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ABSTRACT
During morphogenesis 2D epithelial tissue undergo architectural changes to form 3D
structures called folds. Epithelial folding is essentially origami where a 2D sheet of paper
can be transformed via folding and sculpting into a 3D structure. Folding is a key
phenomenon during embryogenesis and organogenesis and is essential for several
physiological functions. For example, folds in the stomach (rugae) and intestine (crypts)
increase surface area for nutrient absorption and in the brain increase cortical surface
area for neural processing. The uterine luminal epithelium in mammals including humans,
horses and rodents undergoes structural changes to form folds. Although improper
uterine folding in horses results in pregnancy failure, the precise role of folds in embryo
implantation remains unknown. Using a focused time course around implantation in the
mouse model, we uncover dynamic changes in the 3D uterine structure with the entire
lumen forming pre-implantation transverse folds along the mesometrial-antimesometrial
axis. During embryo-implantation the mouse uterine lumen forms a second structure
called an implantation chamber. Whether uterine folds transform into implantation
chambers has not been investigated. Using quantitative 3D methods, we show that
uterine transverse folds are formed prior to spacing of embryo clusters whereas chambers
form once an embryo begins to attach to the uterus and thus are two distinct structures.
We also show that transverse folds resolve to form a flat implantation region before an
embryo arrives in the center of this region (the implantation site) to form a post-
implantation chamber. Although, it is known that the mouse embryo aligns itself along the
uterine mesometrial-antimesometrial axis, our data suggests that the implantation

chamber facilitates embryo rotation to enable embryo-uterine axes alignment. Further,



using mice deficient in WNTS5A and RBPJ as models of aberrant uterine folding, we show
that embryos get trapped in longitudinal folds leading to embryo-uterine axes
misalignment, abnormal chamber formation and defective post-implantation embryo
morphogenesis. Further, we show that increased estrogen signaling and reduced
progesterone signaling lead to aberrant longitudinal folds. Finally, we extend our findings
to examine the effects of excess estrogen signaling on folding during hyperstimulation —
a clinical procedure performed during In Vitro Fertilization (IVF) to increase egg numbers
for higher success rate of implantation and pregnancy. In women, pregnancies following
hyperstimulation often lead to preterm birth, placental abnormalities, and other
complications. Our findings suggest that hyperstimulation in mice leads to longitudinal
folds and downstream pregnancy loss due to embryo trapping. Such research can be
potentially used to improve pregnancy outcomes following IVF and fresh embryo transfer.
Our mouse models with disrupted uterine folds provide an opportunity to understand
uterine structure-based mechanisms crucial for implantation and pregnancy success. In
addition to fueling future research on endometrial folds in humans, our research will open
up new avenues for the treatment of infertility and provide new targets for diagnosis based

on uterine 3D structure.
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PREFACE
Uterine folds have been observed in humans during the luteal phase but their role in
implantation and pregnancy remain unknown. Our study is the first to provide evidence
for the detrimental effects of aberrant uterine folding pattern on implantation chamber
formation, embryo-uterine orientation and embryo morphogenesis during early
pregnancy. Chapter 1 introduces the concept of epithelial folds and uterine folds. The first
section of Chapter 1 demonstrates the known existence and significance of epithelial folds
in different organs. The second section of Chapter 1 delves into the available literature
on uterine folds in humans, mice and other species and sets the basis for the studies
conducted in this thesis. Finally, the third section of Chapter 1 provides a detailed review
on the mechanisms of folding during morphogenesis and organogenesis in various tissue
structures and organs. Chapter 2 details the materials and methods that were used in the
study. In Chapter 3, we performed a fine time course analysis of luminal folding dynamics
and its relationship to embryo location. We introduce the two major orientation of folds —
transverse folds and longitudinal folds, and how these two types of folding pattern change
with timing of pregnancy. In Chapter 4, using two mouse models deficient for WNT5A and
RBPJ, we explain how aberrant folding affects embryo-uterine axes alignment and
chamber formation leading to pregnancy loss. Chapters 3 and 4 have been published in
“‘Manoj K. Madhavan, Francesco J. DeMayo, John P. Lydon, Niraj R. Joshi, Asgerally T.
Fazleabas, Ripla Arora; Aberrant uterine folding in mice disrupts implantation chamber
formation and alignment of embryo-uterine axes. Development 1 June 2022; 149 (11):

dev200300. doi: https://doi.org/10.1242/dev.200300”. Further, in Chapter 5, we delve into

the role of ovarian hormones - estrogen and progesterone in regulating folding pattern.
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Finally, in Chapter 6, we explain the clinical significance of our findings using the
hyperstimulation mouse model where hormone levels are dysregulated and that impacts
uterine folding. We end with an eye to the future in Chapter 7 where we discuss the

applications of our work and propose potential experiments to build on our findings.
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Chapter 1: Introduction to epithelial folds and uterine folds
1.1 Epithelial Folds

1.1.1 Definition and structure

Epithelial tissue is a thin layer of squamous, cuboidal or columnar epithelial cells that line
the internal surface of organs and body cavities as well as the external surface of
multicellular organisms including both vertebrates (humans, mice, drosophila, etc.) and
invertebrates. In the body, epithelium has multiple roles including secretion, absorption,
transport, filtration and protection from external environment. During body morphogenesis
and organogenesis, epithelial tissue undergoes dynamic morphological changes to form
structures called folds to facilitate specific functions and processes. Epithelial folds are
invaginations or indentations on the surface of simple linear epithelium which gives rise
to complex 3D patterns. Folds are formed as a result of an interplay of multiple
biochemical and mechanical processes. Changes in cell shape and orientation are
triggered by biochemical pathways and the resulting physical forces shape tissues.
Mechanical forces in tissues arise due to contraction and relaxation of cells, changes in
cell shape, changes in extra-cellular matrix stiffness, etc. Moreover, the mechanical
forces that cause epithelial folds can be generated locally from the epithelial cells involved
in the fold formation or globally from the surrounding cells and tissue layers (Tozluoglu
and Mao, 2020). Since epithelial cells are connected to each other via intercellular
junctions, mechanical forces generated by a cell or a group of cells are transmitted across

the entire layer and to surrounding cell layers (Chanet and Martin, 2014).



1.1.2 Epithelial folds in various organs - significance for disease and
therapeutics

Epithelial folding morphogenesis is a key phenomenon that occurs in several species
including humans, mice and drosophila, and is important for shaping and sculpting tissues
and organs. Epithelial folding is a prominent event during embryo morphogenesis,
specifically during gastrulation and neurulation, contributing to body shape and organ
structure. In addition to its role in embryonic development, epithelial folding is a
characteristic feature of a variety of organs including the gut, stomach, bladder, airway,
brain, uterus and fallopian tube.

a. Intestine and stomach

In the digestive tract, epithelial folds exist in the form of intestinal villi and stomach rugae
which increase surface area for absorption of nutrients. Defective villi formation leading
to intestinal failure causes short bowel syndrome and intestinal pseudo-obstruction
syndrome (Goulet et al., 2004). Rugae or folds in the stomach also facilitate expansion
and stretching of lumen when food enters to increase volume without affecting pressure.
Thickened rugae leading to inflammation of the stomach is a common observation in
conditions such as gastritis and gastropathies (Agarwala et al., 2018).

b. Brain and spinal cord

Neurulation involves bending or folding of the neuroepithelium to enable neural tube
closure, eventually leading to the formation of brain and spinal cord. Defective neural tube
closure leads to neural tube defects (NTDs) such as spina bifida and anancephely (Botto
et al., 1999). NTDs are one of the most common birth defects worldwide and hence
understanding the mechanisms of neural tube closure is critical for advancing treatment

of NTDs. Gyrification of the brain leading to the formation of folds or wrinkles in the



cerebral cortex of brain allow for increased cognitive function (Borrell, 2018). Excessive
folding or reduced folding is a sign of poor cognitive development. For example, in
Polymicrogyria, the brain develops too many folds that are smaller and fused during
neonatal development leading to cognitive issues (Jansen and Andermann, 2005).
Recently, Transmembrane Protein 161B (TMEM161B) has been shown to be critical for
determining the number of folds in the neocortex of human brain (Wang et al., 2023).
Such discoveries can help in developing treatments for aberrant folding related brain
disorders.

c. Lung and airway

In the lungs, during alveologenesis, new alveoli are formed by secondary septation of the
alveolar sacs. The alveolar epithelial cells fold to form secondary septa giving rise to more
alveoli which greatly increase the surface area for gas exchange. Defective
alveologenesis leading to simplification of alveoli is a cause of bronchopulmonary
dysplasia (BPD) in premature infants (Branchfield et al., 2016; Jobe, 1999). The airway
mucosal epithelium also forms folds that protrude into the lumen of the airway tube (Wiggs
et al., 1997). Excessive folding or thickened folds can also be detrimental in the case of
the airway leading to conditions such as asthma (Veerati et al., 2020).

d. Female reproductive tract - fallopian tube, uterus and cervix

The mucosal epithelium in the fallopian tube in humans (uterine tube), mice (oviduct) and
cows forms multiple longitudinal folds which play a role in gamete transportation,
fertilization and early embryonic development (Shi et al., 2014; Varga et al., 2018).
Thickened or inflamed longitudinal folds in the human and bovine fallopian tube is

indicative of an underlying pathological condition such as salpingitis (Benjaminov and



Atri, 2004). In the mouse oviduct, deletion of flamingo genes, leads to ectopic branches
in the folds compromising oocyte transport and pregnancy (Shi et al., 2014). The
epithelium of the uterus, cervix and vagina also form folds (Sokol, 2011). A detailed review
of uterine folds in provided in chapters 1.2.

1.2 Uterine folds

1.2.1 Definition and structure

The uterus in humans and other mammals is composed of two layers - the endometrial
layer which includes the stroma and the epithelium, and the myometrial layer. The
epithelium of the endometrial layer lines the uterine cavity. In humans and horses, using
ultrasound, the morphology of the endometrial layer is characterized based on (1)
echogenicity, which is the ability of tissue to return the signal during ultrasound
examination and (2) appearance of the midline or interface between the endometrial lining
on either sides of the uterine cavity (Leone et al., 2010). The morphology of the
endometrium is considered regular if it has a linear midline formed by uniform
hyperechogenic boundaries. On the other hand, it is considered irregular if it has a wavy
non-linear midline formed by non-uniform hyperechogenic boundaries. These
irregularities in the surface of the endometrium are defined as ‘uterine folds’ or
‘endometrial folds’. In other mammals including mice, rats and rabbits, uterine folds
have been described as irregular appearance of the endometrial lining based on 2D
histological sections (Abd-Elkareem, 2017; Enders, 1975; Winkelmann and Spornitz,

1997).



1.2.2 Uterine (Endometrial) folds in humans - history and evidence
In humans, the earliest evidence of uterine (endometrial) folds dates back to 1973, when
longitudinal folds were discovered in the uterine cavity of women using hysterography in
both the proliferative and secretory phase of the menstrual cycle (Slezak and Tillinger,
1973). The longitudinal folds are about 5-10mm and run parallel to the long axis of the
uterine cavity (Slezak and Tillinger, 1973). Although initially the folds were thought to be
defects associated with a pathological condition, the endometrium was found to be of
normal thickness. The study concluded that folds were not caused due to any pathological
changes or menstrual irregularities (Slezak and Tillinger, 1973). In 1994, Goldstein
discovered folds or irregularites in the lining of the endometrium using
ultrasonohysterography, and called them ‘endometrial moguls’ (Goldstein, 1994).
Goldstein also implicated that the moguls (or folds) are different from endometrial polyps
or hyperplasia and are a normal occurrence during the late proliferative and secretory
phases (Goldstein, 2010). In 2015, an observational study was performed used saline
infusion sonohysterography (SIH) to describe the morphology of the endometrium in
women during the luteal phase of menstrual cycle. Out of the 26 women with regular
menstrual cycles included in the study, 12 (46%) of them had endometrial folds. The study
also showed that endometrial folds occurred in women during the luteal phase
irrespective of uterine pathology (Jokubkiene et al., 2015). There was no significance
difference in the endometrial thickness between women that had folds and those that did
not. In addition, the number of folds ranged between 1-6 with a median of 3 folds. The
study does not distinguish why folds occur only in some women and not the others and

whether folds occurred during the other phases of menstrual cycles such as the



proliferative phase was also not studied. Due to limitations of current technologies and
ethical concerns associated with research in pregnant women, how endometrial folds
form during the window of implantation, and their function in pregnancy remains unknown.
1.2.3 Uterine folds across other species
a. Horses
Uterine folds have been detected in mares using ultrasound. The presence or absence
of folds in the uterus is visualized using echogenicity and is used to determine the stage
of menstrual cycle. The diestrus stage is characterized by absence of distinct endometrial
folds where the lumen is uniformly echogenic. In contrast, the estrus stage is
characterized by the presence of prominent endometrial folds where the lumen is
unevenly echogenic (Ginther and Pierson, 1984). Interestingly, the endometrial folds in
mares during the estrus cycle have a cartwheel appearance with hyperechogenic borders
and hypoechogenic centers (Samper, 2010).
A study on physical examination methods of mare uterus for breeding studies also
describes the presence of numerous folds that are edematous during the estrus cycle.
The number of folds is minimal as estrus progresses and ovulation starts. Interestingly,
the folds disappear when the progesterone levels are high after formation of the corpus
luteum (Hagstrom, 2003).
b. Cows
In the non-pregnant bovine uterus, using ultrasonography, endometrial folds are clearly
visible during the estrous phase and are occasionally visible during the diestrus phase.
Interestingly, during early pregnancy around the time of embryo implantation, the

endometrium appears smooth and folds are absent (Fissore et al., 1986). However,



another study found prominent circular folds in the pregnant bovine uterus using 3D
nuclear magenetic resonance imaging. The folds are about 2-3cm long and protrude at
right angles to the uterine wall dividing the uterus into pockets (Kahn et al., 1989).

c. Rodents - rat and mouse

Using 2D histological analysis, several studies have observed invaginations (folds) in the
rat and mouse uterus (Akinloye and Oke, 2015; Cha et al., 2014; Enders, 1975; Zhang et
al., 2014). Uterine folds were detected in the pregnant rat uterus using scanning electron
microscopy (SEM). Folds were detected in the luminal epithelium using changes in
alkaline phosphatase activity on the surface of luminal epithelial cells as captured by
SEM. Interestingly, during the pre-implantation period (GD5), luminal folds were shown
to divide the uterine horn into ‘implantation segments’(Winkelmann and Spornitz, 1997).
In mice, uterine folds are commonly referred to as crypts in the literature. Several genes
including Wnt5a, Rbpj and Msx have been shown to important for uterine fold formation
(Cha et al., 2014; Daikoku et al., 2011; Zhang et al., 2014). More recently, with advances
in microscopy, the structure of uterine folds have been described in 3D (Arora et al.,
2016). This study has opened doors for understanding the role of folds in the uterus
especially during pregnancy. While there is limited knowledge on uterine folds, there is a
plethora of research that has been done on understanding mechanisms of folding in
several other tissue structures and organ systems. A review on the mechanisms of

epithelial folding has been provided in chapter 1.3.



