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Abstract

Identification of the mechanical role of extracellular matrix components in cervical remodeling

Nicole Alicia Lim Lee

Preterm birth (PTB), defined as birth before 37 weeks of gestation, is the leading cause of

neonatal morbidity, and survivors can face lifelong medical difficulties. PTB remains a clinical

challenge worldwide, with rates of PTB rising in all countries with reliable data. A lack in

understanding of the mechanisms that lead to PTB has made developing diagnostics and

therapeutics challenging, and existing ones are often ineffective.

For a successful pregnancy, the major reproductive organs and surrounding tissues must

sustain the growing loads of pregnancy. The cervix is one of these major reproductive organs.

The cervix sits at the base of the uterus and has a versatile mechanical function in pregnancy.

First, it must stay closed during gestation while the fetus develops; second, the cervix must

remodel sufficiently and timely to dilate and allow delivery. The proper timing and extent of

remodeling are critical for a healthy pregnancy. Improper cervical remodeling is a final common

pathway to PTB and is the tissue of focus in this thesis.

To improve our ability to identify when a PTB birth will occur and ultimately be able to

treat those at risk, this thesis will identify the mechanical role of three extracellular matrix (ECM)

components at various gestational ages and evaluate the ability of two major hormones to alter

cervix function. Using experimental techniques (large-deformation tensile testing, digital-image

correlation, imaging, biochemical) and theoretical and computational techniques (constitutive



modeling, finite element analysis), the mechanical behavior of whole mouse cervices will be

characterized in wild type, genetic knockout, and hormone-treated animals.

First, the loss of both Class-I small leucine rich proteoglycans (SLRPs), decorin and

biglycan, is detrimental to cervix function in late gestation. When the cervix should be most

compliant and extensible, cervices without decorin and biglycan cannot stretch and are as stiff as

the nonpregnant cervix. The loss of these proteoglycans also slows the cervix’s stress dissipation

mechanism in late gestation, which could put the cervix at increased risk for damage. The

mechanism of stiffening and lost viscoelasticity indicates the fibril crosslinking associated with

SLRPs is a structural mechanism of the ECM contributing to cervical remodeling.

Second, the loss of hyaluronic acid diminishes the cervix’s mechanical function at every

gestational age tested. For nonpregnant to mid-gestational age, the cervix is softer than normal.

Though by late gestation, the loss of hyaluronic acid stiffens the cervix; this is at a point when the

cervix should be at its softest. The loss of hyaluronic acid also decreases the cervix’s protective

stress dissipation mechanism in late gestation. There is limited knowledge of the interaction of

collagen, elastic fibers, and hyaluronic acid in the cervix. The significant mechanical role of

hyaluronic acid in the cervix warrants exploration of the structural mechanisms of these

functional changes.

Third, the loss of endogenous hormones stiffens the tissue and increases extensibility

compared to the nonpregnant cervix. The administration of estrogen recovers large amounts of

extensibility (beyond the stretch level of a late gestation cervix), stiffens the tissue (such that it is

stiffer than a nonpregnant cervix), and recovers a significant amount of cervix strength. Fourth,

relaxin increases cervix extensibility in mid-gestation and endows the cervix with viscoelastic

ability in late gestation.

Altogether, understanding the correlation between these extracellular matrix components,

hormones, and functional changes of the cervix is fundamental to teasing out mechanisms of

cervical remodeling and developing improved PTB diagnostics and therapeutics.
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Preface

This thesis is the culmination of many years and many projects. I hope you enjoy reading

parts of it and learn something along the way.

Chapter one will provide an introduction and background into pregnancy, the cervix,

cervical remodeling, and the aspects of the tissue we need to consider when taking a mechanical

engineering or biomechanics approach to understanding the immense remodeling of the

reproductive tissues undergo during pregnancy.

Chapter two will focus on the role of two Class-I small leucine rich proteoglycans, decorin

and biglycan, in cervical remodeling. Losing these proteoglycans disrupts the extracellular matrix

structure and recapitulates a connective tissue disorder in humans with an associated increased

risk of adverse pregnancy outcomes. Studying genetic knockout mouse models will elucidate the

cervical contribution to this pathology.

