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ABSTRACT

With the decreasing fertility rate in women over the past decades, there’s a pressing
demand for investigating the factors affecting female reproduction. Both endogenous factors like
genetic mutations and endocrine factors, and exogenous factors like viral infection and
environmental exposures, can contribute to infertility and impaired fecundity in women. In this
dissertation, we used different mouse models to investigate the contributing factors in female
fertility. In Chapter 2, the functions of endogenous factors lysosome and lysosomal ion channels
in the corpus luteum (CL) during early pregnancy were studied. By deleting the ATPase H"
Transporting VO Subunit D2 gene (4tp6v0d2) in McolnI”~- mouse model (Atp6v0d2-Mcolnl™"),
the impaired female fertility and deficiencies of CL histology and progesterone (P4)
steroidogenesis in Mcolnl”~ were partially rescued in Aip6v0d2”-Mcolnl”" mice, suggesting the
restored lysosomal transmembrane potential in Aip6v0d2”-Mcolnl” CL and the lysosomal
impacts on female fertility. In Chapter 3, the regulation of endogenous factor—P4, in uterine
fluid absorption during early pregnancy were studied in the P4-deficient mouse model
(RhoA"'Pgr<r™) and control mice with the combination of exogenous P4 and P4 receptor-

antagonist (RU486) treatments. By intraluminally injecting the fluorescent dye Alexa Fluor 488



Hydrazide (AH) into preimplantation uteri in the above mouse models, we found bulk absorption
in uterine luminal epithelium (LE) is the major way of uterine fluid absorption on day 0.5 post-
coitum (DO0.5), which decreased from DO0.5 to D3.5. P4-deficiency and RU486 treatment in mice
decreased bulk absorption in LE in preimplantation uterine fluid absorption, while the
autofluorescence dots on apical LE, most likely indicating endocytosis, had little regulation by
P4 during preimplantation. In Chapter 4, we investigated the effects of exogenous factor,
influenza A virus (IAV) infection, in cycling female mice. Infection with mouse-adapted H3N2
IAV (x31) decreased mouse body weights and caused lung injury, which is associated with
arrested female estrous cycles and increased ovarian follicles in early developmental stages,
while the histology and cellular activities in infected ovaries and uteri were comparable to
uninfected counterparts. This dissertation advances our knowledge of contributing factors

involved in female reproduction.

INDEX WORDS: female reproduction, early pregnancy, lysosome, corpus luteum, uterine

fluid, progesterone, influenza A, immunology, estrous cycle.
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CHAPTER 1
INTRODUCTION

The mammalian female reproductive system includes the ovary, oviduct/fallopian tube,
uterus, cervix, vagina, and mammary gland. After puberty, when the female mammals become
sexually mature, the complex regulatory network between the brain and the female reproductive
system has been established. This network is regulated by the neuroendocrine axis:
hypothalamic-pituitary-ovarian axis (HPO axis) and the sexual hormones secreted from the
ovary [10]. In mammals, the regular pulse of gonadotropin-releasing hormone (GnRH) from the
hypothalamus is essential for female fertility, which acts as a final output from the neuronal
system and further regulates the pulsatile secretion of luteinizing hormone (LH) and follicle-
stimulating hormone (FSH) from the anterior pituitary [11]. Together the LH and FSH convey
the message to the ovary, where the hormones secreted from the ovary can further pass down the
signals to the rest of the reproductive system and send feedbacks back to the hypothalamus and
pituitary (reviewed in Figure 1.1 [6]) for the establishment of female cycle (menstrual cycle in
women and estrous cycle in rodents) [6]. During the pregnancy, the exquisite communication
between the ovary and the female reproductive tract, mostly through hormones and small
signaling molecules, is the key to a successful conception. Endogenous (e.g. genetic mutations
and cellular dysfunction) and exogenous disruptions (e.g. viral infection and medical treatment)
to the communication and hormone production can contribute to impaired fertility and pregnancy

failure.



1.1 Ovary, corpus luteum, and ovarian hormones
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Figure 1.1. The regulatory network of HPO axis and the female reproductive system. Cited
from Figure 5 in reference [6]. HPO axis: Hypothalamic-pituitary-ovarian; GnRH:
Gonadotropin-releasing hormone; LH: Luteinizing hormone; FSH: Follicle-stimulating
hormone; LHR: Luteinizing hormone receptor; FSHR: Follicle-stimulating hormone receptor;

E2: Estrogen; P4: Progesterone.