1.3 Mechanisms of epithelial folding

1.3.1 Forces generated locally by epithelial cells - Apical-basal polarity

mediated folding
An intrinsic property of epithelial cells is apical-basal polarity and cell-cell adhesion
through junction proteins. Apical-basal polarity is established in epithelial cells due to the
differential localization of proteins along the apical-basal axis whereas Planar Cell Polarity
(PCP) is established due to differential localization of proteins along the plane of the
epithelial sheet perpendicular to the apical-basal axis. In addition to polarity, cell-cell
adhesion is another defining property of epithelial cells. Cell adhesion is regulated by tight
junctions (e.g. Occludins, Claudins), adherens junctions (e.g. Cadherins), gap junctions
(e.g. Connexins) and desmosomes. In particular, the tight junctions and adherens
junctions together comprise the apical junctions and define apical-basal polarity of cells.
The intra-cellular domain of adherens junction (AJ) proteins such as E-Cadherin anchors
the actin-myosin cytoskeletal networks towards the apical side of the cell. Apical-basal
polarity of epithelial cells contributes to fold formation via several mechanisms including
apical constriction, apoptosis, apical junction shifting and basal polarity.
a. Apical constriction
Apical constriction has been shown to play key role in the formation of folds in several
morphogenetic events such as gastrulation in embryos and neurulation in vertebrate
embryos (Heer et al., 2017). Apical constriction is a change in cell architecture from
cuboidal or columnar to a wedge shape. Apical constriction is caused due to accumulation
of non-muscle myosin Il at the apical end followed by contraction of the actin-myosin

cytoskeletal networks. The resulting forces are transmitted to the apical circumference of



the cell, which in turn are transmitted to the neighboring cells via adherens junctions.
These events lead to the shrinkage of the epithelial cell on the apical side facing the lumen
followed by a series of events including basal relaxation, lateral shortening and volume
conservation to affect the formation of a fold (Fig. 1.1A). During gastrulation in Drosophila,
RhoA signaling through ROCK is required for activation of myosin Il through
phosphorylation of the myosin light chains which in turn cause actomyosin contractions
that mediate mesodermal folding. Additionally, RhoA signaling through Dia is required for
the organized assembly of F-actin filaments (Martin and Goldstein, 2014). Shroom, an
actin binding protein has been shown to be critical for apical constriction in several
structures including lens placode invagination, gut folding and neural tube closure (Haigo
et al., 2003; Hildebrand and Soriano, 1999; Plageman Jr et al., 2010). During neural tube
closure in Xenopus, expression of Shroom causes apical accumulation of actin filaments
leading to bending of neuroepithelial sheets. Interestingly, Shroom can only cause apical
actin accumulation in polarized epithelial cells suggesting that Shroom mediated apical
actin accumulation is dependent on the apical-basal polarity of epithelial cells (Haigo et
al., 2003). This is further supported by studies using Shroom deficient mice (shrm 7),
which show that polarity of neuroepithelial cells is disrupted when shrm is knocked out
(Hildebrand and Soriano, 1999). During lens placode formation in mice, Shroom3
expression is mediated by Pax6 and Sox2 (Plageman Jr et al., 2010). Other studies have
shown that Shroom3 also facilitates apical constriction via Rho-ROCK signaling. In chick
embryo neural tube formation, Shroom3 and ROCK colocalize in the apical junctions of
neuroepithelial cells (Nishimura and Takeichi, 2008). In the absence of Shroom3, ROCK

is localized throughout the epithelial cell whereas in the presence of Shroom3, ROCK is



localized specifically to the apical side suggesting that Shroom3 recruits ROCK to the
apical junctions to mediate acto-myosin contractions. Live imaging studies have shown
that the actin-myosin contractions that cause apical constriction are pulsatile in nature. In
addition these studies have shown that Snail and Twist are required to initiate and
maintain the contractions that cause the constricted shape of the cell (Martin et al., 2009).
b. Apoptosis

Apoptosis or programmed cell death in combination with apical constriction plays an
important role in fold formation in several structures including the leg imaginal disc in
drosophila embryos and neural tube bending in chick embryos (Manjon et al., 2007;
Roellig et al., 2022). The apoptotic cell generates a myosin cable that spans the length of
the cell along the apical-basal axis causing a pulling force at the apical end (Monier et al.,
2015). Since the myosin cable is also connected to the adherens junctions, the pulling
force from the dying cells forms an adhesion peak with the neighboring cells. The
adhesion peak results in the formation of junctions between the neighboring cells
surrounding the apoptotic cell. In addition, the apical-basal myosin cable is also
connected to the adhesion peak. The pulling force generated by the cable leads to
extrusion of the dying cell which leads to apical myosin accumulation in the neighboring
cells leading to apical constriction and generation of a fold (Fig. 1.1B). Other studies have
shown that the actomyosin networks in the apoptotic cell form an inner ring at the apical
end which in turn triggers an outer ring of actomyosin cables in the neighboring cells. The
acto-myosin contractions from the outer ring in the neighboring cells cause apoptotic cell
extrusion. Sphingosine-1-phosphate (S1P) pathway has been shown to crucial for the

formation of the outer acto-myosin ring (Gu et al., 2011). S1P accumulates in the

10



apoptotic cell and binds to S1P receptors in the neighboring cells. Moreover, inhibition of
S1P pathway prevents formation of outer ring and cell extrusion. In Drosophila, Hox
genes regulate apoptosis for folding during head morphogenesis. In the head lobes, the
boundary between the maxillary and mandibular subunits is formed by induction of reaper
(rpr), a pro apoptotic factor, by the Hox gene deformed (Dfd) (Lohmann et al., 2002).

c. Apical junction shifting

In addition to apical constriction, modifications to apical-basal polarity have also been
shown to mediate fold formation. Adherens junctions and tight junctions are the two major
types of apical junction proteins that maintain the apical-basal polarity of cells. Apical
junctions play a key role in epithelial cell polarity by anchoring actin complexes towards
the apical side of the cell. During gastrulation in Drosophila embryos, dorsal fold formation
occurs via apical junction shifting (Wang et al., 2012). The adherens junctions of the
initiating cell are shifted towards the basal end while the adherens junctions in the
neighboring cells remain in the apical end. This shift alters the apical shape of the initiating
cell thereby forcing the lateral membrane of neighboring cells to readjust towards the
initiating cell resulting in the formation of a fold (Fig. 1.1C). In the gastrulating Drosophila
embryo, Par-1 signaling is downregulated in the initiating epithelial cells to enable apical
junction shifting (Wang et al., 2012). The decrease in levels of Par-1, which is normally
localized in the basolateral end, results in basal shift of adherens junctions. The
subsequent apical surface shift leads to cell shortening and initiation of fold formation.
Par-3/Bazooka (Baz) also plays a key role in apical junction shifting during mesodermal
folding (Weng and Wieschaus, 2017). Baz is normally localized between the apical and

basal boundaries in mesodermal epithelial cells and is responsible for maintaining the
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adherens junctions between cells. However, in the presence of Snail (Sna), Baz
expression is reduced at the subapical sites leading to disassembly of adherens junction.
Following activation of actomyosin contractions, the adherens junctions shift basally and
Baz localization is repositioned to subapical sites resulting in cell shrinkage. Patronin has
also been shown to mediate basal polarity shift in the drosophila embryo by modulating
the microtubule networks in the apical end which generate the constricting forces for cell
shortening (Takeda et al., 2018).

d. Basal constriction

Fold formation can also occur independent of apical mechanisms. Basal constriction
mediates fold formation in several structure including intestinal epithelium, optic cup
formation and brain boundary formation in zebrafish and bud formation in Hydra
(Bogdanovic et al., 2012; Holz et al., 2017). In the zebrafish midbrain-hindbrain boundary
(MHB), the neuroepithelium folds basally via basal constriction (Gutzman et al., 2008).
The initiating cells shorten in length which causes apical expansion and basal shortening.
Basal shortening is further supported by interactions between integrins in the basal
membrane and laminin networks in the basement membrane of the neuroepithelium. This
is supported by studies using laminin mutants that fail to undergo basal constriction.
Further, integrin adhesion to the basement membrane causes actin filaments to align with
the ECM in the basement membrane. The aligned actin-myosin networks cause
oscillatory contractions in the basal surface leading to basal constriction (Fig. 1.1D) (He
et al., 2010). Other studies have shown that Wnt5b-JNK signaling is required for
microtubule stabilization which mediates basal constriction and apical expansion of

neuroepithelial cells (Visetsouk et al., 2018). Wnt5b is required for microtubule

12



polymerization in the basal domain of cells to regulate basal anisotropic cell shape

change.
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Figure 1.1 (cont’d)

(A) Apical constriction - Myosin Il accumulation at apical end causes actin-myosin
contractions followed by apical shortening and basal stretching leading to cell elongation.
(B) Apoptosis - Apoptotic cell generates myosin Il cable which causes pulling force at
apical end generating an adhesion peak. The pulling force causes apical myosin
accumulation in neighboring cells leading to apical constriction. (C) Apical junction shifting
- The adherens junctions between initiating cells and neighboring cells shift basally which
forces the initiating cells readjust apical surface. The neighboring cells then readjust their
lateral membrane leading to the formation of a fold. (D) Basal constriction -The initiating
cells shorten in length causing basal shortening. This is followed by integrin-laminin
interactions which cause alignment of basal actin filaments and the resulting actin-myosin
contractions cause further basal shortening and apical expansion.
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1.3.2 Forces generated from surrounding cells — buckling effect
Buckling is the bending of an elastic tissue caused due to compressive force or stress.
The force is usually in-plane stress which causes out-of-plane buckling. Epithelial tissue
are usually thin layers and hence are easily malleable to external forces. The compressive
forces can either arise from the epithelial layer and/or from surrounding layers such as
the mesenchyme and muscle. In addition, differential growth rate of the different layers
can also cause epithelial buckling.
a. PCP mediated folding
PCP is established in epithelial cells due to differential localization of proteins along the
plane of the epithelial sheet perpendicular to the apical-basal axis (Zallen, 2007). The
asymmetry in the expression of PCP components in a cell also affects the polarity of
neighboring cells. Hence, while apical-basal polarity is a local property of an epithelial
cell, PCP is a global property of a sheet of epithelial cells. PCP plays an important role in
neural tube folding during neurulation in several species including drosophila, mouse,
chick, xenopus and zebrafish. Deletion of PCP components such as Vangl2, Frizzled,
Celsr, Dishevelled and Prickle leads to defective neural tube folding and closure. During
Xenopus neural tube closure, polarization of Rab11 along the planar axis is mediated by
PCP pathway and is required for neural tube folding by apical constriction (Ossipova et
al., 2014). In the mouse oviduct, well aligned longitudinal epithelial folds are crucial for
the transport of embryos into the uterus. Interestingly, knockout of Celsr1, a gene involved
in the PCP pathway, causes defective epithelial folds with ectopic branches. Using
mathematical modeling, it was shown that the ratio of epithelium length to smooth muscle

length, along with PCP is necessary for aligned fold formation. Defective cell polarization
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in the Celsr1 mutants leads to decreased epithelial tension along the longitudinal direction
and increase in epithelium to smooth muscle length ratio, leading to defective folding.
Thus differential increase in epithelial length compared to smooth muscle length leads to
a buckling effect along the longitudinal direction leading to formation of folds with ectopic
branches (Koyama et al., 2016).

b. Smooth muscle compression

In many tissues including the lung, uterus, intestine, ureter, etc., epithelial layers are
usually surrounded by mesenchyme and/or muscle. In the developing lung, airway.
epithelial branching is achieved by budding followed by bifurcations to form branches.
The buds are essentially folds formed on the airway epithelial tube. The epithelium is
surrounded by a thick layer of mesenchyme which sequentially differentiates into smooth
muscle cells. In the mouse embryonic lung, it was shown that the pattern of smooth
muscle layer differentiation is essential for shaping the epithelial buds (Kim et al., 2015).
Moreover, disruption of smooth muscle differentiation leads to deformed epithelial buds.
Thus, the constriction of the growing airway epithelium by the smooth muscle layer is
essential for bud formation and patterned branching.

In structures such as the intestine, fallopian tube and uterus, the epithelium is surrounded
by mesenchyme and two different layers of smooth muscle — circular smooth muscle and
longitudinal smooth muscle. In the developing chick gut, patterned smooth muscle
differentiation dictates the shape of the epithelial folds which eventually transform into
crypts or villi (Shyer et al., 2013). The initial formation of the circular smooth muscle layer
causes the formation of longitudinal folds or ridges in the epithelium. Later, the formation

of the first longitudinal smooth muscle layer transforms the ridges into a zigzag pattern.
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The zigzag pattern is then transformed into a villus like structure with the formation of the
second longitudinal layer. Moreover, physical separation of the muscle from the
epithelium and mesenchyme causes the epithelial folds to collapse further showing that
the muscle layer is crucial for epithelial buckling in the gut. Similarly, the airway mucosal
epithelium forms folds that protrude into the lumen due to smooth muscle constriction
(Wiggs et al., 1997). Using mathematical modeling, buckling of airway epithelium has
been shown to arise due to changes in airway wall dimensions and stiffness of wall
materials. These studies point to the role of smooth muscle layers in sculpting the 3D
shape of epithelial tubes though compressive stress mediated buckling (Fig. 1.2A).

c. Extracellular matrix compression

Elasticity and stiffness of ECM also dictates fold formation. Extracellular matrix (ECM)
remodeling plays a key role in Drosophila wing elongation and fold formation. Wing
elongation is mediated by epithelial cell shape change from columnar to cuboidal which
expands the apical surface area of each cell. The wing epithelium is surrounded by ECM
on both the apical and basal sides. In order to achieve the columnar to cuboidal transition,
the ECM on either side is degraded. Using ex vivo culture experiments, wings grown in
the presence of inhibitors of matrix remodeling fail to initiate columnar to cuboidal
transition and hence fail to undergo elongation (Ray et al., 2018). Further, using
computational modeling, it was shown that the three folds in the wing imaginal disc of
drosophila are formed as a result of differential growth of the wing epithelium under
compression of the ECM in the basement membrane. The increase in the stiffness of the
actomyosin complex at the apical end combined with constriction from the basement

membranes on either ends drive the formation of folds from the apical end (Tozluoglu et
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al., 2019). Mesenchymal condensation at the epithelial-mesenchymal interface facilitates
fold formation in the mouse gut villi and chick skin (Hughes et al., 2018). Condensation
of mesenchymal cells at the region of fold initiation leads to compaction and alignment of
the extracellular matrix fibers along the curvature of fold formation. The resulting change
in the elasticity of the underlying mesenchyme due to compaction of the ECM leads to
bending of the epithelium (Fig. 1.2B). Trushko et al., used in vitro culture of epithelial
monolayers enveloped by spherical alginate gel to show that folds can be induced by
buckling due to confinement. Here, the alginate gel resembles a stiff basement membrane
and the differential growth of epithelial cells due to proliferation in a confined space leads

to folding of the epithelial layer (Trushko et al., 2020).
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Figure 1.2: Diagrammatic representation of epithelial folding mediated by
compression from surrounding cell layers. (A) Smooth muscle compression. In the
developing chick gut, sequential differentiation of mesenchyme into smooth muscle layers
around the epithelial layer facilitates fold formation. The compressive stress from
constriction forces the epithelial layer to bend. (B) ECM compaction. Mesenchymal cells
populate at the epithelial-mesenchymal interface leading to alignment of the ECM fibers.
This generates a compressive force along the direction of ECM alignment causing the
epithelium to evaginate away from the mesenchyme.
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1.3.3 Recreating epithelial folds using tissue engineering approaches
Epithelial folding is a complex process requiring multiple biochemical and mechanical
cues from multiple layers of cells and tissues. Understanding folding dynamics in vivo can
aid in reproducing epithelial folds in vitro or in engineered tissue to better recapitulate the
native structure.

Spatio-temporal activation of epithelial folding can be achieved using optogenetic tools.
During Drosophila gastrulation, localized apical constriction and myosin accumulation can
be induced using photoactivation of Rho1 at the apical surface with a 2-photon system
(Izquierdo et al., 2018). The cryptochrome 2/cryptochrome-interacting basic helix-loop-
helix 1 (CRY2/CIB1) protein heterodimerization system is employed to activate Rho1
using light. In addition to capturing endogenous tissue folding dynamics, epithelial folding
can be induced without modifying the gene regulatory networks. Similarly, using
OptoShroom3, an optogenetic tool, Shroom3 activation and deactivation in a layer of
MDCK epithelial layer induces epithelial folding (Martinez-Ara et al., 2022). Hence
optogenetics serves as an important tool to manipulate the 3D shape of tissues. Cell-
ECM interactions can be used to generate 3D folded tissue in vitro using the traction
forces generated by mesenchymal cells on ECM. Mesenchymal condensation aligns the
ECM fibers along the path of tissue folding by contracting the ECM surface. When
mesenchymal cells are deposited on free-floating ECM gels, the compressive forces
arising from mesenchymal compaction cause folding along the direction of ECM fiber
alignment (Hughes et al., 2018). Interestingly, when mesenchymal cells are deposited on
either side of ECM gels in defined patterns, folding occurs along the direction of the

predetermined patterns. Further, mesenchymal cells have a greater potential to contract
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ECM gels compared to endothelial cells and epithelial cells. This suggests that structures
that fold by mesenchymal compaction would have little to no directional cues from other
cell types. Hence mesenchymal compaction is a great strategy that can be used to fold
engineered epithelial tissue.

The mucosal layer of hollow tubular organs, such as the intestine and stomach, has folds
to increase the surface area for nutrient absorption and luminal expansion during
transport. In vivo, mucosal folding occurs due to compressive stress arising due to the
differential growth of epithelium compared to surrounding mesenchyme and smooth
muscle. Mucosal folding can be recapitulated in vitro using compressive strain and
mechanical instability of pre-stretched hydrogels (Chan et al., 2018). Epithelial cells
cultured on a hydrogel are placed on another pre-stretched tough hydrogel following
which the pre-stretched hydrogel is relaxed. The resulting compressive strain on the
hydrogel-carrying epithelial cells causes folding along various patterns depending on the
pre-stretch conditions and elasticity of the hydrogel.

1.4 Conclusion

Epithelial folds play an important role in shaping body and organ structure during
development and morphogenesis. Aberration in epithelial folds can lead to developmental
defects and pathological conditions. Uterine epithelial folds have been observed and
described in several species including humans. However, the mechanisms governing
their formation and function remain largely unknown due to lack of significant studies and
technological limitations. Hence, the information on epithelial folds from studies in other
organ systems along with recent developments in new tools and techniques can be

leveraged to study uterine folds. Advancements in understanding uterine folding can
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impact the field of women’s reproductive health by providing new ways of diagnosis and

treatment of infertility and pathological conditions.

23



Chapter 2: Materials and Methods

Animals: CD1 mice and Wnt5a'>®ox? (Stock No. 026626) (Ryu et al., 2013) mice were
purchased from Charles River Laboratories and Jackson Labs respectively. Rbpj*<©
(Pgrcr Rbpj°x°xP) mice were generated as described previously (Strug et al., 2018)
using the Pgrc™ mice (Soyal et al., 2005). Wnt5a°<° mice were generated by mating Pgrc™
mice with Wnt5a>*F/oxP mice. For pregnancy studies, adult females aged 6 to 8 weeks
were mated with fertle males and appearance of vaginal plug was identified as
gestational day (GD) 0.5. For time course analysis, CD1 females were dissected between
GD2 1200 h and GD4 1200 h. Wnt5a°<© and Rbpj°k° mice were dissected at GD3 1200
h, GD4 1200 h and/or 1800 h, and GD5 1200 h. All mouse studies were approved by the
Michigan State University Institutional Animal Care and Use Committee.