Chapter three will focus on the role of the non-sulfated glycosaminoglycan, hyaluronic

acid. A feature of nonpregnancy and cervical remodeling is the dynamic changes in cervical HA

levels and composition. Given the diverse function of HA in the skin and other tissues, the

functional impact of HA will be determined.

Chapter four will focus on the role of two major hormones present during pregnancy.

Cervical remodeling is a hormone-mediated process with the ratio of progesterone and estrogen

varying with different stages of remodeling. Although I could not obtain progesterone-treated

samples, the role of estrogen and the impact of the loss of ovaries (a primary endogenous

hormone source) will be studied. In addition, a peptide hormone, relaxin, varies throughout
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pregnancy. Its role will be studied using a genetic knockout model of the relaxin receptor, Rfxp1.

Chapter �ve will focus on microindentation as a promising avenue for further

understanding of cervical remodeling. Microindentation enables testing on a new biological

length scale and spatially de�ned mechanical characterization of the mouse cervix. With

microindentation, a new link in the structure-function relationship may be determined by

comparing properties at the scale of tissue components.
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Chapter 1

Introduction and Background

1.1 Environment of pregnancy

A women's reproductive tract and surrounding tissues must be able to sustain the growing

loads of pregnancy, as the baby grows to an average birth weight between 2.88 kg to 3.54 kg,

varying by country [1]. The major reproductive tissues supporting the fetus include the uterus,

fetal membranes, and cervix (Fig. 1.1). During pregnancy, there is dramatic remodeling of the

reproductive tissues to accommodate the growing fetus. Each tissue's mechanical integrity and

function are critical to the pregnancy outcome [2–4].

1.1.1 Uterus and fetal membranes

The uterus is a pear-shaped organ in the pelvic cavity between the bladder and the rectum.

The fetus grows within the uterine cavity in the amniotic sac, composed of the fetal membranes.

The uterus then grows into the abdominal cavity during pregnancy. The fetal membranes develop

during pregnancy, protect the fetus, and maintain pregnancy. The uterus is a smooth-muscle-rich

tissue that remains quiescent until the onset of labor triggers the uterus to become active and

contractile [5].

1.1.2 Cervix

Although the cervix is anatomically part of the uterus and is often referred to as the uterine

cervix, the cervix is treated as a distinct organ of interest. The cervix is a cylindrical, �brous
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Figure 1.1: Diagram of the female reproductive system. File: Diagram showing the parts
of the female reproductive system CRUK 327.svg" by Cancer Research UK is licensed under
CC BY-SA 4.0. To view a copy of this license, visit https://creativecommons.org/licenses/by-
sa/4.0/?ref=openverse.
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connective tissue located at the base of the uterus and extends into the vaginal canal and is approx-

imately 3 cm long and 2.5 cm wide [6, 7]. The side of the cervix towards the uterus or the superior

direction is referred to as the internal os, and the extension into the vaginal canal or the inferior

direction is referred to as the external os (Fig. 1.2).

Figure 1.2: Diagram of the human cervix. A sagittal cross-section through the reproductive system
is shown, and the uterus, cervix, and vagina are identi�ed. Then the cervix is located and can
be thought of as a cylindrical structure with a canal and the endocervix or internal os and the
ectocervix or external os. Created with BioRender.

In the middle of the cylindrical cervix is an endocervical canal lined with epithelial cells sur-

rounded by the cervical stroma. The cervix has two distinct types of epithelia, columnar epithelia

at the endocervix, which transitions at the squamocolumnar junction to strati�ed epithelium at the

ectocervix. The stroma is the load-bearing portion of the tissue [8] and is composed mainly of

collagen (mainly type I and III), elastic �bers, proteoglycans, glycosaminoglycans, matricellular

proteins, cellular components (�broblasts, smooth muscle, epithelial, immune cells), and water.

The tissue's cellular components are embedded in a complex 3D �brillar matrix called the extra-

cellular matrix (ECM). Collagen consists of 34-77% of the dry weight [9, 10], consisting mainly

of type I and type III collagen [11]. The human cervix has regional differences in composition,

organization, and tissue mechanical properties. The collagen �bers have distinct orientations; the

prominent group throughout pregnancy is a circumferentially aligned group of �bers circling the

cervical canal [12]. The �bers near the inner canal are also more dispersed than those at the edges.
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Recently the nonpregnant human cervix has also been shown to have decreasing levels of smooth

muscle cells from the internal os to the external os [13]. These changes in structure also manifest

as regional mechanical differences from the internal to external os, with the anterior quadrant of

the cervix differing signi�cantly between the internal and external sections [14].