1.1.1 Overview of the ovary and folliculogenesis

The ovaries are a pair of glands that located on either side of the uterus. They are
dynamic organs that produce oocytes (also known as ova and eggs) and sexual hormones like
estrogen (E2) and progesterone (P4), and the stages of oocytes development and hormonal

production (steroidogenesis) varied throughout female reproductive cycles and pregnancy stages



[1]. The structure of ovary is also heterogenous, which generally includes ovarian follicles,
corpus luteum, medulla, and surface epithelium in female mammals (Fig. 1.2, [1]). Ovary is also
an essential part of the HPO axis to convey the messages from the central nervous system to the
female reproductive system, and the ovarian functions are also regulated by the HPO axis [6].
The HPO axis drives different activities in the female reproductive system during different stages
of the female cycle. Take the menstrual cycle as an example, during the follicular phase, GnRH
from the hypothalamus induces the secretion of FSH and LH from the anterior pituitary, in which

both drive the production of E2 from the ovarian follicle, where E2 can further regulate uterine
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Figure 1.2. Internal structure of a dynamic ovary. Cited from Figure 2-3 p30 in reference [1].



proliferating effects and send negative feedbacks for FSH and LH production; whereas during
the pre-ovulation time, E2 from the ovary drives positive feedbacks to reach FSH and LH surge
and ultimately leads to ovulation; after ovulation (luteal phase), the ovulated ovarian follicle
differentiates to corpus luteum which also responds to LH and FSH for P4 production, where P4
drives uterine secretory effects and also send negative feedbacks for FSH and LH secretion [6]
(Fig. 1.1 [6]).

The ovarian follicle is the functional unit for oocyte development, which contains the
oocyte and supportive somatic cells (granulosa cells and theca cells). The follicular development
(also called folliculogenesis) starts from primordial follicles, to growing follicles (primary
follicles and secondary follicles), and finally mature antral follicles (also called Graafian
follicles) which are capable for ovulation [12] (Fig. 1.2, [1]). During the follicular development,
the majority of the follicles undergo degeneration before ovulation are called atretic follicles, in
which only less than 1% of the follicles can ovulate in mammalian ovaries [13]. The early phases
of the folliculogenesis are gonadotropin-independent and regulated by intra-follicular factors,
from the initial generation and differentiation of the primordial germ cells during the embryonic
development to the continuous development to primordial follicles, primary follicles, and
secondary follicles after birth [14]. After the primordial germ cells differentiate and proliferate in
the genital ridge to form the oogonia, they further undergo partial meiosis to originate the
oocytes. After birth, the oocytes are enveloped by a single layer of squamous (inactivated)
granulosa cells to form the primordial follicle, which is a less-understood process regulated by
mostly intrinsic factors like Forkhead Box O from the oocytes [14, 15]. Subsequently, the
granulosa cells transform into a cuboidal shape (activated) and proliferate to the primary phase of

the follicles. Under the control of predominately oocyte-secreted factors (like growth



differentiation factors and bone morphogenetic proteins) and granulosa cell-secreted factors, the
follicles continue to expand and develop, featured with the proliferation of the granulosa cells,
the formation of theca cells from the basement membrane of the outside granulosa cells, and the
completion of first meiosis in the oocyte [14]. The regulatory factors involved in early stages of
folliculogenesis are recently reviewed in [14, 15]. The later phases of the folliculogenesis are
gonadotropin-dependent (regulated by the HPO axis), from the formation and maturation of
antral follicles to ovulation. Antral follicles are characterized with a fluid-filled antrum cavity
that separates the granulosa cells into cumulus granulosa cells surrounding the oocyte and mural
granulosa cells forming the wall of follicles, which is regulated by FSH and LH and their
responsive paracrine signals from granulosa cells and theca cells [14, 16]. Under the control of
the HPO axis, the dominant antral follicle (not programmed for follicular atresia) undergoes
progressively expansion through the proliferation of granulosa cells and the initiation of second
meiosis of the oocyte to reach the pre-ovulatory stage [17]. The LH surge from the anterior
pituitary during the midpoint of menstrual cycle stimulates the ovulation, featured with rupture
of follicular wall and the detachment and expulsion of the cumulus-oocyte complex (ovum) into
the oviduct in rodents and humans [1, 18].
1.1.2 Corpus luteum

After ovulation, the ruptured follicular wall inside the ovary remains as a collapsed sac,
featured with clotted blood from the ovulation, which is called the corpus hemorrhagicum [1].
Followed with the remained granulosa cells and theca cells rapidly undergo a specific
differentiation and tissue remodeling process, known as luteinization, to invade into the sac
structure, the corpus hemorrhagicum quickly transforms into a transient yellow endocrine gland

called corpus luteum (CL, plural: corpora lutea (CLs)) [1].