Hormone and Inhibitor treatments: 17p-Estradiol (E8875, Sigma-Aldrich) and
Progesterone (P0130, Sigma-Aldrich) were dissolved in sesame oil (Acros Organics,
AC241002500). For E2 treatment, C57BL/6 mice were injected subcutaneously with
200ng of 17B-Estradiol on GDO 1200 h or GD1 1200h. For P4 treatment, C57BL/6 mice
or CD1 mice were injected subcutaneously with one dose of 4mg Progesterone on GD2
1800 h or with three doses of 4mg Progesterone on GD0O, GD1 and GD2 at 1200 h.
Vehicle control groups were treated with sesame oil only. RU486 (Mifepristone, M8046,
Sigma-Aldrich) was dissolved in 5% DMSO in sesame oil. C57BL/6 or CD1 mice were
treated with one dose of 8mg/kg RU486 on GD2 1800 h. Vehicle control mice were treated
with 5% DMSO in sesame oil. Mice from all treatment groups were dissected at GD3 1200

h.
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Hyperstimulation: Hyperstimulation was induced by injecting C57BL/6 mice with 51U
Pregnant Mare Serum Gonadotropin (PMSG) and 48 hours later with 5lU Human
Chorionic Gonadotropin (hCG). Following hCG treatment, the female mice were set up
for mating with fertile males. Appearance of vaginal plug the next morning confirmed
mating (GDO) and the mice were considered to be pregnant. Control C57BL/6 mice did
not receive any treatment and were set up for mating to induce pregnancy. Both
hyperstimulated and control mice were dissected at GDO 1200 h, GD1 1200 h, GD3 1200
h, GD4 1800 h and GD13 1200 h.

Whole-mount immunofluorescence: Whole-mount immunofluorescence was
performed as previously described (Arora et al., 2016). Uteri were dissected from mice
and fixed in DMSO:Methanol (1:4). For immunostaining, uteri were rehydrated in
Methanol:PBT (1% Triton X-100 in PBS) (1:1) for 15 min, washed in PBT for 15 min and
incubated in blocking solution (2% powdered milk in PBT) for 2 hours, at room
temperature. Uteri were incubated with 1:500 concentration of primary antibodies diluted
in blocking solution for 5 to 7 nights at 4°C following which they were washed with 1%
PBT 4 to 6 times for 30 min each at room temperature. Uteri were then incubated with
secondary antibodies at 4°C for 2 to 3 nights, followed by 4 to 6 washes of 30 min each
with 1% PBT and dehydration in methanol for 30 min. Uteri were then bleached in a
solution of 3% H20:2 prepared in methanol overnight at 4°C. Finally, the samples were
washed in 100% methanol for 30 min and cleared in BABB (1:2, benzyl alcohol:benzyl
benzoate) (Sigma-Aldrich, 108006, B6630). Primary antibodies used include CDH1
(M108, Takara Biosciences), FOXA2 (Abcam, ab108422), PTGS2 (Abcam, ab16701).

Alexa Flour conjugated Secondary antibodies, Donkey anti-Rabbit 555 (A31572) and
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Goat anti-Rat 647 (A21247) were obtained from Invitrogen, and Hoechst (Sigma Aldrich,
B2261) was used to stain the nucleus.

Cryosection immunofluorescence staining: Following dissection, uterine tissue
samples were fixed in 4% PFA overnight at 4C. Samples were then washed in PBS for
5min at room temperature following which they were serially placed in 10%, 20% and
30% sucrose solutions at 4 °C. The samples were then placed in cryomolds, embedded
in OCT solution and frozen at -80 °C. The frozen blocks were sectioned using a cryostat
at 7um thickness and fixed to glass slides.

Slides were thawed at room temperature following which the tissue sections were
surrounded with a hydrophobic barrier. Sections were washed in PBS for 5 min and
incubated in in blocking solution (0.1% powdered milk in PBT) for 30 min at room
temperature. Sections were then incubated in primary antibodies diluted in blocking
solution overnight at 4 °C followed by secondary antibodies diluted in PBT for 1 hour at
room temperature. Sections were covered with mounting solution and imaged using a
confocal microscope.

RNAScope In Situ Hybridization (RNAscope ISH)

ISH was performed as per the ACD Bio RNAScope 2.5 HD Detection Kit — RED (Cat. No.
322360) instructions. Briefly, cryosection slides were taken from -80 °C and thawed at
room temperature for 15 min. Slides were washed with 1XPBS and baked baked in an
oven at 60°C for 45-60 mins. The slides were then post-fixed in 4% PFA for 5 mins and
following which they were serially immersed in 50%, 70% and 100% ethanol for 5 min
each at room temperature. The slides were then covered with 2-4 drops of hydrogen

peroxide for 10 mins after which they were then placed in slide holders containing 1X
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Target Retrieval solution and boiled for 5 min at 100°C. The sections were surrounded
with a hydrophobic barrier and incubated with Protease Ill for 30 min at 40°C. The
sections were then incubated with Wnt5a probe for 2 hr at 40°C following which they were
sequentially incubated with AMP 1-6 at 40C for 15-30 min. The sections were covered
with Fast RED-B — Fast RED-A (1:60) for 10 min at room temperature. Finally, the
sections were incubated with Hoechst (1:500 dilution) for counter-staining and baked at
60°C for 10-15 min. The slides were covered with a Prolong Gold before imaging.
Confocal microscopy: For whole tissue imaging, samples were imaged using Leica TCS
SP8 X Confocal Laser Scanning Microscope System with white-light laser and 10X air
objective. The entire length and thickness of the uterine horn was imaged using the tile
scan function with z stacks 5-7um apart. Images were merged using Leica software LASX
version 3.5.5.

For tissue section imaging, slides were imaged using Leica TCS SP8 X Confocal Laser
Scanning Microscope System with white-light laser and 20X water immersion objective
or 63X oil immersion objective.

3D reconstruction and image analysis: Image analysis was performed using
commercial software Imaris v9.2.1 (Bitplane). The confocal image (.LIF) files were
imported into the Surpass mode of Imaris. Using the channel arithmetics function the
FOXAZ2 signal of glands was subtracted from the epithelial CDH1 signal to get the lumen-
only signal. The Surface module of Imaris was then used to reconstruct the 3D surface of
the lumen from the lumen-only channel. Similarly, for gland surfaces, the Surface module
was used to reconstruct the 3D surfaces from the FOXA2 channel. Embryo surfaces were

reconstructed using the Manual mode of the Surface module from the Hoechst signal.
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Quantification of luminal folding angle, distance between folds, distance of embryo from
the middle of PIR, embryo-uterine orientation, and space between embryo and the
decidua was performed using the Measurement Points module in Imaris. For more details
see supplementary methods.

Statistics: Statistical analysis was performed using GraphPad Prism and Microsoft
Excel. Student’s unpaired t test or Mann-Whitney U test was used to compare two groups.
One-way ANOVA or Kruskal Wallis test was used to compare three or more groups.
Dunn’s multiple comparison test was used along with Kruskal Wallis test when necessary.
P values were adjusted for multiple comparisons. Pearson’s correlation coefficient was
used to test the correlation between angle of embryo alignment with uterine axis and ratio
of space between embryo and decidua. P<0.05 was considered statistically significant.
Quantification of luminal folding angle: Each uterine horn was divided into 3 equal
regions and a lumen surface of approximately 1000um in length was reconstructed in
each region. A MATLAB script for surface curvature (as previously described, (Arora et
al., 2016)) was run on the lumen surfaces to determine the regions that are highly folded.
A value of Cmean>0.15 was used as a threshold to define a uterine fold. Images of the
3D surfaces with curvature analysis, oriented along the M-AM axis, were captured using
the snapshots module. The 2D images were reimported into Imaris and visualized using
the XY plane. Two orthogonal planes (XZ and YZ) were placed to define the M-AM and
the anterior-posterior (A-P) axes respectively. The intersection of the M-AM and A-P
planes was placed on the end of a fold. Using the Measurement Points module, the first
point was placed at one end of the fold, followed by the second point at the other end of

the fold where it meets the intersection of the M-AM and A-P planes, and finally the third
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point at the intersection of the M-AM plane and the plane of the 2D image (Fig. S1). The
value of the angle was obtained using the statistics function and this angle was called the
fold angle.

Quantification of distance between folds and gland numbers: The folds were
visualized using an optical slicer using CDH1 or using a 3D Surface. A measurement
point was placed on the surface of one fold and a second Measurement Point was placed
on the adjacent fold. The distance between the points was obtained using the statistics
function. All distances were normalized to the length of the uterine horn. To determine the
number of glands between two folds, 3D surfaces of glands were reconstructed using the
Surface module. The statistics function was applied on the gland surfaces to obtain the
absolute number of glands. The number of glands between two folds per unit length was
obtained by normalizing to the distance between the folds in the region of interest.
Quantification of distance of embryo from middle of PIR: The PIRs, folds and
embryos were visualized using an optical slicer using CDH1, FOXA2 and Hoechst. The
region between the first complete transverse fold running from M to AM pole at the
anterior end of the PIR and the next complete transverse fold at the posterior end of the
PIR was considered as the boundary of the PIR (Fig.3.5). Partially resolved folds in the
PIR that do not run all the way from the M pole to AM pole were not considered as a
complete transverse fold. Using the Measurement Points module in Imaris, the first point
(A) was placed on the base of a transverse fold on the anterior end of a PIR and second
point (B) was placed on the base of the next transverse fold on the posterior end of the
PIR. A third point (C) was placed on the embryo at the PIR or nearest to the PIR. Using

the statistics function of Imaris, the Cartesian coordinates of the three points were
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obtained and imported into Excel. The distance of C from the midpoint of line A-B was
calculated to obtain the distance of embryo from the center of the PIR. The distances
were normalized by dividing with the length of A-B.

Quantification of embryo-uterine orientation: The embryo at an implantation site on
GD4 1800 h was visualized using an optical XY Orthogonal Slicer or Oblique Slicer (Fig.
S10). An XZ Orthogonal Slicer was used to define the M-AM axis and was placed at the
abembryonic pole of the embryo. Using the Measurement Points module, the first point
was placed on the ICM on the M-AM plane. The second point was placed on the
intersection of the M-AM plane and the abembryonic pole on the XY plane. The third point
was placed on the intersection of the M-AM and XY planes. The value of the angle was
obtained using the statistics function of Imaris.

Quantification of space between epiblast and maternal decidua: The embryo in a
decidua was visualized along the dorsal-ventral plane using an XY Orthogonal Slicer or
an Oblique Slicer. A YZ slicer indicating the A-P axis was placed on the embryo
perpendicular to the M-AM plane. Using the Measurement Points module, the first length
(x) on the anterior end of the embryo was measured by placing one point on intersection
of the YZ plane and the maternal decidua, and the other point on the intersection of the
epiblast and the YZ plane. Similarly, the second length (y) on the posterior end of the
embryo was measured. The ratio of the lengths, z = maximum(x,y)/minimum(x,y).
Quantification of angle between embryonic-abembryonic axis and embryonic-
PTGS2 axis: The surface module in Imaris was used to make a surface of the PTGS2
expression pattern around the implantation chamber and the center point (a) of the

PTGS2 surface was obtained. The embryo at an implantation site was visualized using
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an optical XY Orthogonal Slicer or Oblique Slicer. Using the Measurement Points module,
the first point was placed on point a. The second point was placed on the ICM (embryonic
pole) (point b) and the third point was placed on the abembryonic pole (point ¢). The value

of the angle between line ab and bc was obtained using the statistics function of Imaris.
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Chapter 3: Uterine folding dynamics around implantation and its relationship to
embryo location

3.1 Introduction

During early pregnancy, the uterus in mammals undergoes dynamic remodeling, guided
by cellular and molecular events, to prepare for embryo implantation (Arora et al., 2016;
Yuan et al., 2018). Changes in luminal epithelium (LE) morphology during pregnancy are
critical for embryo implantation and pregnancy outcomes (Cha et al., 2014; Daikoku et
al., 2011; Tu et al., 2016; Zhang et al., 2014). In several mammals, including monotocous
species such as humans, horses, and cows and polytocous species such as mice, rats,
pigs and rabbits, the LE undergoes architectural changes to form structures called uterine
folds (hereafter referred to as ‘luminal folds’) (Abd-Elkareem, 2017; Arora et al., 2016;
Enders, 1975; Fissore et al., 1986; Jokubkiene et al., 2015). In mice, based on 2D
histological sections, luminal folds are also referred to as crypts or regularly spaced
luminal epithelial evaginations that extend from the primary lumen towards the anti-
mesometrial (AM) pole on gestational day (GD) 3 of pregnancy (Cha et al., 2014; Daikoku
et al., 2011). More recently, using confocal imaging and 3D reconstruction of the mouse
uterus, we showed that 2D crypts coincide with 3D luminal folds, suggesting that they are
the same structure (Arora et al., 2016). The 3D luminal folding pattern changes
significantly from a non-pregnant state to pregnant state, with folds running along the
mesometrial-antimesometrial (M-AM) axis of the mouse uterus on GD3 (Arora et al.,
2016). In humans, the earliest evidence of uterine (endometrial) folds dates back to 1973,
when longitudinal folds were discovered in the uterine cavity using hysterography in both

the proliferative and secretory phase of the menstrual cycle (Slezak and Tillinger, 1973).
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In 1994, Goldstein discovered folds in the endometrium using ultrasonohysterography,
and called them ‘endometrial moguls’ (Goldstein, 1994). Recently, using saline contrast
sonohysterography ~50% women displayed endometrial folds in the secretory phase
irrespective of uterine pathology (Jokubkiene et al., 2015). Due to limitations of current
technologies and ethical concerns associated with research in pregnant women, how
endometrial folds form during the window of implantation, and their function in pregnancy
remains unknown.

A second structure formed by the LE in conjunction with the embryo is the implantation
chamber (hereafter referred to as ‘chamber’). In several species including mice, rats, dogs
and horses, the LE forms a chamber that holds the implanting embryo (Barrau et al.,
1975; Enders and Liu, 1991; Enders, 1975). The structure of the chamber was first
described in rats as a parabolic depression of the LE at the site of implantation (Enders,
1975). In mice, this chamber is a V-shaped structure containing the embryo (Arora et al.,
2016; Enders, 1975; Yuan et al., 2018). Although, the terms ‘uterine crypts’ and
‘implantation chambers’ are often used interchangeably (Cha et al., 2014; Yuan et al.,
2016; Yuan et al., 2018), there is lack of a clear distinction between a crypt (fold) and a
chamber. Thus, structurally whether folds during pre-implantation transform into
chambers post implantation is not known.

Recently, using embryo location analysis, we showed that embryo movement in the
mouse uterus along the ovary-cervix (O-Cx) axis has three distinct phases: embryo entry
(GD3 0000 h onwards); unidirectional clustered phase (GD3 0600 h onwards); and
bidirectional spacing or scattering phase (GD3 1200 h onwards) (Flores et al., 2020). How

the luminal folding pattern changes with embryo location is not known. We also showed
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that the number of implantation sites in the mouse uterus is not predetermined but rather
depends on the number of embryos in the uterus and embryos implant at equidistant
positions along the O-Cx axis (Flores et al., 2020). Whether potential implantation sites
are established prior to or after the arrival of the embryo at the implantation site and
whether the structure of the uterine lumen helps in equal spacing of implantation sites is
not known.
Using a detailed time course of folding in the mouse uterus, we show how dynamic
changes in uterine luminal folding pattern facilitate implantation region formation, and
chamber formation. Furthermore, we clarify the relationship between pre-implantation
folds and post-implantation chambers.
3.2 Results

3.2.1 Uterine luminal folding dynamically changes along with uterine embryo

location
To understand the relationship between luminal folding and embryo location, we
evaluated uterine structure during GD2 1200 h - GD4 1200 h (Fig. 3.1A-G) and quantified
the angle of the luminal fold with the uterine M-AM axis (Fig. 3.2). On GD2 1200 h, when
the embryos are in the oviduct (Flores et al., 2020), the luminal folds are present along
both the M-AM axis (transverse folds) and O-Cx axis (longitudinal folds) (median=61.4°)
(Fig. 3.1A,H). At GD3 0000 h, when clusters of embryos are present near the oviductal-
uterine junction (Flores et al., 2020), the luminal folding pattern changes significantly and
majority of folds are longitudinal (median=79.25°, P<0.0001, GD2 1200 h vs GD3 0000
h) (Figs 3.1B,H, 3.3A). During clustered embryo movement, GD3 0600 h (Flores et al.,

2020), majority of the folds continue to be longitudinal, and embryos can be found in these
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folds (median=77.65°, P=0.96, GD3 0000 h vs GD4 0600 h) (Fig. 3.1C,H). Strikingly, at
GD3 1200 h, prior to bidirectional scattering of embryos, the entire length of the lumen
has only transverse folds along the M-AM axis (median=15.1°, P<0.0001, GD3 0600 h vs
GD3 1200 h) (Fig. 3.1D,H). Notably, only ~35% of embryos (11/31 embryos, n=4 mice)
are found in these transverse folds, while the remaining ~65% embryos are present in flat
regions present in between two folds (Fig. 3.3 B). At GD3 1800 h, post embryo scattering,
long stretches of flat luminal regions called peri-implantation regions (PIRs) begin to form.
The regions between two PIRs called inter-implantation regions (lIRs) retain the
transverse folds (median=26.1°) (Fig. 3.1E,H). At GD4 0000 h, at the initiation of embryo
implantation, the embryos are now present within the flat PIRs at the presumptive
implantation sites (Figs 3.1F, 3.3C and 3.4). At GD4 1200 h, post embryo attachment, a
‘V’ shaped chamber forms at the implantation site in the middle of the PIR (Fig. 3.1G).
Markedly, at this time, the folds in the lIRs, continue to be aligned along the M-AM axis
(median=23.1°) and there is no significant difference compared to GD4 0000 h (P>0.99)
(Fig. 3.1H).