The cervix acts as a protective barrier separating the developing fetus from the environment,

gradually transforming from a closed, stiff structure into a compliant one to ensure successful

delivery. The transformation of the cervix tissue and accompanying changes in material behavior

through pregnancy is referred to as cervical remodeling.

1.2 Clinical motivation: Cervical pathologies in pregnancy

Properly-timed remodeling of the cervix is crucial for a healthy pregnancy. Premature remod-

eling can contribute to preterm birth (PTB), de�ned as birth before 37 weeks of gestation [15]. On

the other hand, a cervix can fail to efface and dilate, leading to a cesarean section [16].

PTB is a major clinical dilemma globally, affecting 14 million babies worldwide in 2016, and

can lead to lasting medical dif�culties for the baby when delivered successfully [15]. The rate of

PTB is increasing in almost all countries with reliable data, indicating ineffective treatments and a

lack of understanding of the mechanisms that lead to PTB. Two of the primary clinical etiologies

of PTB are 1) iatrogenic (delivery for maternal or fetal indications), which accounts for approx-

imately 30-35% of PTB, and 2) spontaneous preterm births, which account for approximately

65-75% [17, 18]. Traditionally, spontaneous PTB was divided into those associated with preterm

labor or preterm premature rupture of the membranes, with a more recent paradigm suggesting an

equal role for the cervix (premature cervical remodeling) in the etiology of PTB [19]. Further-

more, the role of each tissue appears to be intertwined, with changes in the cervix occurring in

concert with changes in the uterus and membranes [13, 20]. Spontaneous preterm birth remains a

clinical challenge, with as many as 95% of cases intractable to current interventions [21]. Current

interventions include cervical cerclage, pessary, and progesterone (P). Our PTB research focuses

on the cases of spontaneous PTB, and further references to this will generally be referred to as
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PTB.

Cesarean sections affect one in three births in the United States of America [22], with rates

rising globally [23]. Cesarean delivery is major surgery with many associated post-delivery com-

plications, including pain, would and urinary tract infection, and deep venous thrombosis [16].

The most common indicators in North America are an elective repeat cesarean delivery (30%)

and dystocia or failure to progress (30%). In the latent phase or �rst stage of labor, a failure to

progress involves the baby failing to move into position or the cervix failing to fully efface (thin

and shorten), leading to an indication for cesarean delivery as the baby cannot pass through the

vaginal canal. The contractions of the uterus help to stretch and thin the cervix. The relative

contributions of the uterus and cervix in the effacement process remain an open question, such

as dysfunctional labor (poor uterine contractility) coupled with an improperly remodeled cervix.

Still, the proper extent of cervical remodeling remains important even in a term pregnancy.

In both cases, the proper timing and extent of remodeling of the cervix is a key contribution to

successful term pregnancy.

1.3 Mouse model for studying cervical remodeling

Characterizing the changes in the various reproductive tissues has been challenging because of

the protected environment of pregnancy. There are dif�culties in data collectionin vivoand testing

human tissue samplesex vivois limited to two distinct states of remodeling, nonpregnant (NP) and

pregnant, with the tissue often being pathologic since the tissue is typically only removed when

medically necessary. There is great value for thein vivo tools in a clinical setting. Still, it is dif�-

cult to extract insights into mechanisms in cervical remodeling without accompanying biological

and structural data. The mouse model has been an invaluable tool in the study of cervical remod-

eling. The relatively short gestation time of 19.5 days, the ability to collect speci�c gestational

age samples, and the existing genetic tools have enabled the study of biochemical and mechanical

mechanisms of cervical remodeling that would not be possible with the human model alone.

