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DISSERTATION ABSTRACT

This study delves into the intricate cellular landscape of the ovary, aiming to unravel the
complexities of its various cell populations and their dynamics during the estrus cycle
leveraging single-cell RNA sequencing. This dissertation achieves two primary
objectives: first, identifying stromal cell subclusters and localization of novel collagens
within the bovine ovary, and second, identifying unique cell types in the ovarian cortex
and medulla while tracking their changes across different estrus cycle stages and probing
into the origins of theca cells within the ovarian stroma. Major findings include the
discovery of putative distinct cell types, such as theca interstitial cells and migratory
stromal cells, along with shifts in cell proportions from the follicular to luteal phases.
Notably, the presence of the hedgehog signaling pathway within the cortex confirms
previous reports in cattle and other species and suggests a potential role in the follicular
recruitment of theca cells. Furthermore, the investigation extends to the medullary region,
uncovering diverse cell populations encompassing endothelial cells, smooth muscle cells,
immune cells, neuronal cells, and stromal cells. The luteal phase emerges as a period
marked by intense proliferation of endothelial cells, vital for angiogenesis and the
sustained function of the corpus Iluteum. While this research enhances our
comprehension of the ovarian microcosm, it also underscores the necessity of further
functional exploration. Future endeavors will focus on delving deeper into the functional
implications of these findings in the realm of reproductive biology and the advancement

of assisted reproductive technologies.



CHAPTER 1.LITERATURE REVIEW

1.1 Introduction

The use of assisted reproductive technologies (ART) in livestock has increased the
efficiency of genetic gain over the last 50 years due to its ability to circumvent issues such
as geographical distance to move animals, the time interval between generations, and
the inability to use deceased animal genetic material. According to the Centers for
Disease Control and Prevention (n.d.), ART is defined as a collection of processes where
a human handles either the sperm or the oocyte. Scientific research in reproductive
physiology has led to the development of ARTs and, thus, over time, widespread adoption
of ART practices in both human medicine and agricultural production. Moreover, as the
use of this technology has been growing, further research has been prompted to improve
its practices and expand its potential. In the United States, more than 60% of dairy cattle
are reproduced using artificial insemination as an assisted reproductive technology
(Smith et al., 2021). In the human reproduction field, as of 2019, 2.1% of all infants born
in the United States were conceived using assisted reproductive technology, according
to the Centers for Disease Control and Prevention (n.d.). As ARTs become more widely
used and more extensive in nature, the gaps in our understanding of ovarian biology are
becoming evident. More specifically, improving our knowledge about the cell populations
that encompass the ovary, their functions, and relationships during the reproductive cycle
will be critical to maximizing the chances of success in the ever-expanding field of
assisted reproduction. The following literature review will cover the ovary in its entirety,
including the structures found within and their changes over the estrous cycle. The

original research presented in this dissertation aimed to characterize the adult bovine
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ovary at the single-cell level during the follicular and luteal phases of the estrus cycle and
during the first trimester of pregnancy. By examining the ovarian single-cell transcriptome,
we began to unravel an understanding of cell populations within the ovarian stroma, which
has been poorly characterized to date. We attempted to demonstrate how these

populations interact with each other to accomplish ovarian function ultimately.

1.2 Ovarian Architecture

The ovary is the gonad of a female and has two main functions: to produce hormones
and house the developing germ cells, termed “oocytes.” These functions are driven by
the dynamic behavior of the ovary, which allows for necessary hormone fluctuations and
timed production of mature oocytes during each reproductive cycle. The mammalian
ovary undergoes predictable and large restructuring events every three to four weeks,
depending on the species, setting it apart from any other organ in the body. Anatomically,
the ovary contains two distinct regions: the cortex and the medulla. These regions are
structurally unique, therefore also giving them unique functions. The surface epithelium
is a single layer of cuboidal cells on the surface of the ovary, covering the cortex. It is
keratin-rich and suggested to be responsible for wound regeneration-like function after
ovulation as well as dynamic expansion and regression in response to alterations in the
ovarian structure throughout the cycle (Auersperg et al., 2001). Directly below the surface
epithelium is a thin protective collagen-rich sheath called the tunica albuginea; this
structure also needs to undergo remodeling to allow for each ovulation cycle (Reeves,
1971; Okamura et al., 1980) Beneath the tunica albuginea resides the ovarian cortex
which contains the ovarian follicles, the functional unit of the ovary. The most interior
aspect of the ovary is the medulla, which primarily contains the vasculature and very
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dense connective tissue (Williams et al., 2012). These structures are well conserved
across livestock species, with the exception of the mare and some other members of the
Perissodactylaperissodactyla order, where the cortex is in the center of the ovary,
surrounded by the medulla (Arthur 1969). In these animals, the ovary is characterized by
a discrete area where ovulation occurs, named the ovulation fossa (Carnevale et al.,

1988).