3.2.2 Peri-implantation region is formed by resolution of transverse folds and

stretching of lumen along the O-Cx axis
To discern the relationship between folds at GD3 and GD4, we first evaluated the distance
between two consecutive transverse folds along the M-AM axis in three groups: GD3
1200 h (GD3), GD4 0000 h IIRs (GD4 IIRs) and GD4 0000 h PIRs (GD4 PIRs) (Figs
3.5A,B and 3.6). The distances are normalized to the length of the uterine horn to account
for the variation amongst mice and are represented as normalized units (nu). We found

a significant difference between the three groups (P<0.001, Kruskal-Wallis test, Dunn’s
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multiple comparison). The mean distance between two folds at GD4 PIRs
(mean=0.079nu) is significantly higher compared to both GD3 (mean=0.026nu, P=0.03)
and GD4 IIRs (mean=0.017nu, P<0.001) (Fig. 3.5C). We also observe that the mean
distance between folds at GD4 |IRs is significantly lower than GD3 (P<0.001). Since there
is no epithelial proliferation beyond GD3 (Haraguchi et al., 2014; Hiraoka et al., 2020),
increased length of the PIR at GD4 could be due to a stretching mechanism or resolution
(flattening) of transverse folds formed at GD3. To distinguish between these two
possibilities, we quantified the number of glands between two folds in the three groups.
We predicted that if the primary mechanism of PIR formation is resolution of folds, then
the number of glands between two folds at GD4 PIRs should be higher than the number
of glands between two folds at GD4 IIRs and two folds at GD3. Indeed, the average
number of glands between two folds at GD4 PIRs (mean=48.6 glands) is ~2 fold
compared to both GD3 (mean=22 glands, P<0.001) and GD4 IIRs (mean=19.5 glands,
P<0.001) (Fig. 3.5D). In addition, there is no significant difference between the total
number of glands per unit length of horn on GD3 1200 h and GD4 0000h (PIRs and IIRs
combined) (P=0.38, Mann-Whitney U test) (Fig. 3.7). Taken together, these data support
resolution of folds to form PIRs. Further, when normalized for horn length, we observed
that the average number of glands per millimeter (mm) of horn length at GD4 PIRs
(mean=16.8 glands/mm) is lower compared to both GD3 (mean=21.74 glands/mm,
P<0.001) and GD4 IIRs (mean=27.45 glands/mm, P=0.03) (P<0.001, Kruskal-Wallis test,
Dunn’s multiple comparison) (Fig. 3.5E). The decrease in the number of glands per mm
at PIRs can be due to some stretching of the lumen to resolve folds or due to the added

length from the resolved folds. However, we also observed an increase in the average
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number of glands per mm at GD4 |IRs compared to GD3 (P=0.04), although the number
of glands between two consecutive folds in these two groups is the same (Fig. 3.5E).
These data suggest that the lumen in the IIRs is likely compressed which would support
a stretching mechanism for the lumen to form PIRs. Overall, our results suggest that PIRs
primarily form as a result of resolution of transverse folds, however, lumen stretching
along the O-Cx axis also contributes to PIR formation.

3.2.3 Luminal patterning to form flat peri-implantation regions precedes fine

embryo spacing
Whether the resolution of transverse folds to form PIRs occurs prior to or after the arrival
of the embryo at the implantation site is not known. At GD3 1800 h, when PIRs are first
observed, embryos are commonly present at the margins of the flat PIRs, closer to the
lIR fold on either end (Fig. 3.8A). Post-implantation, the embryo is always present closer
to the middle of the PIR (Fig. 3.8B). We quantified this by measuring the distance of an
embryo from the middle of the PIR on GD3 1800 h and post-implantation between GD4
1200 h - 1800 h. The distances are normalized to the length of the PIR. We observe that
the mean distance of the embryos from the middle of the PIRs on GD3 1800 h
(mean=0.23nu) is significantly higher than the post implantation time points
(mean=0.05nu) (P<0.001, Mann-Whitney U test) (Fig. 3.8C).

Previously we have shown that the glands in the inter-implantation region reorient
towards the implantation site on GD4 1200 h (Arora et al., 2016). The site of embryo
implantation always coincides with the center of the gland reorientation site. Here, we
show additional evidence that gland orientation occurs as early as GD3 1800 h when

PIRs are first observed (Fig. 3.9A,A’). Interestingly, the center of gland reorientation site
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coincides with the center of PIRs at GD3 1800 h (Fig. 3.9A,A’). However, the embryos on
GD3 1800 h are away from the gland reorientation sites, whereas at GD4 1200 h,
implantation sites and the center of gland reorientation site and PIR coincides (Fig. 3.9
B,B’). Hence, glands reorient towards the center of the PIRs even before embryos arrive
at the potential implantation site. These data support that the PIR and gland reoriented
sites are formed prior to embryo arrival at the implantation site.
3.3 Discussion

3.3.1 Uterine folds: Differences and similarities between mice and other

species
Knowledge pertaining to size and orientation of folds with respect to the uterine axis varies
depending on the species and stage of estrous cycle and is heavily dependent on the
plane of examination (Abd-Elkareem, 2017; Enders and Liu, 1991; Fissore et al., 1986;
Kahn et al., 1989; Slezak and Tillinger, 1973). This is because longitudinal folds can only
be visualized when the tissue is sliced along a transverse plane and transverse folds can
only be visualized when the tissue is examined along the longitudinal plane. Most of the
conventional visualization methods such as ultrasound and histology are performed in the
transverse plane and can easily detect longitudinal folds but often miss the transverse
folds. Consequently, longitudinal folds along the long axis of the uterus have been
observed in multiple species including the human, rabbit, horse, donkey and bushbaby
uterus (Ginther, 1983; Njogu et al., 2013; Renner-Martin et al., 2009). In humans,
longitudinal folds have been observed during both the secretory and proliferative phases
of the menstrual cycle but the orientation of folds during pregnancy is not known and

requires future investigation (Jokubkiene et al., 2015; Slezak and Tillinger, 1973).
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Ultrasound examination of the bovine uterus in the transverse plane, revealed
distinct longitudinal folds at the time of estrous, and these folds disappear at the time of
diestrus or pregnancy (Fissore et al., 1986). However, in a different study, 3D examination
using nuclear magnetic resonance imaging in the pregnant bovine uterus revealed
crescent-shaped transverse folds that are perpendicular to the long axis of the uterine
horn (Kahn et al., 1989). Thus, it is important to assess folding in different planes to fully
understand the structural changes associated with the uterine lumen in preparation for
pregnancy. In our study using mice, we observed both longitudinal folds (along O-Cx axis)
and transverse folds (along M-AM axis) prior to embryo entry into the uterus and only
transverse folds during pre-implantation phase of pregnancy. Our observations during
mouse pregnancy are similar to those made in the bovine where longitudinal folds
disappear while transverse folds remain during pregnancy. In rabbits, six longitudinal
folds are observed after induction of ovulation during pseudopregnancy, and the
complexity of the folding pattern changes with the stage of pseudopregnancy (Abd-
Elkareem, 2017). We observe a similar change in the complexity of folding pattern in the
mouse uterus, depending on the timing of pregnancy and embryo location.

3.3.2 Peri-implantation region formation predefines implantation sites
In this study, we provide novel evidence that the implantation regions are formed by
luminal patterning, post uterine sensing of embryos but prior to embryo spacing and
arrival of embryos at implantation sites. Since the embryo always attaches at the center
of the flat PIR, in future, it will be important to identify chemotactic proteins that are
specifically expressed in the central region of the flat PIR that attract the embryo to the

potential implantation site.
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While it is well known that implantation in mice occurs at the AM-pole, in women
implantation preferentially occurs in the fundus region of the uterus, near the posterior
wall (Kim and Kim, 2017). PIR formation prior to embryo arrival at implantation site, could
be key to successful implantation even in monotocous species, independent of embryo
spacing. Such knowledge can be useful in enhancing assisted reproductive technologies
where the optimal stage and timing for embryo transfer during the window of implantation

is still not understood (Enciso et al., 2021; Mackens et al., 2017).
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Figure 3.1: Time course of luminal folding pattern from GD2 to GDA4.

(A-G) 3D reconstruction of uterine lumen (gray) on (A) GD2 1200 h, (B) GD3 0000 h, (C)
GD3 0600 h, (D) GD3 1200 h, (E) GD3 1800 h, (F) GD4 0000 h and (G) GD4 1200 h.
Longitudinal folds disappear and the entire lumen has transverse folds along the M-AM
axis at GD3 1200 h. Segments of lumen surfaces in C-G are made transparent to show
embryos (red surfaces, blue arrowheads). Yellow arrowheads, transverse folds; red
arrowheads, longitudinal folds.
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Figure 3.1 (cont’d)

White dotted lines indicate implantation chamber. PIR, peri-implantation region; lIR, inter-
implantation region; IC, implantation chamber; IS,
implantation site; M, mesometrial pole; AM, anti-mesometrial pole; O, ovary; Cx, cervix.
Scale bars: 1000 ym. (H) Quantification of fold orientation with respect to the M-AM axis
in A-G. Black lines indicate the median angle. n=3 or 4 mice per time point. (P<0.001,
Kruskal-Wallis test, Dunn's multiple comparison). **P<0.01, ***P<0.001; ns, non-
significant.
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Figure 3.2: Quantification of luminal fold angle with respect to M-AM axis.

3D surface view and corresponding view with surface curvature analysis on GD3 0000 h
(A), GD3 1200 h (B) and GD4 0000 h (C). Yellow arrows: transverse folds. Red arrows:
longitudinal folds. Cmean — Curvature mean. ¢ - angle made by fold with respect to M-
AM axis. (Scale bars: 1000um).
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- GD3 0000 h

GD3 1200 h

GD4 0000 h

Figure 3.3: 3D uterine folds (2D crypts) do not transform into implantation
chambers.

3D surface view and corresponding optical slice view of uterine lumen on GD3 0000 h
(A), GD3 1200 h (B) and GD4 0000 h (C). Yellow arrows: transverse folds. Red arrows:
longitudinal folds. Blue arrows: embryos. Asterisk: inner cell mass. Dotted square shows
optical slice view of intact embryo in the lumen. (Scale bars: 1000um).
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Transverse fold on anterior end Transverse fold on posterior end

Figure 3.4: Peri-implantation region boundary estimation.
3D surface view of lumen containing PIR on GD4 0000 h. Yellow arrows: transverse folds.
PIR - peri-implantation region; IIR - inter-implantation region. (Scale bars: 500um).
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Figure 3.5: Transverse folds along the M-AM axis resolve to form peri-implantation
regions.

(A,B) 3D surfaces of uterine lumen and glands at GD3 1200 h (A) and GD4 0000 h (B).
In A, gland surfaces are displayed for alternate regions for easy visualization. PIR, peri-
implantation region; IIR, inter-implantation region; d, region between two folds. Scale
bars: 1000 um. Yellow arrowheads indicate transverse folds; blue arrowheads indicate
embryos; orange indicates pseudocolored glands in IIR; blue indicates pseudocolored
glands in PIR. (C-E) At GD3 1200 h, GD4 0000 h [IRs and GD4 0000 h PIR, quantification
of the distance between two consecutive transverse luminal folds (C), quantification of
the number of glands between two luminal folds (D) and quantification of the number of
glands between two folds per mm of PIR horn length (E). n=3 mice per group.
(***P<0.001, Kruskal-Wallis test, Dunn's multiple comparison). nu, normalized units.
Black horizontal lines indicate the mean value.
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Figure 3.6: Optical slice view and corresponding 3D view of surfaces in Fig.2A-B.
Optical slice view (A,A’) and 3D surface view (A”) at GD3 1200 h. Optical slice view (B,B’)
and 3D surface view (B”) at GD4 0000h. Gland surfaces are pseudo-colored to
distinguish glands in |IR (orange) and PIR (blue). (Scale bars: 1000um).
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Figure 3.7: Number of glands remain unchanged between GD3 and GD4.

Quantification of number of glands per mm of horn length at GD3 1200 h (n=3) and GD4

0000 h (n=3). (P=0.38, Mann-Whitney U test). n - number of mice.
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Figure 3.8: The peri-implantation region is formed prior to arrival of the embryo at
the implantation site.

(A,B) 3D surface of uterine lumen and embryo at GD3 1800 h (A) and GD4 1200 h (B).
Yellow arrowheads indicate transverse folds. Blue arrowheads indicate embryos (red
surfaces). Scale bars: 1000 um. At GD3 1800 h, the embryo is present near the PIR
margin closer to the transverse folds in the IIR. At GD4, the embryo is present near the
PIR center. (C) Quantification of the distance of embryos from the center of PIR at GD3
1800 h (n=7 mice, number of PIRs=29) and GD4 1200 h to 1800 h (n=6 mice, number of
PIRs=29). Distances are normalized to PIR length. Black lines indicate the mean
distance. ***P<0.001, Mann-Whitney U-test. PIR, peri-implantation region; IR, inter-
implantation region. nu, normalized units.
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A GD3 1800 h B GD4 1200 h

Figure 3.9: Gland Reorientation precedes embryo arrival at implantation site.

3D surface view of lumen (gray) and glands (rainbow) around peri-implantation regions
on GD3 1800 h (A,A’) and GD4 1200 h (B,B’). (A,B) View from ventral side; (A'B’) View
from mesometrial side. White arrowhead indicates gland reorientation site. Yellow arrow
indicates direction of gland reorientation. Red arrow indicates location of embryo. PIR -
peri-implantation region. (Scale bars: 1000um).
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Chapter 4: Effect of aberrant longitudinal folds on implantation and pregnancy
outcomes using Wnt5a°%% and Rbpj°“° mouse models

4.1 Introduction

In mice, based on 2D histological sections, abnormal LE histology during implantation
has been linked to mid-gestation lethality and poor pregnancy outcomes (Cha et al., 2014;
Tu et al., 2016; Zhang et al., 2014). Particularly, WNTS5A, a ligand in the non-canonical
Whnt signaling pathway, and RBPJ, a mediator of the Notch signaling pathway, are both
critical for LE morphology and E-U alignment in the mouse uterus (Cha et al., 2014; Zhang
et al.,, 2014). Moreover, embryo loss in WNT5A- and RBPJ-deficient mice has been
attributed to abnormal LE morphology at the time of implantation. We recently reported
that WNT5A-deficient mice also display an abnormal 3D luminal folding pattern (Arora et
al., 2016). While both WNT5A- and RBPJ-deficient mice display aberrations in LE, it is
unclear how 3D luminal folding affects implantation and pregnancy outcomes. The region
of the embryo that initiates attachment to the uterine lumen can differ between mammals.
In women and horses, the embryo’s polar trophectoderm (embryonic pole) initiates
attachment to the uterine LE (Ginther, 1983; Kirby et al., 1967). On the other hand, in
rodents, the embryo aligns with the inner cell mass (ICM) and its polar trophectoderm
towards the uterine M-pole and attachment initiates at the mural trophectoderm
(abembryonic pole) that faces the uterine AM-pole. Embryo-Uterine axes (E-U) alignment
is crucial for mammalian pregnancy. In horses, factors including uterine contractions and
differential thickening of the uterine walls, enable embryo orientation to place its
embryonic pole at the uterine AM-pole (Ginther, 1983; Silva and Ginther, 2006). However,

the morphological features of the uterine lumen that enable E-U alignment during
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implantation remain to be discovered. Interestingly, both WNT5A- and RBPJ-deficient
mice have defective E-U alignment post implantation. Although the defective E-U
alignment has been correlated with aberrant luminal morphology, how the 3D luminal
folding pattern and chamber formation affect E-U alignment remains obscure. Using
WNT5A- and RBPJ-deficient mouse models, we show that aberrant folding pattern
causes embryo trapping in folds leading to disrupted E-U alignment, abnormal chamber
formation and defective embryo morphogenesis ultimately leading to embryo demise.
4.2 Results

4.2.1 Embryos localize in aberrant longitudinal folds instead of flat peri-

implantation regions in Wnt5a°K0 uteri
WNT5A-deficient mice display abnormal 2D luminal histology leading to defective
implantation, decidualization, embryo orientation and placentation, with around 67% of
the embryos dying mid-gestation (Cha et al., 2014). Further, these mice display
longitudinal (and not transverse folds) during peri-implantation stages of pregnancy
(Arora et al., 2016). To examine how aberrant folding disrupts implantation, we combined
uterine-specific Pgr-Cre with a Wnt5a conditional allele to generate Pgrc”*;Wnt5aox/flox
(Wnt5a°<°) mice. Notably our studies in Figure 1 were performed with CD1 (mixed-
background) mice whereas the Wnt5a°“°® mice were on C57BL/6 background. First, we
observed that at GD3 1200 h, control uteri (Wnt5a*ox) displayed only transverse folds
(mean=22.56°) (Fig. 4.1A,C). These data suggest that uterine folding occurs independent
of mouse genetic background. The Wnt5a°k© uteri have aberrant longitudinal folds
aligned along the O-Cx axis (mean=79.08°) and are significantly different compared to

controls (P<0.001, Mann-Whitney U test) (Figs 4.1B,C and 4.2). In addition, we noted that
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the width of the lumen along M-AM axis in the Wnt5a°%©® was significantly higher
compared to controls (P=0.01, Mann-Whitney U test) (Fig. 4.3). During implantation at
GD4 1200 h, in the control uteri, 100% of embryos (14 embryos, n=3 mice) implant in the
flat PIR (Fig. 4.1D). However, in Wnt5a°<© uteri on GD4 1200 h, aberrant longitudinal
folds persist in PIRs and ~37% of embryos (6/16 embryos, n=3 mice) are trapped in these
longitudinal folds away from the AM-pole (Fig. 4.1E).

