despite the functional importance of the uterus, studies of
the uterine electrophysiology lag those of other muscular organs.
Studies of the uterus already incorporate methods from multiple
arenas, such as experimental applied

physiology and
computational modeling, providing multiple avenues to
capture the superficially simple yet exquisitely complex
contractile activity of the uterine organ. Both experimental
and mathematical techniques play a key role but together
become more powerful. The influence of factors from cell
signaling, through the complex contractile fiber orientations in
the human uterus, to the effect of changes in organ anatomy
through the menstrual cycle and pregnancy can only be achieved
by a multi-scale analysis that includes both experimental and
theoretical approaches. Mathematical model predictions are only
as good as their parameter values, and fortunately, animal models
provide data specific to the uterus to inform simulations, whereas
human data is rare. Working in tandem, both can grapple with
solving the enigma of uterine transition to powerful contractions
after sustained quiescence. Identifying key metrics for detecting
and preventing pathological pregnancies, particularly using non-
invasive technologies, awaits as a target for future research.
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