1.3 Ovarian Follicles

As mentioned above, the ovarian cortex harbors various sizes of ovarian follicles,
corresponding to distinct stages of development. Each follicle is made of an oocyte
directly surrounded by the somatic support cells. The structure of the follicle changes
gradually during development in the process called folliculogenesis. The ovarian reserve
is composed of quiescent primordial follicles that form during fetal development in most
species. Primordial follicles consist of a small primary oocyte surrounded by one layer of
flattened granulosa cells. Primordial follicle activation is characterized by morphological
and functional changes where granulosa cells become cuboidal, gain mitotic potential,
and increase their metabolic activity; this follicle is then called a primary follicle (McNatty
et al. 1999, 2007, Montgomery et al. 2001, Barnett et al. 2006, Edson et al. 2009). The
oocyte undergoes gradual diameter and volume expansion as granulosa cells proliferate
and form multiple layers. Follicles with 2-3 layers or 4+ layers of granulosa cells are
considered early and, or full secondary, respectively. At this stage, theca cells are
recruited from the stromal cell environment and surround the oocyte-granulosa cell
structure outside the basement membrane. Finally, the follicle develops a fluid-filled cavity
called the antrum, at which stage it enters the antral phase of folliculogenesis, which is
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dependent on gonadotropin signaling. Prior to this, the follicle is gonadotropin-responsive
and relies on paracrine and autocrine signaling for growth and development (Zeleznik,
2004). While the endpoint of folliculogenesis is mostly described as ovulation, the more
common fate of the follicle is atresia as only 0.01% of all follicles established in the ovary
at birth will yield a developmentally and meiotically competent oocyte (Zeleznik, 2004).
After ovulation, theca cells luteinize to become small luteal cells, and granulosa cells
become large luteal cells, together contributing to the two main cell types of the corpus
luteum REF?. After regression of the corpus luteum, the corpus albicans forms and is
made of connective tissue (primary collagen) and remains in the ovary for several months

as a scar.

1.4 Ovarian Development and Establishment of the Follicular Reserve

The establishment of the ovarian follicular reserve begins in the embryo and consists of
3 maijor processes: 1) specification of the primordial germ cells during gastrulation, 2)
migration and proliferation, and 3) colonization of the urogenital ridges by the primordial
germ cells (Vanderhyden 2006). In the bovine, the formation of the genital ridge develops
by day 28-32 of gestation (Noden et al., 1985). The genital crests do not contain any
PCGs at their formation, and migration of the PCGs from the yolk sac needs to occur.
PCGs migrate from the yolk sac to the genital ridge via ameboid movements using
pseudopodia between days 30-64 of gestation (Russe et al., 1991). The migration of
PCGs is controlled by chemotactic signals produced by the genital ridge, called kit ligand,
and integrins (Oktem et al 2008; Buehr et al., 1993; Anderson et al., 1999). The migration
of PCGs includes their replication. When they reach the ridge, there are over ten
thousand, and their maximum number is around two million. After the PCGs migrate and
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settle in the genital ridges, there is an invasion of epithelial proliferations in the
mesenchyme of the genital ridges. These invasions give rise to the gonadal cords and
medullar cords. These sex chords break apart to form cell clusters surrounded by somatic
tissue, further developing into the rete ovarii (Lin et al., 2002). These cell clusters divide
synonymously but with incomplete division of the cytoplasm, creating a syncytium. After
many rounds of division, the DNA in the oogonia is replicated, and meiotic division is
entered and then arrested in the diplotene stage, creating primary oocytes. As the
development of the fetus continues, the large number of oocytes is decreased
dramatically through apoptosis, from two million cells, there ends up being to only around
130,000 at birth (Erickson et al., 1966). Following meiotic division, epithelial cells from the
sex chords send out cytoplasmic processes between the interconnected oogonia,
separating the cluster of oogonia into individual oocytes surrounded by a layer of pre-
granulosa cells. At the same time, a basal lamina is deposited on the surface of the
granulosa cells, completely isolating the newly formed primordial follicles from the ovarian
stroma. In bovine species, the fully formed individual primordial follicles are present
around day 90 of gestation (Yang et al., 2008). After completion of the formation of the
follicles, they are embedded in a matrix of fibroblasts, collagen, and elastin within the

cortex of the ovary and will remain there until activated for growth.