4.2.2 Embryos in longitudinal folds display defective embryo-uterine axes

alignment and chamber formation
At GD4 1200 h in the control uteri embryos attach with their mural trophectoderm facing
the AM-pole (Fig. 4.1D). Additionally, PTGS2 (COX2), a marker for decidualization, is
expressed in the subepithelial stroma under the mural trophectoderm at the chamber AM-
pole. Embryos trapped in folds in the Wnt5a°k© uteri do express PTGS2 at the mural
trophectoderm side of the embryo but this expression is not at the AM-pole. This suggests
a misalignment of the embryo axis along the uterine axis. Moreover, implantation sites
with embryos trapped in longitudinal folds fail to initiate chamber formation, on GD4 1200
h (Fig. 4.1E). Embryos in Wnt5a°C uteri that escape the longitudinal folds attach in flat
regions at the AM-pole and form V-shaped chambers (Fig. 4.1F).

Wnt5a°k© mice display delayed implantation (Cha et al., 2014), and thus, at GD4
1200 h embryos could display delayed chamber formation and E-U alignment even if they
are not trapped in longitudinal folds. Thus, we performed implantation site analysis and
embryo-uterine axes angle quantification, at GD4 1800 h (Figs 4.4A and 4.5A,A’). In the
control uteri, 100% of the embryos are located in a V-shaped chamber at the AM-pole

and over 96% of the embryos have their embryonic-abembryonic (Em-AbEm) axis aligned
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with the uterine M-AM axis (mean=17.8°) (Fig. 4.1G,J and Table 1). On the other hand,
in Wnt5a°<© uteri at GD4 1800 h, we observe two groups of embryos. Around 42% of the
embryos are trapped in aberrant longitudinal folds and over 95% of those (40.38% of
total) have disrupted E-U alignment. Instead of the Em-AbEm axis being parallel to the
M-AM axis, 95% of the embryos trapped in folds have their axis almost perpendicular to
the M-AM axis (mean=82.22°, P<0.001) (Fig. 4.1H,J and Table 1). Moreover, embryos
trapped in folds have smaller chambers growing away from the AM-pole, along the left-
right axis of the uterus. The remaining 58% of embryos in the Wnt5a°<° uteri that have
escaped the aberrant longitudinal folds, appear similar to the control uteri with a V-shaped
chamber at the AM-pole and over 90% of those have their Em-AbEm axis aligned along
the M-AM axis (mean=25.48°, P>0.05) (Fig. 4.11,J and Table 1).

4.2.3 Implantation chamber formation mediates embryo-uterine axes

alignment
While we observe that in the Wnt5a°<© uteri, 95% of embryos trapped in longitudinal folds
have disrupted E-U alignment, the mechanism by which the embryos align with the
uterine M-AM axis remains unclear. To understand how the lumen structure and the
folding pattern facilitate embryo-uterine axes alignment, we examined embryo orientation
relative to the luminal structure in control mice from GD3 1200 h to GD4 1200 h. At GD3
1200 h during the clustered phase of embryo movement (Flores et al., 2020), the Em-
AbEm axis of the embryos is randomly oriented with respect to the M-AM axis
(mean=77.57°, Standard Deviation (SD)=39.17°) (Figs 4.6A,E and 4.7A). At the onset of
implantation, on GD4 0000 h, the Em-AbEm axis of the embryos is almost perpendicular

to the M-AM axis (mean=89.58°, SD=9.87°) (Fig. 4.6B,E). The initiation of implantation is
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evident from the expression of PTGS2 in the LE, near the mural trophectoderm at the
abembryonic pole of the embryo (Figs 4.6B and 4.7B) (Scherle et al., 2000). A few hours
later, on GD4 0600 h, a small chamber is formed at the AM-pole and expression of PTGS2
shifts from the LE to the stroma under the chamber. Concurrent with chamber formation,
embryo rotation is also initiated with the embryos oriented at an acute angle with respect
to the M-AM axis (mean=60.7°, SD=17.54°, P<0.001, GD4 0000 h vs GD4 0600 h) (Figs
4.6C,E and 4.7C). Notably, one side of the embryo is in contact with the wall of the
chamber in 86% of embryos (n=12/14 embryos from 3 mice). This suggests that the
embryo may depend on the chamber for rotation. At GD4 1200 h, consistent with the
increase in the size of the chamber at the AM-pole, embryo rotation is complete with its
axis almost parallel to the uterine M-AM axis (mean= 13.10°, SD=9.07°, P<0.001, GD4
0600 h vs GD4 1200 h) (Figs 4.6D,E and 4.7D).

We postulated that if embryo rotation is dependent on the implantation chamber
then during the period when rotation is observed (between GD4 0600h and GD4 1200h),
the position of the embryo with respect to the chamber should stay constant. To this end
we used the ICM (for embryo position) and assessed its location with respect to the
expression of stromal PTGS2 under the chamber (for chamber position). We measured
the angle between the embryonic-abembryonic axis and the embryonic (ICM)-PTGS2
axis on GD4 0600 h and GD4 1200 h (Fig. 4.8A,B). We observe that there is no
significance difference in the mean angle between these two axes at GD4 0600 h
(mean=8.2°) and at GD4 1200 h (mean=9.8°). This suggests that the relative position of
the embryo and stromal PTGS2 under the chamber is maintained during embryo rotation

(P=0.88, Mann-Whitney U test) (Fig. 4.8C). These data suggest that embryo-uterine
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orientation during implantation is facilitated by formation of a chamber at the AM-pole in
flat PIRs.

Based on these data, we hypothesized that for axis alignment, embryos in the
Wnt5a°K© uteri should behave similar to embryos in control uteri until chamber formation
initiates. Consequently at GD4 0000h, we observed that similar to controls (Fig. 4.9A), all
embryos in the Wnt5a°<© (including 33% of embryos trapped in longitudinal folds) are
aligned with their Em-AbEm axis almost perpendicular to the M-AM axis irrespective of
their localization (Fig. 4.9B,C). Thus, in Wnt5a°%®, embryos in longitudinal folds stay
perpendicular to the M-AM axis from GD4 0000h until GD4 1800 h (Fig. 4.1H) while
embryos that escape longitudinal folds are able to align along the M-AM axis at GD4 1800
h concomitant with chamber formation (Fig. 4.11).

4.2.4 Misalignment of embryo-uterine axis in Wnt5a°k° uteri leads to

defective post-implantation embryo morphogenesis
To determine the effect of embryo-uterine misalignment on embryo morphogenesis, we
analyzed implantation sites within decidua in Wnt5a°<© uteri and control uteri on GD5
1200 h. We observe that in the Wnt5a°<C uteri, embryos continue to be misaligned. We
also observe that the space between the embryo and the maternal decidua is abnormal
in the embryos that are misaligned. We measured the ratio of spaces between the
maternal tissue and the epiblast of the embryo on the anterior and posterior ends (z), and
the angle of the embryo axis with the M-AM axis (¢) (Hiramatsu et al., 2013). In control
uteri, 100% of the embryos are oriented along the M-AM axis or proximal-distal axis

(mean $=14.26°, Table 1) and the value of z is closer to 1 (mean z=1.31) (Fig. 4.10A,C).

However, in the Wnt5a°<C uteri, the mean ¢ is higher compared to the control uteri (mean
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$=31.49°, P<0.001, Mann-Whitney U test) (Fig. 4.10B,C). 35% of the embryos appear to
be severely misaligned (¢ > 40°). Further the embryos have highly uneven buffer spaces
(mean z=2.35, P<0.001, Mann-Whitney U test) with ~42% of the embryos displaying z>2.
Strikingly, 81% of embryos (29% of total) that are misaligned along the uterine axis have
z>2 (Table 1). Correlation analysis shows a significant correlation between E-U alignment
angle and ratio of spaces between embryo and maternal tissue in Wnt5a°kC uteri
(Pearson’s correlation coefficient R=0.65, P<0.001). These data suggest that E-U
misalignment leads to defective embryo morphogenesis.

4.2.5 Defective embryo-uterine axes alignment in Rbpj°<° uteri is due to

aberrant longitudinal folds
E-U misalignment in Wnt5a°<© mice could be due to the effect of WNT5A signaling on
uterine folding or due to a different process regulated by WNT5A. We hypothesized that
mutants with aberrant folding pattern must show defective E-U alignment irrespective of
the signaling pathway involved. Thus, we searched the literature for genetic mutants with
known defects in E-U misalignment without a known effect on uterine folding. We
examined RBPJ-deficient mice with known defects in E-U alignment and predicted that
the E-U misalignment in these mice would be a result of aberrant pre-implantation folds.
We generated RBPJ-deficient mice (RbpjeKC, Pgrc™*:Rbpj"™/°x) by combining a Rbpj
conditional allele (Rbpj™fx) with the Pgr-Cre. At GD3 1200 h, control uteri (Rbpj™fox)
have transverse folds (mean=16.18°) (Fig. 4.11A,C ). In contrast, as predicted, the folding
pattern in Rbp;°k© uteri is aberrant, with longitudinal folds running along O-Cx axis instead
of transverse folds along M-AM axis (mean=71.79°, P<0.001, Mann-Whitney U test) (Fig.

4.11B,C). Post implantation, at GD4 1800h, embryos in control uteri are located in V-
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shaped chambers at the AM-pole in flat PIRs, with their Em-AbEm axis aligned along the
M-AM axis (mean=15.96°) (Fig. 4.11D,G). However, in Rbpjc<C uteri, similar to Wnt5a°<®
uteri, we observe two groups of embryos. About 46% of embryos in Rbp/°k° uteri are
trapped in aberrant longitudinal folds retained at PIRs, with abnormal expression pattern
of PTGS2 and defective chamber formation. Furthermore, 100% of embryos trapped in
folds have disrupted E-U alignment as compared to control uteri (mean=72.32°, P<0.001,
Kruskal-Wallis test, Dunn’s multiple comparison) (Fig. 4.11E,G). The remaining 54% of
the embryos in the Rbpj°kC uteri that have escaped aberrant folds have a V-shaped
chamber, normal PTGS2 expression pattern and normal E-U alignment, similar to control
uteri (mean=14.35°, P>0.05, Kruskal-Wallis test, Dunn’s multiple comparison) (Fig.
4.11F,G). Taken together, these results suggest that longitudinal folds in the pre-
implantation uterus are detrimental for E-U alignment and proper chamber formation
irrespective of the signaling pathway affected.
4.3 Discussion

4.3.1 Transverse folding pattern may be necessary for embryo movement

and localization to the AM-pole but is dispensable for embryo spacing
Before embryo entry, both longitudinal and transverse folds are present in the mouse
uterus but only longitudinal folds remain during and right after embryo entry. Thus, we
propose that longitudinal folds aid in the transport of embryos from the oviductal end
towards the center of the horn during unidirectional clustered embryo movement. These
observations are similar to those in horses where longitudinal endometrial folds are
believed to enable the movement of the embryo through the entire length of the uterus

before the embryo implants (Ginther, 1985). Embryos in both Wnt5a<© and Rbpj°k° uteri
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are trapped in longitudinal folds along O-Cx axis, away from the AM-pole, thus transverse
folds along M-AM axis, serve as conduits for localizing embryos to the AM-pole. It is
tempting to postulate that transverse folds could aid in spacing of embryos along the O-
Cx axis in the scattering phase of embryo movement. However, although we did observe
aberrant longitudinal folds in Wnt5a°<© or Rbpj°“°® mice pre-implantation, we did not
observe embryo crowding. This suggests that longitudinal folds do not cause embryo
crowding and conversely transverse folds do not aid in fine embryo spacing.

4.3.2 Transverse folds are naturally selected to avoid trapping of embryos in

folds
Our data show that transverse folds resolve to form flat PIRs and the embryos eventually
attach in the middle of a PIR. If the embryo requires a flat space to attach then why the
lumen forms transverse folds in the peri-implantation phase, instead of completely losing
all its folds is puzzling. An explanation can be inferred from the Wnt5a°%© and Rbpj<°
uteri, where the aberrant pre-implantation longitudinal folds do not completely resolve in
the PIRs causing embryo trapping at implantation sites. Hence, it is possible that luminal
stretching in opposing directions can only be induced along the O-Cx axis. This would
imply that luminal stretching can only effectively flatten transverse folds and fails to flatten
longitudinal folds. We did not observe a direct correlation between transverse folds and
E-U alignment or chamber formation. Thus, we propose that formation of transverse folds
prior to implantation, is an evolutionary selection to abolish longitudinal folds that serve
as potential traps for embryos preventing them from localizing to the AM-pole thus
disrupting implantation outcomes. This idea is further supported by the fact that even

though majority of pre-implantation folds in both Wnt5a“©® and Rbpjck° uteri are
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predominantly longitudinal, less than half of the embryos are trapped in these aberrant
folds and the remaining half escape the longitudinal folds and occupy flat regions at the
AM-pole. We conclude that although the significance of transverse folds is still unclear,
longitudinal folds are detrimental to embryo implantation and pregnancy success. A
mouse model that lacks any folds will help clarify the role of transverse folds during
implantation and will be a scope for future investigation.

4.3.3 Chamber formation enables embryo rotation to orient ICM towards

mesometrial pole
E-U alignment is crucial for a successful pregnancy. Since the maternal uterine arteries
enter the mouse uterus at the M-pole, it is essential for the embryo to be oriented with the
ICM facing the M-pole. Although embryonic factors such as FGFR2 have been shown to
be crucial for blastocyst alignment within the chamber, the role of the uterine environment
in E-U alignment is not yet known (Arman et al., 1998). While it has been postulated that
the ICM within the embryo is mobile and may migrate within the blastocoel to orient itself
towards the M-pole, there is no evidence to support this theory (Kirby et al., 1967).
Embryo rotation as a whole, on the hand has been suggested to facilitate E-U alignment
in several species including horses and bats (Ginther, 1983; Rasweiler IV and Badwaik,
1999). In bats, the embryo rotates 90° after initiation of implantation such that the ICM is
oriented towards the maternal vasculature entering the uterus (Rasweiler IV and Badwaik,
1999). In horses, uterine contractions help in orienting the embryonic vesicle to ensure
that the umbilical cord attaches to the allantoic sac. Embryo orientation in horses is further
aided by cross ridging of endometrial folds (Ginther, 1998). In the mouse, several factors

including myometrial contractions, physical shape of chamber, anchorage of trophoblast
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to the epithelium and movement of uterine epithelial cells independent of the stroma have
been proposed to aid with embryo rotation (Kirby et al., 1967). While it has been
suggested that the surface of the embryo has a uniform potential to initiate implantation
and hence can attach at any random spot, our study shows that implantation always
initiates at the mural trophectoderm opposite to the ICM. Further, our data shows that
although embryo orientation is concurrent with chamber formation, embryos are
incapable of self-rotation, suggesting that chamber formation and elongation are required
for embryo rotation to ensure E-U alignment. The fact that beads that lack any kind of
internal axes form V-shaped chambers at the AM-pole when coated with HBEGF (Yuan
et al., 2018), suggests that that chamber formation occurs irrespective of the orientation
of the embryo but embryo orientation along the M-AM axis is reliant on appropriate
chamber formation.

Placentation is a crucial event in mammalian pregnancy. In mice, bats and horses,
the placenta always develops dorsal to the ICM and orientation of the ICM towards the
maternal vasculature is associated with normal development (Ginther, 1983; Kirby et al.,
1967; Rasweiler IV and Badwaik, 1999). While normal placenta formation in women
occurs in the upper wall of the uterus away from the cervix, in pathological conditions
such as low-lying placenta or placenta previa the placenta is formed in the lower wall
blocking the cervix, leading to pregnancy complications (Jansen et al., 2020). Our study
connects abnormal uterine folding to E-U misalignment and this provides new uterine 3D-

structure based avenues for identifying the cause of placental abnormalities.
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4.3.4 Aberrant folding and resulting phenotypes in Wnt5a°“® and Rbpj°K°

mice: Comparison with published studies
It is well known that changes in luminal epithelial morphology during pregnancy are critical
for embryo implantation and pregnancy outcomes (Aplin and Ruane, 2017). By using the
Wnt5a°k© mice as a model system for aberrant folds, we delineated the sequence of
events that correlate how aberrant structure could cause embryo lethality (Table 1). While
Cha et al. (Cha et al., 2014) showed that M-AM orientation of implantation sites in
Wnt5a°<© uteri is abnormal on GD7, we show that embryo orientation defects arise due
to unresolved longitudinal folds as early as GD4. Further, Cha et al. (Cha et al., 2014)
showed 67% resorption rate at mid gestation and ~50% reduction in litter size at birth in
the Wnt5a<© mice, our data shows ~25% resorption at mid gestation (Fig. 4.4B) and
~35% reduction in litter size at birth. The difference in penetrance of the embryo survival
phenotypes could be due to the difference in background of mice used for these studies.
Most importantly, our data support that the proportion of embryos trapped in longitudinal
folds at implantation (~40%) correlate with the reduction in litter size (35%).