While there are differences between a mouse and human pregnancy, including
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1. Locomotion: quadrupedal vs. bipedal

2. Uterine anatomy: two uterine horns vs. single uterus

3. Litter size: �ve to six pups on average, as many as 12 vs. typically one

which necessitate careful direct comparisons between the two species. The mouse cervix shares

several characteristics with the human cervix and its pregnancy environment, making it a suitable

animal model for studying cervical remodeling. Similarities between the two models include,

1. Pressurized �uid-�lled membrane within the uterine cavity

2. The ECM components are identical based on transcriptomic and proteomic data, this in-

cludes collagen, elastin, and other components critical for forming collagen �brils [10, 24–

28]

3. Cervical material behavior: cervical material behavior are non-linear, anisotropic, tension-

compression asymmetric, and time-dependent [25, 26]

4. Stages of remodeling: The cervix softens through pregnancy [29–35]

There are many gaps in knowledge of the cervix's structure-function relationship, and there is

a need to expand our knowledge of cervical remodeling beyond the tissue and organ level cervi-

cal mechanical behavior to characterize function on smaller biological length scales to ultimately

target better diagnostic, treatment, and an overall decrease in PTB rates. Thus, leveraging mouse

models will advance our understanding of cervical remodeling by elucidating the role of crucial

tissue components and identifying novel mechanical behaviors of a properly remodeled cervix.

1.3.1 Cervix anatomy and composition

The mouse reproductive tract consists of two uterine horns that meet at the base to form a sin-

gle cervical canal surrounded by the vagina. The cervix can be described, similarly to humans,

as a thick-walled, cylindrical tissue structure with an inner epithelium and outer stromal region.
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Figure 1.3: A drawing of the mouse reproductive tract and a schematic of a mouse cervix cross
section perpendicular to the cervical canal. The cervix is a layered structure, starting with the cer-
vical canal; �rst is the inner epithelia which transitions to the stroma, consisting of the subepithelia
stroma surrounded by the midstroma. The cross section was adapted fromColon-Caraballo et. al
2022[39].

The stroma makes up between 53-70,% of cervical tissue. The stroma primarily comprises stro-

mal �broblasts synthesizing rich ECM [36]. The �broblasts secrete ECM with �brillar collagen

(type one and three), matricellular proteins, elastin, sulfated and non-sulfated glycosaminoglycans

(GAGs), and proteoglycans [37, 38], again similar to humans. In addition to the �broblast, the

stroma contains other cell types (smooth muscle, immune, endothelial) and nerve �bers. The ep-

ithelium lining the stroma is squamous mucosal epithelia, with the uppermost region (endocervix

or internal os) lined with columnar epithelia. The stroma surrounds the subepithelia stroma with

the epithelial lining of the cervical canal (Fig. 1.3). While we focus on the stromal region in the

exploration of mechanics since it contains the �brillar ECM, the epithelia can also play an inte-

gral role in cervical remodeling with roles in immunoprotection and maintenance of barrier [37].

Section 1.4 will describe in more detail some of these tissue components, how they evolve with

cervical remodeling, and how they are hypothesized to impact cervix mechanical function.
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1.3.2 Normal cervical remodeling in the mouse model

Cervical remodeling in mouse pregnancy begins early and can be divided into overlapping

phases: softening, ripening, dilation, and postpartum repair. Cervical softening can further be di-

vided into early softening before day 11 (d11) of gestation and can be identi�ed by a relatively

dramatic decrease in stiffness, coupled with an increase in distensibility [29, 32, 33, 36] and late

softening from day 12 (d12) to day 17. The increase in distensibility allows the cervix to stretch

without rupturing the tissue. Throughout gestation, there is also a dramatic increase in viscoelas-

ticity [32]. Cervical softening occurs in a high P/E ratio.

Figure 1.4: Stages of cervical remodeling in the mouse model can be divided into softening, ripen-
ing, dilation, and repair. Adapted fromNallasamy et al. 2017[40].

The softening phase overlaps with a more accelerated phase of remodeling termed cervical

ripening on day 18 (d18) and day 19 when the tissue is at its softest. Cervical ripening occurs in a

low P/E ratio. In the mouse, the change in ratio occurs by a drop in P levels before delivery [41]. In

contrast to women whose P levels remain high, the loss of P receptor signaling creates a functional

drop in P [37, 42].

In dilation, the uterus becomes active and contractile. The contracting uterus begins to stretch

the fully ripened (and remodeled) cervix causing it to efface and dilate. When the cervix is dilated,

the fetus can pass through the cervix and out through the vaginal canal. After delivery, the uterus
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and cervix rapidly start the repair process to return to the nonpregnant (NP) state to protect the

reproductive tract.