The luteinization is a sophisticated process that involves the cessation of cell
proliferation, and the quick completion of cell differentiation, tissue remodeling, and
vascularization within few hours to few days in most mammals. Before the ovulation, majority of
the granulosa cells and theca cells in the preovulatory follicles are arrested at Go/G1 phase and
exit from the proliferating cell cycle under the influence of LH and FSH and intracellular
proteins like cyclins, cyclin-dependent kinases and cyclin-dependent kinase inhibitors [19, 20].
Under the control of LH surge, granulosa cells and theca cells undergo differentiation and
become luteal cells. In some species like rodents, granulosa-derived and theca-derived luteal
cells are miscellaneous throughout the corpus luteum without clear differences; in other species
like humans and some domestic animals, theca-derived luteal cells are much smaller than
granulosa-derived luteal cells with distinct responses to hormones and even different functions in
primates [19, 20]. During the differentiation, granulosa cells become hypertrophy and transform
from high to low nuclear-cytoplasmic ratio, with significant cellular changes in chromatin
dispersion and mitochondrial morphology, and increased amounts of endoplasmic reticulum,
Golgi complexes and lipid droplets, under the help of cytoskeleton proteins (like microtubule
regulator: Ras homolog family member A) to fulfill the steroidogenesis functions as luteal cells
[20, 21]. These changes are driven by the differential expression of hormonal receptors including
FSH receptor, LH receptor, prolactin receptor, P4 receptor (PR), and E2 receptor (ER), and their
responsive downstream molecules like cyclooxygenase-2, CATT/enhancer binding protein f3,
early growth response protein-1, and Nur77 (reviewed in [19]). Tissue remodeling is also a key
step for CL formation. The remodeling of extracellular matrix (ECM) by proteases (e.g. matrix
metalloproteinases) and their inhibitors, as well as the differential expression of follicular cell-

surface glycoproteins are essential to assist follicular cell separation, migration, and



vascularization during luteinization [20]. As CL has one of the highest blood flow rates in
organism, vascularization and angiogenesis are crucial during the luteinization. In the
periovulatory follicles, the LH surge induces the breakdown of follicular basement membrane,
the initial migration of endothelial cells, and the remodeling of the preexistent structure of
follicular vasculature. After ovulation, these endothelial cells and its supporting cell—pericytes
further migrate into the CL via ECM scaffold, along with extensive proliferation of these cells
under the control of vascular endothelial growth factor A (VEGFA) and fibroblast growth factor
2 (FGF2). After colonization, these endothelial cells re-form the blood vessels under the help
from pericytes, VEGFA, FGF2, and some platelet-derived factors to accomplish the
vascularization in the CL [22].

In mammals, 1) if pregnancy does not occur or 2) if placenta takes over the P4 production
(like in humans) or 3) at the term of delivery, the developed CL undergo regression/involution
(also known as luteolysis), which 1) ensures the timely initiation of the next ovarian cycle or
2)&3) enables the on-site control of parturition. This process is quite controversial in two
aspects: firstly, the presence of the CL and its function in steroidogenesis degenerate in different
speeds in different species and during different reproductive time (ovarian cycle v.s. pregnancy);
secondly, the mechanism of CL regression is primarily through apoptosis, but several studies
indicate the involvement of other types of cell death like autophagy and necrosis [6, 20, 23, 24].
One well-known stimulator of the luteolysis is prostaglandin F2a (PGF2a), which mainly
produced by the uterus. PGF2a can induce both the structural regression (decreased size and
weight of CLs) through regulating cell death regulators and proteases, as well as the decreased
steroidogenesis of CLs via suppressing responses to other hormones and re-directing the

pathways in steroidogenesis [19].