For the Rbpj°°© mice, Zhang et al. (Zhang et al., 2014) attributed E-U misalignment
to abnormal luminal closure. However, we show that longitudinal folding pattern in the
RbpjeKO uteri, is the more likely cause of E-U misalignment. This is supported by the timing
of luminal closure that happens around GD3 1600 h (Yoshinaga, 2013) whereas
aberrations in pre-implantation fold formation are observed as early as GD3 1200 h in the
RbpjekO uteri. Zhang et al. (Zhang et al., 2014) also concluded that defective luminal
closure causes extra luminal folds in the Rbp;°k© uteri at implantation. Our data supports

that luminal folds continue to be present in both control and Rbpjk° uteri post-
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implantation but it is the aberrant longitudinal folds in the Rbp;°© mice that disrupt embryo
implantation.

4.3.5 Transverse folding ensures E-U alignment for post-implantation

embryo morphogenesis
The mechanical and structural aspects of the maternal environment that affect embryo
morphogenesis are not fully understood (Matsuo and Hiramatsu, 2017). Mechanical
forces exerted from the maternal tissue is required for egg cylinder morphogenesis,
elongation of the embryo along the M-AM axis, correct specification of the distal visceral
endoderm and anterior-posterior axis specification (Hiramatsu et al., 2013; Ueda et al.,
2020). Our data shows that aberrant luminal folding pattern in mice affects embryo
orientation, which in turn affects buffer space between embryo and maternal decidua
during morphogenesis. Future investigation is required to delineate how the abnormal
space surrounding the embryo affects embryo morphogenesis during development

potentially leading to embryo mortality.
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Figure 4.1: Aberrant pre-implantation folding in Wnt5a°© leads to disrupted
embryo-uterine axes alignment and abnormal chamber formation.
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Figure 4.1 (cont’d)

(A,B) 3D reconstruction of lumen in control (A) and Wnt5a°© (B) uteri at GD3 1200 h.
Yellow arrowheads indicate transverse folds. Red arrowheads indicate longitudinal folds.
Blue arrowheads indicate embryos (red surface). Scale bars: 1000 um. (C) Quantification
of fold angle with M-AM axis in control and Wnt5a°%© (n=3 mice/group) uteri on GD3 1200
h (***P<0.001, Mann—-Whitney U-test). (D-F) 3D surface view and optical slice view of
implantation sites at GD4 1200 h in control (D) and Wnt5a°<® (E,F) uteri. Implantation
sites in Wnt5a°<© uteri where embryos are trapped in folds (E) or where embryos have
escaped folds (F). Panel 1: 3D lumen surface (gray). Panel 2: transparent 3D lumen and
embryo (red) surface. Panel 3: transparent 3D lumen, embryo and PTGS2 (green)
surface. Panel 4: optical slice with frontal view. Panel 5: high-magnification image of
embryos in panel 4. Panel 6: optical slice with transverse view. Scale bars: 100 ym. (G-I)
3D surface view and optical slice view of implantation sites on GD4 1800 h in control (G)
and Wnt5a°<© (H,l) uteri. Implantation sites in Wnt5a°<© uteri where embryos are trapped
in folds (H) or where embryos have escaped folds (I). Panel 1: 3D lumen surface (gray).
Panel 2: transparent 3D lumen and embryo (red) surface. Panel 3: optical slice with frontal
view. Scale bars: 100 ym. (J) Quantification of embryo orientation with respect to M-AM
axis in control (n=3 mice, ne=26 embryos) and Wnt5a°k® (n=6 mice, ne=52 embryos) uteri
at GD4 1800 h. (***P<0.001, Kruskal-Wallis test, Dunn's multiple comparison). ns, non-
significant. M, mesometrial pole; AM, anti-mesometrial pole; Em, embryonic pole; Ab-Em,
abembryonic pole. Black dashes indicate the mean angle. Asterisks in D-I indicate inner
cell mass.
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Figure 4.2: Quantification of luminal fold angle in Wnt5a°X© and Rbpj°©.

3D surface view and corresponding view with surface curvature analysis in control,
Wnt5a°K® and Rbpjk° at GD3 1200 h. Cmean - Curvature mean. ¢ - angle made by fold
with respect to M-AM axis. (Scale bars: 1000um).
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Figure 4.3: Comparison of lumen widths in Wnt5a°° and Rbpj“° compared to
controls.

Quantification of width of lumen along M-AM axis in Wnt5a°k© (n=3) and Rbp/°k® (n=4)

at GD3 1200 h along with respective controls (n=3 for each group). P, Student’s
unpaired t test.
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Figure 4.4: Post-implantation embryo development in Wnt5a“© and control uteri.
(A) Implantation sites in control and Wnt5a°<© uteri on GD4 1800 h visualized using
Evan’s blue dye method. (B) GD13 implantation sites in control and Wnt5a°<C uteri. Black
arrows: resorption sites. (Scale bars: 1cm).
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Figure 4.5: High magnification images of embryo within the uterine lumen and
determination of embryo axis.

(A,A’) Optical slice of embryo within the uterine lumen showing inner cell mass (ICM),
embryonic pole (Em) and abembryonic pole (AbEm). (B-D) High magnification images of
embryos in Fig. 4 G-I. Asterisk indicates inner cell mass. (Scale bars: 100um).
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Figure 4.6: Alignment of embryo-uterine axes is facilitated by the formation and
elongation of the chamber.

(A-D) The relationship between chamber formation and embryo orientation with respect
to M-AM axis in control mice at GD3 1200 h (A), GD4 0000 h (B), GD4 0600 h (C) and
GD4 1200 h (D). Panel 1: transparent lumen with PTGS2 (green) and embryo (red). Panel
2: optical slices with CDH1 (red), PTGS2 (green) and Hoechst (gray). Panel 3: high-
magnification images of embryos in panel 2. At GD4 0600 h, the embryo appears to be
orienting its ICM towards the M pole but is still in contact with one wall of the chamber.
Blue arrowheads indicate embryos (red surfaces), White dotted lines indicate the
implantation chamber. Asterisks indicate the ICM. M, mesometrial pole; AM, anti-
mesometrial pole. Scale bars: 100 ym. (E) Quantification of embryo orientation with
respect to the M-AM axis at GD3 1200 h (n=3, ne=19), GD4 0000 h (n=3, ne=15), GD4
0600 h (n=4, ne=14) and GD4 1200 h (n=4, ne=11). n, number of mice; ne, number of
embryos. Black lines indicate the mean angle. ***P<0.001; ns, non-significant; Mann—
Whitney U test.
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Figure 4.7: High magnification images of PTGS2 expression during embryo
alignment.

Optical slice view of PTGS2 expression around embryos on GD3 1200 h (A), GD4 0000
h (B), GD4 0600 h (C) and GD4 1200 h (D). Panel 1: 2D optical slice with Hoechst, CDH1
and PTGS2. Panel 2: 2D optical slice with CDH1 and PTGS2. Panel 3: 2D optical slice
with PTGS2 only. Asterisk indicates inner cell mass. (Scale bars: 200um).
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Figure 4.8: Orientation of embryo relative to PTGS2 is maintained during chamber
formation and elongation.

(A,B) Relationship between chamber formation, embryo orientation and PTGS2
expression in control mice on GD4 0600 h (A) and GD4 1200 h (B). Panel 1: 2D optical
slice view of implantation site with Hoechst and CDH1. Panel 2: 2D optical slice view with
PTGS2 (green) and CDH1 (red). Panel 3: optical slice with 3D surface of PTGS2 (green)
around chamber. Panel 4: optical slice with embryonic-PTGS2 axis (line ab). Panel 5:
optical slice with embryonic-PTGS2 axis and embryonic-abembryonic axis (line bc). White
dotted line: implantation chamber. Asterisk: inner cell mass. (Scale bars: 100um). (C)
Quantification of angle between embryonic-PTGS2 axis and embryonic-abembryonic axis
on GD4 0600 h (n=3, ne=19) and GD4 1200 h (n=3, ne=15). n — number of mice; ne —
number of embryos. (P=0.88, Mann-Whitney U test). ns - non-significant.
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Figure 4.9: Embryo-uterine alignment in Wnt5a°<° at GD4 0000h.

(A-C) 3D surface view and optical slice view of implantation sites on GD4 1200 h in control
(A) and Wnt5a°© (B,C) uteri. Implantation sites in Wnt5a°<© uteri where embryos have
escaped folds (B) or where embryos are trapped in folds (C). Panel 1: 3D lumen surface
(gray). Panel 2: transparent 3D lumen and embryo (red) surface. Panel 3-5: optical slice
view with Hoechst, CDH1 and PTGS2. (Scale bars: 200um). Asterisk indicates inner cell
mass. (D) Quantification of embryo orientation with respect to M-AM axis in control (n=3,
ne=21) and Wnt5a°<© (n=6, ne=15) uteri on GD4 1800 h. (P=0.54, Kruskal-Wallis test,
Dunn’s multiple comparison). ns - non-significant. n — number of mice; ne — number of
embryos.
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Figure 4.10: Embryo-uterine misalignment leads to defective buffer space between
epiblast and maternal decidua.

(A,B) 2D optical slices of implantation sites in control (A) and Wnt5a°<© (B) uteri at GD5
1200 h. 3D surface of the embryo (red, right panel). There is uneven buffer space
between epiblast and maternal decidua in Wnt5a°<© uteri. Scale bars: 1000 um. (C)
Quantification of embryo orientation with respect to the M-AM axis, and ratio of buffer
spaces between epiblast and maternal decidua at GD5 1200 h in controls (n=3, ne=25)
and Wnt5a°<© (n=3, ne=33) uteri. n, number of mice; ne, number of embryos. (Pearson's
correlation coefficient, R for control= -0.29, ns, P>0.05; R for Wnt5a°<©=0.65,
***P<0.001). z, maximum(x,y)/minimum(x,y). M, mesometrial pole; AM, anti-mesometrial
pole; Em, embryonic pole; Ab-Em, abembryonic pole.
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Figure 4.11: Longitudinal folds in Rbpjk° disrupt embryo-uterine axes alignment
and chamber formation.

(A,B) 3D reconstruction of lumen in control (A) and Rbp;/°° (B) uteri on GD3 1200 h.
Yellow arrowheads indicate transverse folds. Red arrowheads indicate longitudinal folds.
Scale bars: 1000 um. (C) Quantification of fold orientation with respect to the M-AM axis
in control and Rbpj°k° (n=3 or 4 mice/group) uteri at GD3 1200 h (***P<0.001, Mann—
Whitney U test). (D-F) 3D surface view and optical slice view of implantation sites at GD4
1800 h in control (D) and Rbpj°k© (E,F) uteri. Implantation sites in Rbpj°K° uteri where
embryos are trapped in folds (E) or where embryos have escaped folds (F). Panel 1: 3D
lumen surface (gray). Panel 2: transparent 3D lumen surface with embryo surface (red).
Panel 3: transparent 3D lumen surface with embryo and PTGS2 (green) surface. Panel
4: optical slice with frontal view. Scale bars: 100 um. Blue arrowheads indicate embryos
(red surfaces). Asterisks indicate inner cell mass. (G) Quantification of embryo orientation
with respect to the M-AM axis in control (n=3, ne=24) and Rbpj°k° (n=3, ne=24) uteri at
GD4 1800 h. n, number of mice; ne, number of embryos. (***P<0.001, Kruskal-Wallis test,
Dunn's multiple comparison). ns, non-significant. M, mesometrial pole; AM, anti-
mesometrial pole; Em, embryonic pole; Ab-Em, abembryonic pole. Black lines in C,G
indicate the mean angle.
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Chapter 5: Hormonal regulation of folding — role of estrogen and progesterone
signaling

5.1 Introduction

Estrogen (E2) and Progesterone (P4) are the key hormones required for normal uterine
function and, initiation and maintenance of pregnancy. E2 and P4 act through their nuclear
receptors - estrogen receptor (ESR) and progesterone receptor (PGR) respectively to
mediate downstream signaling pathways. In mice, during GDO and GD1 of early
pregnancy, pre-ovulatory E2-ESR signaling via IGF1 stimulates proliferation of the luminal
and glandular epithelium (Marquardt et al., 2019). By GD2, P4 levels start to rise and
stimulate stromal proliferation. On GD3 and GD4, P4-PGR signaling regulates several
genes including Hand2, Ihh and Wnt4 to prepare the uterus for implantation (Franco et
al., 2012). In addition, an interaction between E2 and P4 signaling mediated various
events in different compartments of the uterus including the epithelium, stroma and
muscle. The role of E2 and P4 signaling in modulating uterine folding is yet to be studied.
Dysregulation of both E2 and P4 signaling in the mouse uterus leads to implantation
failure and infertility (Curtis Hewitt et al., 2002; Large and DeMayo, 2012; Lydon et al.,
1995; Pawar et al., 2015; Winuthayanon et al., 2010). Whole body knockout of Esr and
Pgr in mice leads to severe infertility due to ovulation and implantation defects (Curtis
Hewitt et al., 2002; Lydon et al., 1995). Similarly, epithelial deletion of both Esr and Pgr
also leads to implantation failure (Pawar et al., 2015). However, whether folding is
dependent on epithelial E2 and P4 signaling remains unknown.

P4-PGR signaling activates the transcription of several genes such as Indian hedgehog

and amphiregulin, required for epithelial structure and function during implantation
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(Franco et al., 2012). In humans, Wnt5a is upregulated by P4 signaling in the uterus
during the luteal phase (Chi et al., 2019; Rider et al., 2016). In mice, Wnt5a is expressed
in a spatiotemporal manner along M-AM axis during the receptivity phase, coinciding with
Pgr expression on GD2 and GD3 when P4 levels are high. Moreover, both PGR and
WNTSA deficient mice have abnormal 2D luminal epithelial morphology (Cha et al., 2014;
Franco et al., 2012; Lydon et al., 1995; Tan et al., 1999). Our data has also shown that
3D folding pattern is aberrant in the WNT5A deficient mice. Whether P4 regulates Wnt5a
expression to modulate folding is unknown. In this chapter, we investigated the role of E2
and P4 in different uterine compartments in regulating the uterine folding pattern. We also
examined how P4 interacts with Wnt5a to facilitate transverse folding.
5.2 Results

5.2.1 E2 and P4 signaling in the uterine epithelium are dispensable for

transverse folding
Firstly, we wanted to examine if E2 and P4 signaling in the epithelial compartment are
necessary for transverse folding. We generated EsrokO (Ltfe* Esro/fiox) and Pgrek©
(Ltfere+ Pgrioxox) to delete Esr and Pgr respectively in the epithelial cells. Since Ltfis only
expressed in the adult uterine epithelial cells, deletion of Esr and Pgr occurs only at
adulthood (Daikoku et al., 2014). We examined the folding pattern in the IIR of these mice
on GD4 1200 h. Note that IIRs in control mice have transverse folds as previously
described in chapter 2 (Fig. 5.1A). Surprisingly both Esr® and Pgrek© have transverse
folds comparable to controls (Fig. 5.1B,C). This suggests that E2 and P4 signaling in the

epithelial cells are dispensable for transverse folding.
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5.2.2 Exogenous treatment with E2 but not P4 leads to disrupted folding
While depletion of E2 and P4 signaling in the epithelium does not affect folding, we
wanted to test if increasing E2 and P4 signaling affects folding (Liang et al., 2018). Hence,
we treated pregnant mice supraphysiological doses of E2 (200ng/mouse) and P4
(4mg/mouse). Mice treated with vehicle (sesame oil) have normal transverse folds (Fig.
5.2A). Since P4 levels start to increase from GD2, we treated mice with one dose of 4mg
P4 on GD2 1800 h and examined folding on GD3 1200 h. We observed that one dose of
P4 is not sufficient to affect folding as uteri continue to have normal transverse folds (Fig.
5.2B). However, even when we treated mice with 3 doses of P4 from GDO to GD2, we did
not observe any disruption in the transverse folding pattern (Fig. 5.2C). This suggests that
increased P4 signaling is not detrimental to folding. Similarly, since E2 levels are high
during GDO and GD1 in normal pregnancy, we treated mice with a single dose of 200ng
E2 on GDO 1200 h or GD1 1200 h. Interestingly, 200ng E2 treatment on either day leads
to longitudinal folds on GD3 1200 h, suggesting that high levels of E2 are detrimental to
folding (Fig. 5.2D,E).