1.3.3 Mouse models of preterm birth

To understand preterm birth, there are two established mouse models of preterm birth 1) an

infection-mediated model using lipopolysaccharide (LPS) [43] and 2) a hormone-mediated model

using mifepristone (RU486) [44]. These mechanisms of preterm birth have been studied to under-

stand their biological bases [43, 45, 46] and function [34, 47].

By characterizing normal cervical remodeling and comparing that to abnormal cervical remod-

eling, as in the case of PTB models, we can improve our ability to identify PTB and aid in de-

creasing the PTB rate. Alterations in the mechanical properties of the cervix have implications for

successful term delivery, so further investigation is needed to understand the mechanical behavior

and link them to tissue components.

1.3.3.1 Mouse models of PTB: RU486 resembles term and the importance of both elastic and

collagen �bers

The two mouse models of preterm birth were tested to assess their mechanical differences and

to correlate the mechanical parameters to microstructural features. Cervices subjected to a series

of cyclic load-unloads to increasing load levels, followed by a �nal load-to-failure, re�ected the

increase in compliance typically observed from NP to late gestation by reported low and high mod-

ulus structural properties. In focusing on the late pregnant samples (day 15 (d15), d15-LPS sham,

d15-LPS, d15-RU486, day 18 (d18)), the low modulus differentiated the late pregnant groups,

with d18 and d15-RU486 signi�cantly different from d15 and d15-Sham (Fig.1.5). The low mod-

ulus is associated with the contributions of elastic �bers, supporting previous papers that both

collagen and elastic �bers contribute to the mechanical behavior of the cervix [40]. d15-LPS and

d15-RU486 had distinct biomechanical signatures, with RU486 more similar to term ripening.

The LPS treatment led to a brittle cervix that could not withstand successive loading at high loads,
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while RU486 was compliant and could withstand repeated loadings under large deformations. This

study highlights the importance of considering elastic and collagen �ber contributions and mea-

suring mechanical parameters that target their contributions. The study also highlighted that while

two models of PTB exist, the pathways by which they act are distinct. The treatments also cause

different mechanical signatures, with RU486 more resembling a term cervix.

Figure 1.5: The averaged low modulus of the late pregnant groups, including d15, d18, d15-Sham,
d15-LPS, d15-RU486. d15-RU486 appears more similar to term ripening (d18) than the d15-Sham
PTB model [34].

1.4 Cervical ECM turnover (growth and remodeling) in pregnancy

During pregnancy, the mouse cervix grows, almost doubling in dry weight and increasing ap-

proximately 2.5 times in wet weight, suggesting an increase in protein content coupled with a slight

increase in hydration [26, 29], which was shown to increase slightly from NP to d18 of gestation,

from approximately 80% to 85%, respectively [26].The changes in cervix mechanical function

through normal cervical remodeling noted in Sec. 1.3.2 have been correlated to modi�cations of

the ECM, in particular the �brillar components of collagen and elastic �bers [10, 29, 33, 34, 38,

40, 48, 49].
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1.4.1 Collagen

The mouse cervix consists of approximately 10-35% collagen [39, 49]. Collagen �bers are

hierarchical; its base a collagen molecule (tropocollagen), arranging to form �brils (diameters of

30-120nm) [38, 39], then �bers (diameters of 1-2um) [50] that together form a 3D matrix (Fig. 1.6).

Three single collagenU-chains bind together to form a triple-stranded helix collagen molecule.

Intramolecular crosslinks bind the collagen within the triple helices. Intermolecular crosslinks

form between tropocollagens, either divalent (two crosslinks, also called immature) or trivalent

(three crosslinks, also called mature) (Fig. 1.7). The mature crosslinks are formed by the action of

an enzyme called lysyl oxidase (LOX). The intramolecular and intermolecular crosslinks allow the

formation of the collagen �bril.

Using second-harmonic generation, the collagen morphology in murine cervices dramatically

changed from NP to d18 of gestation. The stroma exhibited two distinct regions in NP samples: 1)

a circumferential ring of highly aligned �bers surrounding a narrow zone where �bers are more ran-

domly oriented. The circumferential band of �bers was absent after d15 of gestation [48]. In later

gestation samples, �bers appeared more kinked or with more undulations and thicker compared to

NP [53]. A level of collagen remodeling is also noted in the human cervix, from highly organized

and oriented bundles for NP to more disorganized, randomly oriented �bers in pregnant [25].