1.1.3 Ovarian hormones

As an endocrine organ, one of the ovarian functions is to produce hormones through

follicles and CLs. The two-cell-two-gonadotropin theory depicts the steroidogenesis pathways

for E2 and P4 production in follicles and CLs under the control of HPO axis (Fig. 1.1&1.3).

Take menstrual cycle as example, during the follicular phase, LH binds to its receptor in theca

cell of developing follicles to produce androstenedione from the precursor of all steroid

hormones——cholesterol. The androstenedione produced by theca cells diffuses to the nearby

granulosa cells, where it will be further converted to estradiol (E2) under the control of FSH

(Fig. 1.3 left) [1]. During the luteal phase or early pregnancy, the substantial steroidogenesis in

the ovary is for P4 production in developed CL. The theca-derived luteal cells (theca-lutein cells)
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also response to LH and produce androstenedione as a precursor of P4 production in granulosa-
lutein cells. However, granulosa-lutein cells become more autonomous, which they can
synthesize E2, P4, and androstenedione from its own sources of cholesterol under the control of
LH (Fig. 1.3 right) [19, 25]. Pathways involved in ovarian steroidogenesis are summarized in
Fig. 1.4 [2]. Generally, the precursor cholesterol through whether uptake from the bloodstream
by endocytosis or de novo synthesis from the endoplasmic reticulum within the cell can be stored
as cholesterol esters in lipid droplets [26]. And the free cholesterol in the cytoplasm from lipid
droplets or the two sources mentioned above will be transported to the mitochondria, in which
the rate-limiting step of ovarian steroidogenesis occurs in the transport of cholesterol from outer
to inner mitochondrial membrane via steroidogenic acute regulatory protein (StAR) [27, 28]. It is
further converted to pregnenolone by P450 side chain cleavage (P450SCC/CYP11A1) on the
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Figure 1.4. Detailed ovarian steroidogenesis pathways with major involved enzymes.
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inner mitochondrial membrane and then transported to the smooth endoplasmic reticulum for P4
synthesis in luteal cells via 3p-hydroxysteroid dehydrogenase (3-HSD) (Fig. 1.4) [27]. The E2
synthesis in follicular cells involves more steps and enzymes with two pathways and a required
two-cell-two-gonadotropin system (Fig.1.3&1.4). During this process, some other steroid
hormones like pregnenolone, androstenedione, and testosterone are produced in a less significant

level (Fig. 1.4) [25].

1.2 Uterus in early pregnancy
1.2.1 Overview of the uterus

The uterus is currently the only site can support the embryo to develop to term, from
embryo implantation to parturition. The shape of the uterus varied in different species, which is
inverted pear-shaped in human and tubular-shaped (two uterine horns) in rodents [1, 4, 6]. The
structure of the uterus, however, is conserved across species, which contains 3 layers in general:

the outer layer perimetrium (also called the outer serosa), the middle muscle layer myometrium,

~—~{ Luminal epithelium

Epithelial cell layer

Figure 1.5. Cross sections of rat uterus. The magnification from left to right are 4x(A), 20x

(B) , and 20x(C) with Hematoxylin-Eosin staining. Cited from Figure 4 in reference [7].
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and the inner layer endometrium. The endometrium is heterogeneous and can be further divided
into the stroma, the uterine glands (lining up by glandular epithelium, GE), and the uterine
luminal epithelium (LE) that lining up the uterine lumen (Fig. 1.5).

The uterus, especially the endometrium, is a dynamic organ that responds to the changes
of ovarian hormones E2 and P4 during female cycles in most mammals. In the menstrual cycle
for humans (total length around 28 days), during the follicular phase, the stroma, LE, and GE
undergo extensive proliferation under the control of high E2 level; during the luteal phase, the P4
dominant control induces vacuolization and secretion in uterine glands to create a spongy
endometrium; menstrual phase starts when the levels of E2 and P4 droppped, with degeneration
and slough of the endometrium as in menstrual discharge [1, 20]. The changes of uterus in

estrous cycle (around 4-7 days) in rodents is similar to that in menstrual cycle except the absence