1.5 Ovarian Physiology

Reproductive cyclicity is dependent on the tight regulation of the production of oocytes
This regulation is driven by changes in hormones produced by the hypothalamus,
pituitary, and ovary. Female reproductive cycles can be broadly characterized as estrous
or menstrual cycles, depending on species. The recruitment of the primordial follicle to

5



the primary follicle is not completely understood, but it's thought that paracrine
communication between the oocyte, granulosa cells, adjacent stromal/thecal cells, and
surrounding follicles all contribute to follicle activation. There is a tentative model of
activation based on studies in murine species where two major signaling pathways within
the oocyte, phosphatidyl inositol 3-OH-kinase (PI3K)-AKT-foxo3a signaling and the
mammalian target of rapamycin (mTOR) signaling, play a pivotal role in triggering the
development of quiescent primordial follicles (Sullivan et al., 2011). In the mouse, a loss
of phosphatase and tensin homolog (PTEN) in oocytes causes activation of primordial
follicles, suggesting that activity of PTEN-negatively regulates PI3K signaling, thus
inhibiting activation (Reddy et al., 2008). In mice null for Foxo3a, global activation of
primordial follicles occurs (Castrillon et al., 2003). Within the mTOR signaling pathway,
there is a complex of tuberous sclerosis proteins, TSC1 and TSC2, that inhibit mTOR
signaling to prevent activation (Adhikari et al., 2009). Stromal-derived factor-1 (SDF-1)
also appears to have a role in an autocrine/paracrine fashion to inhibit follicle activation
(Holt et al., 2006). Once in the primary stage, several hallmark steps critical events occur,
such as the expression of the FSH receptor and the growth and differentiation of the
oocyte (Oktay et al., 1997; Candelaria et al., 2020). The oocyte increases in diameter and
develops the extracellular matrix and zona pellucida during the primary stage
(Bachvarova et al., 1989). In addition to oocyte growth and differentiation, connections
develop between the oocyte and granulosa cells (Albertini et al.,, 2001; Eppig 1994).
These connections, named gap junctions, are made of connexins and allow for direct
communication between the granulosa cells and the oocyte. The absence of gap

junctions results in failed follicular growth and infertility (Bruzzone et al., 1996; Simon et



al., 1997) Transitioning from primary to secondary follicle includes the addition of a
second layer of granulosa cells. This transition is regulated by GDF-9 and BMP-15 for
granulosa cell recruitment and arrangement (Chang et al., 2002). As multiple layers of
cells accumulate, gap junctions continue to develop to create a communicative unit of
cells. While granulosa cells are contributing to the follicle, theca cells are also being
recruited (Erickson et al., 1985). In the primary to secondary transition, two layers of theca
cells appear, the theca interna and theca externa. The theca interna continues to develop
into theca interstitial cells, and the outer theca externa cells develop into smooth muscle
(Erickson et al., 1985). Along with theca development is the formation of small blood
vessels, allowing for blood flow to reach the growing follicle. This marks the end of the
preantral phase of follicular growth, with a fully-grown oocyte with a zona pellucida,
multiple layers of granulosa cells, a basal lamina, both theca externa and interna with
accompanying capillary net. The antral follicle is characterized by a fluid-filled cavity
referred to as the “antrum.” The fluid is more specifically referred to as follicular fluid,
which is a plasma exudate that contains secretory products from the oocyte and
granulosa cells (Edwards et al., 1974). The follicular fluid creates a microenvironment in
which regulatory molecules must pass through to reach the oocyte and granulosa cells.
In the process of cyclicity, there is a period where one antral follicle is selected to become
the dominant follicle, known as selection. The antral stage of follicular growth, specifically
the dominant follicle, has massive cell proliferation, as well as the antrum increases
dramatically in size. Once the dominant follicle is selected, the other follicles within that
cohort slow their growth and eventually undergo atresia (Danial et al., 2004). The