1.4.2 Elastic �bers

Elastin is between 0.9-2.4,% of dry weight in monkey and human cervix [54]. The amount of

elastin in the mouse cervix has not been quantitatively measured. Still, previous measurements of

desmosine, an elastin crosslink were shown to change throughout pregnancy [40]. Elastic �bers are

hierarchical structures similar to collagen and are made up of tropoelastin proteins or elastin, bound

to a micro�brillar scaffold. Elastin �bers assemble in a band that is 20-30µ m in diameter [55].

The micro�brils mostly consist of �brillin but also contain glycoproteins and �bulins [56]. Like

collagen, the mature elastin crosslinks called desmosine and isodesmosine are LOX-mediated [56].

Elastin is thought to provide tissues with resilience, allowing the tissue to recoil and be reloaded

13



Figure 1.6: Collagen hierarchy from the building blocks of amino acids to molecules, �bril, and
then �ber. Figure content reproduced fromGauteri et al.[51]

after stretching.

Elastic �bers also remodel in the murine cervix, going from packed, longer �bers in NP to

shorter, loosely packed �bers on d18 [40]. Although elastin only constitutes a small percentage of

the cervix, elastic �bers do play a role in cervical mechanical function. In the cervix, elastic �bers

have been associated with tissue stiffness at low levels of stretch [34].

1.4.3 Glycosaminoglycans

Glycosaminoglycans (GAGs) are macromolecules on the cell surface and in the ECM. GAGs

can be grouped by sulfation; there is one non-sulfated GAG, hyaluronic acid (HA), and it can
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Figure 1.7: Depiction of collagen �ber hierarchy highlighting crosslink types. Figure content
drawn fromWilson et al.[52] andShi et al.[35]

exist as only a GAG chain without being bonded to a core protein. The sulfated GAGs are 1)

chondroitin sulfate (CS), 2) dermatan sulfate (DS), 3) heparan sulfate (HS), and keratan sulfate

(KS). The sulfated GAGs are bound to a core protein to form proteoglycans. The sulfation process

modulates the component's extracellular signals, such as cell-cell and cell-matrix interactions [57].

GAGs are hypothesized to in�uence the mechanical properties of the cervix in part due to their

negative charge. The �xed-charged GAGs are embedded throughout the �brillar matrix and expe-

rience repulsion, creating an imbalance between the tissue and external environment [58]. Fluid

will �ow in or out of the tissue due to a net osmotic pressure following the Donnan equilibrium

theory [59] and the tissue will swell or deswell [60]. Osmotic swelling impacts tissue's biological

and mechanical response by altering water content and the extracellular and �brillar spacing [61].

In mechanical testing, the swelling tendencies must be considered because swelling alters sample

geometry and hydrates the tissue, which can alter tissue mechanical properties [60, 62]. The total

amount of GAGs increases signi�cantly throughout pregnancy, mainly attributed to a signi�cant
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Figure 1.8: At the nanoscale, the composition of collagen crosslinks changes to more immature
dominant [49]. At the microscale, the collagen diameter increases [37]. At the mesoscale, the
collagen �bers change from aligned to more randomly oriented, wavy, and thicker [48]. At the
millimeter scale, in cervical cross-sections, the cervical canal changes shape. Finally, a decrease
in cervical length is noted by ultrasound at the macroscale.

increase in HA and the amount of sulfated GAGs not changing signi�cantly [63].

1.4.3.1 Hyaluronic acid

As mentioned previously, HA is a non-sulfated glycosaminoglycan. There are three enzymes

responsible for HA synthesis, hyaluronan synthase (Has) encoded by three genes,Has1, Has2,

andHas3[64, 65]. The three synthases produce different molecular weight HA, withHas1and

Has2synthesizing larger weight HA andHas3synthesizing smaller molecular weight HA [66].

The regulation of HA is conserved between species asHas1 and Has3 expressions are low to

negligible in the NP and pregnant cervix of humans and mice andHas2 is induced at term in

women and by d15 in mouse [67, 68]. A key feature of cervical remodeling is the changing HA

level throughout gestation. Robust induction of cervical hyaluronan synthesis by the increase in

expression ofHas2in late pregnancy leads to a dramatic increase in HA at the end of pregnancy,

with HA levels increasing around d15 to day 19 of a mouse gestation [63, 68]. A similar increase
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