5.2.3 Reduced P4 signaling in all uterine compartments leads to disrupted

folding
While we have shown that P4 signaling in the epithelium is not required for transverse
folding, it is possible that P4 signaling in the other uterine compartments such as the
stroma and muscle is necessary for transverse folding. To test this hypothesis, we treated
mice with RU486 (8mg/kg), a pharmacological inhibitor of P4 signaling on GD2 1800h

and examined folding on GD3 1200 h. Interestingly, we observed that the RU486 treated
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mice have longitudinal folds while the vehicle treated mice have normal transverse folds
(Fig. 5.2F). This suggests that while P4 signaling is not required in epithelial cells, it is
absolutely essential in non-epithelial uterine compartments for pre-implantation
transverse uterine folding. Moreover, while high levels of P4 do not have a negative effect
on folding, low levels of P4 is detrimental to folding.
5.2.4 P4 signaling regulates expression of Wntba in the stroma

Previously we have shown that Wnt5a is necessary for transverse folding. Based on
interactions between P4 and Whnt5a from other studies, we wondered if P4 regulates
Whntba for transverse folding. Previous studies have shown that Wnt5a is expressed in
the sub-epithelial stroma (Cha et al., 2014). We used RNAscope ISH to determine if the
expression of Wntba mRNA is altered in the uteri of mice treated with 4mg P4 or RU486.
In control mice that were treated with vehicle, on GD3 1200 h, Wht5a is expressed in the
stroma in a gradient with strong expression in sub-epithelial stroma and no expression in
stroma near the muscle (n=5) (Fig. 5.3A). Interestingly we observe that RU486 treatment
in the CD1 background leads to complete loss of Wnt5a expression in the stroma (n=3)
(Fig, 5.3B). Surprisingly, RU486 treatment in the C57BL/6 background leads to increased
expression of Wnt5a in 50% of the mice (n=4) as compared to controls (Fig, 5.3B). We
observe that the gradient of Wnt5a is disrupted and it is expressed in the entire stroma.
On the other hand, high dose P4 treatment leads to a modest expansion of the domain

of Wnt5a expression compared to vehicle treated mice (Fig 5.3C).
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5.2.5 Interaction between P4 signaling and Wnt5a in the stroma for

transverse folding
Our studies using Wnt5a°<© revealed that depletion of Wnt5a signaling leads to aberrant
longitudinal folds instead of transverse folds as in controls (Fig. 5.4A,E) . However, in the
Wnt5a°K0, the Cre used to delete the floxed alleles of Wnt5a is knocked into the Pgr
promoter. Hence in addition to deletion of both copies of Whntba, one copy of Pgr is also
lost making it heterozygous for Pgr. We predicted if there is an interaction between
WNT5A and Pgr for transverse folding, deletion of just one copy each of Whnt5a and Pgr
will lead to disrupted folding. Moreover, mice heterozygous for either Wntba or Pgr have
normal transverse folds (Fig. 5.4B,C). As predicted, we observed that in the Wnt5a and
Pgr double heterozygous mice, folding was aberrant with the presence of longitudinal
folds (Fig. 5.4D). This suggests that an interaction between P4 and Whntba signaling
regulates transverse folding pattern.
5.3 Discussion

5.3.1 Role of E2 signaling in uterine folding
Our data shows that E2 signaling in the uterine epithelium is dispensable for folding. It is
possible that E2 signaling is required in other uterine compartments, specifically the
stroma and muscle, for transverse folding. Deletion of Esr in the stroma using Amhr2 re/*
leads to defective implantation and severe infertility (Winuthayanon et al., 2017). Whether
the folding pattern is disrupted in these mice requires future investigation. The role of E2
signaling in non-epithelial cell types for folding can also be examined by blocking E2
signaling using ICI 182,780, a pharmacological inhibitor. This will be a subject of future

investigations.
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On the contrary, excess E2 signaling disrupts uterine folding causing longitudinal folds.
In cows and horses, longitudinal folds are observed during estrous stage when E2 levels
are high (Fissore et al., 1986; Hayes et al., 1985). Our data can have important
implications for the harmful effects of excess E2 on pregnancy in women. During IVF
procedures, hyperstimulation leads to high levels of E2 which are detrimental to
implantation and pregnancy success (Simon et al., 1995). The effect of hyperstimulation
on uterine folding has been described in Chapter 6. It is possible that excess E2 signaling
leads hyperproliferation which in turn disrupts the folding. However, the mechanism by
which high E2 signaling disrupts folding is unclear and requires future investigation.
5.3.2 Role of P4 signaling in uterine folding

Abnormal levels of P4 during pregnancy leads to infertility (Robertshaw et al., 2016). In
women undergoing ART due to ovarian insufficiency, it has been shown that duration of
P4 exposure during window of implantation is critical for successful implantation (Prapas
et al., 1998). Endometrial folds have been shown to exist in humans during the luteal
phase of menstrual cycle (Jokubkiene et al., 2015). Interestingly, the luteal phase in
humans is characterized by high levels of P4 which prepares the endometrium for embryo
implantation during pregnancy, providing clues for the possible role of P4 in modulating
endometrial folds (Mesen and Young, 2015). Based on our data using the Pgrek© where
Pgr is deleted in the epithelium, P4 signaling is not required in the uterine epithelium for
transverse folding. However, blocking P4 signaling in the entire uterus using RU486 leads
to longitudinal folds, suggesting that P4 is required in non-epithelial uterine compartments
for transverse folding. Our also suggests that P4-Pgr signaling non-cell autonomously

regulate epithelial folding through signaling in surrounding tissue layers. It is possible that
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P4 signaling in the stroma regulates transverse folding, since Pgr is strongly expressed
in the sub-epithelial stroma on GD2 and GD3 (Tan et al., 1999). A conditional deletion
model of Pgrin the stroma would
5.3.3 Whntba gradient regulated by P4 is essential for folding

Our data shows that both high and low levels of P4 signaling alters Wnt5a expression
pattern. While high dose P4 leads to an increase in levels as well an expansion in Whntba
gradient, folding pattern remains unaffected as the uteri continue to form transverse folds.
On the other hand, why blocking P4 signaling using RU486 has two contrasting effects
on Whntba expression in the two different backgrounds of mice is puzzling. One possible
explanation is that RU486 may be acting as an agonist instead of an antagonist. It has
been shown that RU486 acquires agonist properties in the presence of c-AMP (Beck et
al., 1993). Although it is uncertain how P4 upregulates or downregulates Wnt5a levels, it
is certain that altering levels of P4 signaling affect the gradient of Wnt5a expression.

In summary, we show that both E2 and P4 signaling regulate uterine folding. Low levels
of P4 signaling lead to longitudinal folds by disrupting Wnt5a expression gradient. On the

other high levels of E2 signaling also lead to longitudinal folds.
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Control

Epithelial ER°KO

Epithelial PReKO

Figure 5.1: E2 and P4 signaling in the uterine epithelium are dispensable for
transverse folding.

(A-C) 3D reconstruction of uterine lumen in control (Pgrf¥ox) (n=5 mice) (A), Esrck©
(Ltfere’* Esrofox) (n=4 mice) (B), and PRKO (Ltfre* Pgrio¥fox) (n=3 mice) (C) at lIRs on
GD4 1200 h. Yellow arrowheads indicate transverse folds. Red arrowheads indicate
longitudinal folds. Scale bars: 500 pm.
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Figure 5.2: Increased E2 and reduced P4 signaling in all uterine compartments
leads to disrupted folding.

(A-D) 3D reconstruction of uterine lumen at GD3 1200 h in mice treated with vehicle (one
dose on GD2 1800 h; n=4 mice) (A), high P4 (one dose on GD2 1800 h; 4mg/mouse; n=3
mice) (B), high P4 (three doses, one each on GDO, GD1 and GD2 1200 h; 4mg/mouse;
n=3 mice) (C), high E2 (one dose on GDO0 1200 h; 200ng/mouse; n=3 mice) (D), high E2
(one dose on GD1 1200 h; 200ng/mouse; n=4 mice) (E) and RU486 (one dose on GD2
1800 h; 8mg/kg; n=4 mice) (F). Yellow arrowheads indicate transverse folds. Red
arrowheads indicate longitudinal folds. Scale bars: 800 pm.
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RU486 treatment
(Low P4 signaling)
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Figure 5.3: Wnt5a levels in the stroma are regulated by P4 signaling.

(A-C) Fluorescence in situ hybridization images showing expression of Wnt5a in vehicle
treated mice (A), RU486 treated mice (8mg/kg) (n=3 mice for CD1; n=4 mice for C57BL/6)
(B), and high P4 treated mice (4mg/mouse) (n=3 mice) (C). Scale bars: 200 pm.
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Figure 5.4: Interaction between P4 signaling and Wnt5a in the stroma for transverse
folding.

(A-E) 3D reconstruction of uterine lumen in control (Pgr**Wnt5a**) (n=5 mice) (A), Pgr
heterozygous mice (Pgr”*Wnt5a**) (n=3 mice) (B), Wnt5a heterozygous mice
(Pgr*Wnt5a®*) (n=3 mice) (C), Pgr, Wnt5a double heterozygous mice (Pgr¥*Wnt5a%*)
(n=4 mice) (D) and Pgr heterozygous; Wnt5a knockout mice (Pgr®*Wnt5a®?). Yellow
arrowheads indicate transverse folds. Red arrowheads indicate longitudinal folds. Scale
bars: 800 um.
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Chapter 6: Clinical significance of uterine folds - effect of hyperstimulation on
folding

6.1 Introduction

Defects in embryo implantation during early pregnancy is one of the leading causes of
infertility around the world (Wilcox et al., 1988). As of 2020, around 8 million babies around
the world have been conceived using assisted reproductive technologies (ARTs) (Evans
et al., 2014; Fauser, 2019). In vitro fertilization (IVF) is being widely used in ARTs to
improve the success of implantation and pregnancy. However, pregnancies following IVF
are often associated with recurrent implantation failure (RIF), perinatal mortality, preterm
delivery, preeclampsia and other complications (Bashiri et al., 2018; Hansen et al., 2002;
Pandey et al., 2012). Hyperstimulation is an exogenous hormonal treatment done during
IVF to increase the number of eggs retrieved, in order to increase the success rate of
implantation. In addition, oocyte retrieval for IVF is a painful procedure and hence
hyperstimulation ensures that multiple oocytes are obtained during a single retrieval
procedure (Frederiksen et al., 2017). However, hyperstimulation is often associated with
poor pregnancy rate and miscarriage (Check et al., 1999).

Menstrual cycle in humans consists of two phases: follicular or proliferative phase
and luteal or secretory phase (Thiyagarajan et al., 2021). During follicular phase, Follicle
stimulating hormone (FSH) causes maturation of ovarian follicles. Estrogen is the
dominant hormone secreted by the maturing follicle and causes proliferation of the
endometrium. At the end of the follicular phase, a surge in Luteinizing hormone (LH),
triggers ovulation which leads to the release of an oocyte. This is followed by the luteal

phase during which the corpus luteum formed from the mature follicle secretes
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progesterone which prepares the endometrium for implantation. Hyperstimulation is
achieved using gonadotropins, typically gonadotropin-releasing hormone (GnRH) to
mimic FSH and human chorionic gonadotropin (hCG) to mimic LH. Gonadotropins are
administered in women to stimulate the ovarian follicles to produce multiple oocytes.
However, hyperstimulation also results in supraphysiological levels of estradiol and
progesterone. While estrogen levels are higher during the follicular phase, progesterone
levels are 2-5 times higher as early as 1-2 days after hCG administration (Mirkin et al.,
2004). High levels of serum estradiol on the day of hCG administration leads to reduced
implantation rates and impaired receptivity (Simon et al., 1995).

Successful implantation in a natural cycle requires synchrony between embryo
development and preparation of uterus for implantation. The window of receptivity (WOR)
is defined as the time frame during which the uterus is receptive to embryo implantation.
In women, the WOR is usually between 6-10 days after ovulation (Richter et al., 2006).
However, the window of receptivity (WOR) in hyperstimulated patients is advanced by 1-
2 days due to excess levels of hormones as evidenced by advancement of stromal
proliferation and premature expression of estrogen receptor, progesterone receptor and
pinopodes on the surface of luminal epithelium (Develioglu et al., 1999; Nikas et al.,
1999).

The quality of the embryo obtained after hyperstimulation leads to low pregnancy
rates and has been studied extensively. However, the effects of abnormal uterine
environment on IVF success rates remains understudied. In IVF, there are two types of
embryo transfers based on the timing of transfer: fresh embryo transfer and frozen

embryo transfer (Evans et al., 2014). In fresh embryo transfer, embryos are transferred
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into the patient in the hyperstimulation cycle, usually 5 days after egg retrieval. The uterine
environment in fresh embryo transfers is susceptible to the supraphysiological levels of
hormones. In contrast, in frozen embryo transfer, the embryos are frozen after fertilization
and are transferred 6-8 weeks later into the patient whose uterus is primed with controlled
levels of hormones to mimic the natural cycle. Moreover, there is no difference in the
quality and viability between frozen and fresh embryos (Pelkonen et al., 2010; Petracco
et al., 2006). However, frozen embryo transfers are more successful than fresh embryo
transfers suggesting that the lower pregnancy rate in the fresh embryo transfer is due to
an abnormal uterine environment caused due to hyperstimulation (Chen et al., 2016;
Maheshwari et al., 2012; Pelkonen et al., 2010; Roque et al., 2015).

In mice, hyperstimulation leads to delayed pre- and post-implantation embryonic
development, increased resorption and fetal growth retardation (McLAREN and Michie,
1959; Van der Auwera and D'Hooghe, 2001). Evidence that hyperstimulation affects the
uterine environment in mice comes from studies that show that transfer of healthy
embryos into a hyperstimulated uterus leads to a higher mortality rate compared to
transfer of healthy embryos into a control uterus (Ertzeid and Storeng, 1992; Ertzeid and
Storeng, 2001; Van der Auwera and D'Hooghe, 2001). Several studies have shown that
the uterine milieu in the hyperstimulated mice is abnormal due to supraphysiological
levels of ovarian hormones. High levels of estrogen during hyperstimulation in mice leads
to downregulation of genes involved in uterine fluid regulation such as Aqp3, Aqgp8 and
Scnn1b leading to impaired receptivity (Xia et al., 2023). Hyperstimulation in mice affects
gland volume and blood vessel remodeling during implantation (Qu et al., 2022).

However, the effect of hyperstimulation on uterine folding has not been studied. In this

90



chapter, we show that hyperstimulation causes longitudinal folds which in turn leads to
disrupted embryo-uterine axes alignment and pregnancy loss. We also show that
hyperstimulation leads to hyper-proliferation of the smooth muscle cells leading to
increased muscle thickness.

6.2 Results

6.2.1 Hyperstimulation leads to subfertility

Firstly, we examined if hyperstimulation affects implantation and number of implantation
sites using the traditional blue dye method. On GD4 1800 h, while controls have an
average of 8 £ 2.16 (n=4, mean = SD) blue dye implantation sites, hyperstimulated mice
have a higher number of implantation sites averaging 13.8 £ 5.26 (n=5, mean x SD) (Fig.
6.1A,C). Due to the high variation in the hyperstimulated mice, the average number of
implantation sites are not statistically significant. To further asses the effect of
hyperstimulation on embryo survival, we examined embryos during mid-gestation. On
GD13, the average number of embryos (including resorption sites) is comparable in both
controls (6.71 = 3.4, n=5) and hyperstimulated mice (7.4 + 1.9, n=7) (Fig. 6.1B,C).
Surprisingly, the average number of embryos in hyperstimulated mice at GD13 is
significantly lower compared to GD4 (p<0.05). This suggests that in hyperstimulated mice,
some embryos that initiate implantation are lost post implantation and do not make it to
placentation. Furthermore, when we examined embryo survival based on formation of
healthy placenta, hyperstimulated mice have a significantly higher number of resorption
sites (3 £ 1.73) compared to controls (0.14 £ 0.37) (p<0.01) (Fig. 6.1B,D). This suggests

that hyperstimulation leads to mid-gestation embryo mortality and subfertility.
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6.2.2 Hyperstimulation leads to aberrant pre-implantation longitudinal folds
To determine the effects of hyperstimulation on uterine folding, we examined uteri from
controls and hyperstimulated mice during the per-implantation period. We induced
hyperstimulation in C57BL/6 mice using 5IU PMSG and 51U hCG. On GD3 1200 h, control
uteri have transverse folds as previously shown (median=28.3°) (Fig. 6.2A). However,
hyperstimulated mice have longitudinal folds (median=75.3°) (Fig. 6.2B) and are
significantly different compared to controls (P<0.001, Mann-Whitney U test) (Fig. 6.2C).
Further on GD4 1800 h, post implantation, 100% embryos in control uteri attach in flat
peri-implantation regions (Fig. 6.1D). Moreover, control uteri have normal V' shaped
chamber formation with embryos aligned along the M-AM axis (median angle=12.8°) (Fig.
6.2G). In contrast, 38% of embryos in hyperstimulated uteri are trapped in longitudinal
folds retained at peri-implantation regions with abnormal chamber formation and
disrupted E-U alignment (median angle=86.3°) (P<0.001) (Fig. 6.2E,G). The remaining
68% of the embryos in the hyperstimulated uteri that have escaped the longitudinal folds
have normal chamber formation and E-U alignment comparable to controls (median
angle=19.7°) (Fig. 6.2F,G).