mechanism of selection is the rise of plasma FSH a few days before the fall of



progesterone after the luteal phase. The major causes for the increase of FSH are
decreased estradiol as well as inhibin A production from the CL. The abundance of antral
follicles within the ovary varies over the course of an animal’s life, and most follicles within
the ovary will undergo atresia (Danial et al., 2004). Follicle survival is regulated by a
balance of apoptotic factors and FSH regulation. FSH supports follicle growth and is
necessary for follicle survival via downstream signaling pathways. More specifically, FSH
activates the PI3K signaling pathway within the granulosa cells and there is an increase
in phosphorylation of protein kinase B, as well as inhibitor of apoptosis (IAP) proteins,
leading to a decrease in the intrinsic cell death pathway (Hussein 2005). The FSH
receptor is a part of a large family of seven transmembrane receptors that regulate
heterotrimeric G proteins (Simoni et al., 1997). After binding of FSH, there is a
conformational shift within the transmembrane portion of the receptor that activates a
heterodimer G protein that, therefore, generates cAMP and the downstream activation of
cAMP-dependent protein kinase (PKA) (Gonzalez-Robayna et al., 2000). As the amount
of FSH increases, the production of the enzyme P450AROM/aromatase increases,
therefore increasing the production of estradiol (Simpson 2004). Aromatase is first
detected around ~1mm of follicular size, and the activity increases progressively,
reaching very high levels right before ovulation (Ghersevich et al., 1994; Sawetawan et
al., 1994; Zhang et al., 1996). Within the dominant antral follicle, theca interna cells are
epithelioid cells responsible for producing steroids, with the accompanying characteristics
of steroid-producing cells, including a cytoplasm filled with lipid droplets, smooth
endoplasmic reticulum and a mitochondrion with tubular cristae (Erickson et al., 1985).

These cells also possess receptors for luteinizing hormone (LH) and insulin. In response



to insulin and LH, they produce high levels of androgens, the most notable being
androstenedione (Erickson et al., 1993). Androstenedione is an intermediate androgen
before being converted into estradiol. As the production of aromatase increases, the
granulosa cells become highly active in converting theca-derived androstenedione to
estradiol by aromatization. At the time of antrum formation, theca interstitial cells begin to
express a multitude of proteins that include LH receptors, insulin receptors, lipoprotein
receptors, steroidogenic acute regulatory protein (StaR), cholesterol side chain cleavage
enzyme (P450SCC), 3-hydroxysteroid dehydrogenase (3-HSD), and cytochrome
P450c17, and it is these genes that are imperative for androstenedione production. The
LH receptor is structurally very similar to the FSH receptor, it is a G-protein coupled seven
transmembrane receptor with an intracellular domain for PKC phosphorylation (Ascoli et
al., 2002). There is a mechanism that refers to this process of hormone production from
the dominant follicle called the “two-cell two-gonadotropin concept.” As LH is delivered to
the theca interstitial cells, it leads to the synthesis and secretion of androstenedione; this
androgen then diffuses through the basement membrane and across the plasma
membrane of the mural granulosa cells where P450AROM, induced by FSH, catalyzes

its aromatization to estrone and then conversion to estradiol by 17-HSD.

As the antral follicle develops, the LH receptor expression is suppressed in the cumulus
granulosa cells, and expression is increased in the mural granulosa cells. FSH plays a
critical role in LH receptor expression in granulosa cells. LH receptors are suppressed
until later in the follicular phase of the cycle to control ovulation. The oocyte itself controls
LH receptor expression, and the oocyte inhibits FSH-induced LH receptors (Erickson et

al., 2000; Henriks et al., 2005). The pathophysiology for this control is to inhibit the



response of the follicle to LH until the preovulatory phase, where it can then respond to
the LH surge. This LH surge triggers ovulation by changing the gene expression profiles
of mural granulosa cells (Russell et al., 2007). Specifically, LH triggers the production of
the protease ADAMTS-1 in granulosa cells where it functions to cleave extracellular
matrix proteins (Russell et al., 2003). The granulosa cells that directly surround the oocyte
are referred to as cumulus granulosa cells, and these respond to LH differently. These
granulosa cells have a much lower expression of the LH receptor, and instead of
responding to LH directly, they receive input indirectly from diffusible factors from the
mural granulosa cells. In addition to LH, prostaglandins have an important role in
ovulation, specifically prostaglandin E2(PGEZ2) (Athanasiou et al., 2006; Ben-Ami et al.,
2006). PGEZ2 is generated by the cumulus cells in response to cyclooxygenase-2 (COX-
2), and inhibition of COX-2 results in a delay in ovulation (Ben-Ami et al., 2006). After
ovulation, there is a hole in the ovarian surface that is known as the stigma that allows
the egg and cumulus complex to leave the follicle. The development of the stigma results
from a combination of apoptosis, cell migration, and digestion of the extracellular matrix
(Kim et al., 2008; Chappell et al., 1997; Lydon et al., 1995). As this remodeling occurs,
the theca layer goes through alterations in the vascular supply in response to LH. Antral
follicle growth is accompanied by vascular endothelial growth (VEGF). The VEGF and its
downstream signaling pathways are required for follicle angiogenesis during growth and
seem to be important for follicle rupture as well (Levin et al., 1998). VEGF also promotes
vascular permeability, this allows for more efficient delivery of LH, FSH, and immune cells
to the follicle. Macrophages, leukocytes, and a host of other immune cells are delivered

to the