6.2.3 Hyperstimulation causes increased proliferation in the smooth muscle

layer
Epithelial proliferation is a crucial event that occurs during early pregnancy to prepare the
uterus for implantation. Hence, we sought to examine whether hyperstimulation affects
proliferation in the epithelium. Using EdU proliferation assay, we quantified the number of
proliferating cells in the epithelium per volume of the uterine horn. Due to technical

limitations, we combined the proliferating cells in the epithelium and stroma. On GD1
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1200 h revealed that there is no significant difference in the number of proliferating cells
in the epithelium between controls (median=1169.15 cellss/mm?®) and hyperstimulated
mice (median=1316.23 cells/mm?3) (Fig. 6.3A-C). Interestingly, the number of proliferating
cells in the smooth muscle compartment of the hyperstimulated uteri (median=4416.06
cells/mm?3) is much higher compared to controls (median=2183.74cells/mm?3) (p<0.05)
(Fig. 6.3A-C).

Further, we predicted that the increased proliferation in the smooth muscle
compartment could lead to increased thickness of the smooth muscle layer. Hence, we
examined the expression of Alpha Smooth Muscle Actin (ACTAZ2) in the two different
muscle layers - longitudinal muscle (LM) and circular muscle (CM). We quantified and
compared the volume of ACTA2Z (normalized to volume of Hoechst) between the
hyperstimulated uteri and controls in three different groups — LM, CSM and LM+CSM. On
GD1 1200 h, there is no significant difference in the volume of ACTAZ2 in any of the three
groups between the hyperstimulated uteri (LM™edan=0.64, CM™edian=Q 46,
LM+CM™edian=1_10) and controls (LMMedian=0 45, CM™edian=0 43, LM+CM™median=0 89) (Fig.
6.4A,B). However, on GD3 1200 h, there is a significant difference in the volume of ACTA2
in all three groups between the hyperstimulated uteri (LM™edian=0.62, CMmedian=( 38,
LM+CM™edian=0.94) and controls (LMMedian=0 34, CMmedian=021, LM+CMmedian=0 56)
(P<0.05 for all groups) (Fig. 6.4C,D). These data show that excess proliferation due to
hyperstimulation leads to increased thickness of the smooth muscle layer.

6.3 Discussion
Hyperstimulation has been shown to have detrimental effects on the uterus leading to

impaired implantation and pregnancy complications. In this study, we examined the
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deleterious effects of hyperstimulation on uterine folding and its downstream effects on
pregnancy outcomes. We observe that hyperstimulation causes aberrant longitudinal
folds instead of transverse folds during implantation on GD3. Aberrant folding leads to
trapping of embryos causing defective embryo-uterine axis alignment and chamber
formation on GD4. Moreover, we see a correlation between the percentage of trapped
embryos on GD4 and percentage of embryos that are resorbed mid-gestation on GD13.
Furthermore, we show that hyperstimulated uteri have increased proliferation in the
smooth muscle layer on GD1 leading to increased thickness of muscle layer on GD3
pointing to a close relationship between the smooth muscle layer and epithelial folding in
the uterus.

6.3.1 Embryo mortality at mid-gestation in hyperstimulation condition is due

to aberrant longitudinal folds
It is well known that hyperstimulation affects both the quality of the embryos and the
uterine environment. The subfertility phenotype in hyperstimulated mice is partly due to
poor embryo quality and partly due to defective uterine environment. Several studies have
shown that, during hyperstimulation, both pre-implantation and post-implantation embryo
quality is affected due to the elevated levels of E2 and P4. Inferior quality of
oocytes/embryos obtained via hyperstimulation has been attributed to delayed
maturation, slow metabolism and chromosomal abnormalities (Elbling and Colot, 1985;
Ertzeid and Storeng, 1992; Lee et al., 2017). Previous studies have shown that in
hyperstimulated mice, embryos die at different stages ranging from pre-implantation
development until birth (BEAUMONT and SMITH, 1975; McLAREN and Michie, 1959).

Beaumont and Smith showed that around 13%-18% of embryos die shortly after
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implantation while another 40% die at mid-gestation (BEAUMONT and SMITH, 1975).
We also observe 2 kinds of embryo losses in hyperstimulated mice. In addition to the 38%
embryo death at GD13, there is a 46% reduction in average number of embryos from
GD4 to GD13. We speculate that the 40% embryo loss post implantation is due to poor
quality of embryos while the 38% embryo death at mid-gestation is due defective uterine
environment. Previously, when embryos obtained from both control and hyperstimulated
mice were transferred into a control recipient, there was no difference in embryo mortality
at mid-gestation or birth (Ertzeid and Storeng, 2001). This suggests that hyperstimulated
embryos that make it to mid-gestation are comparable to control embryos in terms of
viability. Hence embryo mortality at mid-gestation in hyperstimulated mice is likely due to
impaired uterine environment. In the future, embryo transfer experiments are needed to
verify our speculation.

6.3.2 Impact of hyper-proliferated smooth muscle layer on epithelial folding
As mentioned in chapter 1.3, smooth muscle compression in several structures including
the airway and intestine regulate epithelial folding (Shyer et al., 2013; Veerati et al., 2020).
In the chick gut, as the longitudinal muscle layer gets thicker, the folding pattern of the
epithelium changes from zig-zag to villi (Shyer et al., 2013). In the mouse oviduct,
differential increase in the length of the epithelium along the circumferential axis relative
to the smooth muscle layer causes longitudinal folds (Koyama et al., 2016). On the other
hand, as in the case of Celsr1 mutants, differential increase in longitudinal length of the
epithelium relative to the smooth muscle causes randomized folds with ectopic branches.
Similar to the intestine and oviduct, the uterus is also a tubular organ consisting of a thick

muscle layer surrounding the epithelium. Hence, it is likely that the smooth muscle layer
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in the uterus affects the folding dynamics of the epithelium. Our data show that muscle
layer proliferates at a higher rate compared to hyperstimulated uteri have thicker muscle
layer compared to controls. Hence, it is highly possible that the differential increase in
thickness of muscle layer compared to the epithelium in the hyperstimulated uteri causes
longitudinal folds. Future research is required to the delineate the intricate relationship
between the muscle and epithelium for folding in the uterus. Gene expression analysis
between hyperstimulated and control mice at single cell level can determine genes in the
muscle and stroma that may contribute to aberrant folding.
6.3.3 Elevated levels of E2 during hyperstimulation disrupt folding pattern

It is well known that during hyperstimulation, both E2 and P4 levels are elevated due to
exogenous hormone treatment (Qu et al., 2022; Simon et al., 1995). However, in chapter
5, we show that high levels of E2 signaling disrupts the uterine folding pattern while high
levels of P4 do not affect folding. Hence, our data suggests that the aberrant folding
pattern in the hyperstimulated mice is most likely due to the supraphysiological levels of
E2 and not P4. In addition, we also show that the muscle layer in the hyperstimulated
mice is hyper-proliferated on GD1, at a time when E2 levels are usually high. While our
data provides leads for possible pathways that are dysregulated in the hyperstimulated
mice, future investigation is required to delineate the detailed genetic pathways that
contribute to aberrant folding. A comparison of the gene expression analysis between
high dose E2 treated mice and hyperstimulated mice would reveal the differentially
regulated genes that are common in both the treatment groups. Further, it would be
interesting to see if treating the hyperstimulated mice with a pharmacological inhibitor of

E2 signaling can rescue the aberrant folding phenotype.
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Figure 6.1: Hyperstimulation leads to compromised pregnancy.

(A) Implantation sites (blue bands) as observed using blue dye method in control (n=4)
and hyperstimulation (n=5) mice on GD4 1800 h. Asterisk indicates blue bands at
implantation sites. (B) Uterine horns with embryos on GD13 1200 h in control (n=7) and
hyperstimulation (n=5) mice. Red arrows indicate resorption sites. (C) Average number
of implantation sites on GD4 1800 h (blue bands) and GD13 1200 h (decidual balls
containing embryos) in control and hyperstimulation mice. (P<0.05, Mann-Whitney U-
test). (D) Average number of resorption sites on GD13 1200 h in control and
hyperstimulation mice. (P<0.01, Mann—-Whitney U-test).
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Figure 6.2: Hyperstimulation leads to aberrant pre-implantation folding and
disrupted post-implantation embryo-uterine axes alignment and chamber
formation.
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Figure 6.2 (cont’d)

(A,B) 3D reconstruction of lumen in control (A) and hyperstimulation (B) uteri at GD3 1200
h. Yellow arrowheads indicate transverse folds. Red arrowheads indicate longitudinal
folds. Blue arrowheads indicate embryos (red surface). Scale bars: 300 ym. (C)
Quantification of fold angle with M-AM axis in control and hyperstimulation (n=4
mice/group) uteri on GD3 1200 h (***P<0.001, Mann-Whitney U-test). (D-F) 3D surface
view and optical slice view of implantation sites at GD4 1800 h in control (D)
and Wnt5a°<© (E,F) uteri. Implantation sites in Wnt5a°<© uteri where embryos have
escaped folds (E) or where embryos are trapped in folds (F). Panel 1: 3D lumen surface
(gray). Panel 2: transparent 3D lumen and embryo (red) surface. Panel 3: optical slice
with frontal view. Scale bars: 100 um. (G) Quantification of embryo orientation with
respect to M-AM axis in control (n=4 mice, ne=32 embryos) and hyperstimulation (n=5
mice, ne=65 embryos) uteri at GD4 1800 h. (***P<0.001, Kruskal-Wallis test, Dunn's
multiple comparison). ns, non-significant. M, mesometrial pole; AM, anti-mesometrial
pole; Em, embryonic pole; Ab-Em, abembryonic pole. Black dashes indicate the median
angle. Asterisks in D-F indicate inner cell mass.
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Figure 6.3: Hyperstimulation leads to increased proliferation in muscle layer.

(A,B) EdU staining in control (A) and hyperstimulated (B) mice. Panel 1 and 2 shows
optical slice view with Hoechst (in grey) and EdU (in green). Panel 3 shows cross-
sectional 3D surface view with EdAU in epithelium and stroma indicated by red surfaces
and EdU in muscle indicated by green surfaces. (C) Quantification of EAU (number of
proliferating cells) in control and hyperstimulation mice. (P<0.05, Mann-Whitney U-test).
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Figure 6.4: Hyper-proliferation in muscle leads to increased muscle thickness in
hyperstimulated uteri.

(A,B) Expression of ACTA2 in histological sections of control and hyperstimulated uteri
on GD1 1200 h (A) and GD3 1800 h (B) using immunofluorescence staining. (C,D)
Quantification of ACTAZ2 expression in controls and hyperstimulated mice on GD1 1200 h
(C) and GD3 1800 h (D). (P-values, Mann-Whitney U-test). LM — longitudinal muscle;
CSM — circular muscle.
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Chapter 7: Conclusion and future perspectives

Our study delineates how the 3D structure of the uterine lumen during early pregnancy is
crucial to embryo implantation, chamber formation, E-U alignment and embryo
morphogenesis (Fig. 7.1). Our study shows that: (1) the randomly folded uterine lumen
organizes into longitudinal folds during unidirectional embryo movement and later into
transverse folds during embryo spacing prior to implantation; (2) transverse folds are
resolved to form flat peri-implantation regions; (3) peri-implantation regions are pre-
established by luminal patterning, prior to completion of embryo spacing; (4) luminal folds
(or 2D crypts) and implantation chambers are distinct structures; (5) chamber formation
facilitates E-U alignment; (6) aberrant longitudinal folds trap embryos, leading to E-U
misalignment and abnormal chamber formation; and (7) mis-alignment of embryos leads
to abnormal buffer space between epiblast and maternal tissue, likely contributing to poor
embryo growth later in pregnancy. Further, we show that reduced P4 signaling leads to
longitudinal folds by modulating Wnt5a gradient. We also show that high levels of E2
signaling leads to longitudinal folds, and we validate our findings in a clinically relevant
hyperstimulation model where E2 levels are high. We show that hyperstimulation leads
to longitudinal folds which in turn lead to downstream defects ultimately leading to
compromised pregnancy.

7.1 Future perspectives

Transcriptomic analysis: While a few genes including Wnt5a, Rbpj and Msx1/2 affect
folding in the mouse uterus, the other signaling pathways involved in transverse folding
remain largely unknown. Since our data shows that folding changes from random pattern

on GD2 1200 h to transverse pattern on GD3 1200 h, single cell RNA sequencing of the
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entire uterus at these two time points can identify differentially expressed genes in the
different cell populations of the uterus. Single cell RNA sequencing can also be used to
identify targets that are dysregulated in the hyperstimulation condition. Furthermore,
prediction algorithms can be used to delineate cell-cell communications, ligand-receptor
interactions and entire transcriptional cascades that regulate transverse folding.

Since we observe that embryos always attach at the center of pre-formed peri-
implantation regions, spatial transcriptomics can be employed to identify gene expression
patterns at specific locations within peri-implantation regions.

Recreating uterine folds in vitro using tissue engineering: Several studies have used
innovative tissue engineering approaches to identify the mechanisms involved in
epithelial fold formation in other structures. For example, using recent advances in
organoid culture and 3D bioprinting, intestinal crypts/folds have been recreated in vitro
using intestinal epithelial organoid culture and embedding epithelial cells in hydrogels
(Antfolk and Jensen, 2020; Sato et al., 2011). Similarly, uterine epithelial folds can be
recreated in vitro and can be co-cultured with embryos to understand how folds impact
implantation. Moreover, such in vitro conditions are also more amenable to live imaging
studies which are not possible in native uteri due to technical limitations.
Computational modeling: Our understanding of uterine folding is limited partly due to
challenges in deciphering the genetic, biochemical and mechanical interactions across
multiple levels of tissue organization. Computational models based on our experimental
data can be used as powerful means to understand multiscale interactions that facilitate
folding. These models can take into account the parameters of the uterine structure from

our 3D reconstructions and can simulate folding under different conditions. For example,
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our preliminary results point to the role of smooth muscle thickness in regulating folding
pattern. Simulations of folding pattern can be generated by varying the smooth muscle
thickness, luminal diameter and stromal compartment stiffness.

Human studies - SIH: Using SIH, endometrial folds were detected in approximately 50%
of women in the secretory phase of menstrual cycle (Jokubkiene et al., 2015). However,
it is possible that folds may exist in other phases of menstrual cycle. Moreover, folds may
be detected depending on the plane of view. Hence, more studies need to be conducted
in different phases of the menstrual cycle and hysterograms need to be captured at
different planes. Such information can be useful in diagnosing pathological conditions that
may impact pregnancy.

Genome wide association studies (GWAS): While mutations in genes such as Wntba
and Rbpj disrupt uterine folding, whether these genes affect folding in humans is yet to
be discovered. Although studies on uterine folding are limited, there have been several
studies that have identified gene variants in patients with recurrent pregnancy loss.
GWAS is used to identify gene variants across individuals that are associated with a
disease phenotype (Uffelmann et al., 2021). Since our data from mouse studies shows a
correlation between aberrant uterine folding and pregnancy loss, the GWAS catalog can
be analyzed to determine possible association between these gene targets and recurrent
pregnancy loss. Similarly, other targets identified using single cell RNA sequencing
analysis can also be validated using the GWAS catalog. In the future, GWAS studies can
be performed to identify genetic mutations in cohorts of patients that display abnormalities

in uterine folding based on SIH studies.
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7.2 Conclusion

Broadly, our research sheds light on the importance of uterine folding pattern in
implantation and pregnancy. We show that pre-implantation transverse folds along M-AM
axis are essential for flat PIR formation, chamber formation and E-U alignment. Using two
different mouse models that disrupt two independent signaling pathways, we show that a
common phenotype of aberrant longitudinal folds disrupts chamber formation and E-U
alignment, leading to compromised pregnancy outcomes. We also show how hormones
impact uterine folding pattern and provide evidence for translational relevance of our
findings. Further studies with mouse models that display disrupted uterine folding pattern
can lead to a better understanding of the role of endometrial folds in pregnant women.
Recurrent pregnancy loss is a prevalent disorder that affects pregnancy outcomes in
women, but about 33% of the losses remain unexplained (Ford and Schust, 2009).
Moreover, pregnancy losses during ARTs also remain undiagnosed. In the future,
research on uterine structure and folding can provide insights for diagnosis and treatment

of unexplained pregnancy losses.
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Figure 7.1: Schematic showing the effect of uterine luminal folding pattern on
embryo implantation, orientation and chamber formation.
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Figure 7.1 (cont’d)

(A) During mouse pregnancy, uterine lumen displays transverse folds along the M-AM
axis at GD3 1200 h. These folds resolve in some regions to form flat PIRs at GD3 1800
h. PIRs are formed before the arrival of the embryo at the implantation site. Embryos
arrive in the middle of the PIR, with their Em-AbEm axis perpendicular to the uterine M-
AM axis at GD4 0000 h. Embryo attachment to the uterine luminal epithelium initiates at
the mural trophectoderm of the embryo. Embryo orientation along the M-AM axis takes
place as the implantation chamber forms and elongates towards the AM pole. (B) In
models with aberrant uterine folding (Wnt5a°<®, Rbpjk°, Low P4 signaling, High E2
signaling, Hyperstimulation), longitudinal folds aligned with the O-Cx axis are observed
at GD3 1200 h. Folds along the O-Cx axis fail to resolve to form flat PIRs, resulting in
embryos becoming trapped at GD4 1200 h. Embryos trapped in longitudinal folds display
defective chamber formation and disrupted alignment of the embryo-uterine axes at GD4
1800 h. M, mesometrial pole; AM, anti-mesometrial pole; O, ovary; Cx, cervix; Em,
embryonic pole; Ab-Em, abembryonic pole; IC, implantation chamber; IS, implantation
site; PIR, peri-implantation region; IIR, inter-implantation region.
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