Proestrus Estrus Metestrus Diestrus

Figure 1.6. Mouse uterine macroscopy and microscopy during estrous cycle. A-D: Dissected

female reproductive tract. E-H: Cross section of mous uterus stained with. Hematoxylin-
Eosin. O: ovary; OV: oviduct; U: uterus; C: cervix; L: lumen; Ep: luminal epithelium; Ug:
uttering glands; St: stroma; E: endometrium; M: myometrium; P: perimetrium. Scale Bar:

2mm for A-D; 0.1mm for E-H. Cited from Figure 2 in reference [4].
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of the menstrual phase. There are four stages of estrous cycle featured with the pulsatile changes
of E2 and P4: during proestrus and estrus stages, when E2 is the dominant hormones,
endometrium proliferates and becomes thick and edematous with fluid-filled uterine lumen,
featured with large lumen and lots of foldings on the LE (Fig. 1.6 A,B,E&F); during metestrus
and diestrus, when P4 becomes dominant, uterus is elongated and the endometrium undergoes
degeneration with ongoing vacuolization and apoptosis, as well as reduced uterine fluid in the
lumen (small lumen with no folding on the LE) (Fig. 1.6 C,D,G&H) [4].
1.2.2 Uterine activities during early pregnancy

After ovulation, if fertilization occurs, the fertilized egg (the embryo) will start to develop
in the oviduct and transport into uterus for further development. The embryo reaches the uterus
on around day 3 post-coitus (D3) in mice and day 3-5 post-fertilization in human, where it

continues to develop into blastocyst [29, 30].

P4: progesterone

E2: estrogen

J /" \ LH: lutenizing hormone
" P N
Proestrus DO0.5 D1.5 D2.5 D3.5 D4.5 D5.5 D6.5 Gestation day
Pre-receptive Receptive Refractory )

Figure 1.7. Hormonal regulation and uterine receptivity in mouse early pregnancy. Modified
from reference [8]. The day with detected vaginal plug from mated female mice was

designated as gestation day 0.5 (D0.5). The stages of uterine receptivity are defined in boxes.
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In order to further support blastocyst growth, a successful pregnancy requires a receptive
uterus for embryo implantation, which is referred to as the “implantation window”. The
implantation window is a limited period of time that is tightly regulated by the coordination of
ovarian hormones P4 and E2 (Fig. 1.7). During the early pregnancy of mice, the preovulatory E2
surge induces LE proliferation, and the sequential P4 increase from the developing CL together
with the nidatory E2 spike on D3.5, which work through their signaling networks via receptors
PR and ER, further redirect the LE for differentiation and induce the stromal proliferation, which
jointly establish the uterine receptivity for embryo implantation (Fig. 1.7 and Fig. 1.8A) [3, 29,
31]. Embryo implantation is the process by which the embryo, at blastocyst stage, apposes,
attaches, and finally invades into uterus. The coordination between the embryo and receptive

uterus must be achieved to enable a success implantation process. Embryo secrets factors, like

Pre-implantation Day3.5

Blastocyst gompetency

post-implantation development

5%+ Adhesion molecules
= . Cross-linker proteins
¢ « Extracellular matrix
7« Matricellular protein

Gene expressions
Selective proteolysis

anti-mesometrial

B Post-implantation

Day 6.5 Uterine receptivity
post-implantation uterine function
Decidual swelling
Morphogen « Proliferation

« Hypertrophy
- Angiogenesis

Prostaglandins
Angiogenic factors

Figure 1.8. Factors regulating uterine receptivity and embryo implantation (A) and post-

implantation (B). Modified and cited from reference Figure 2 in reference [3].
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chorionic gonadotropin and cytokines, as well as extracellular vehicles and microRNAs to
communicate with uterus [32]. In response to the embryonic signals, uterus in the receptive stage
can further undergo cellular and molecular changes to facilitate the implantation. Implantation
begins with the apposition of blastocyst to the LE. During this process, increased
cyclooxygenase-driven prostaglandin E2 level in uterine LE and stroma responses to embryo
apposition and help increase endometrial vascular permeability and embryo attachment.
Afterwards, the embryo continues the attachment to the LE under the help of cell adhesion
molecules like integrins, cadherins, selectins, and immunoglobulins. Finally, the trophoblast of
embryo invades and migrates into the differentiated stromal cells called decidua, and
reconstructs the maternal spiral arteries to make connection between maternal and fetus blood
system for fetus development. Proteinase, growth factors and cytokines are involved in the
penetration process [4, 33, 34]. Decidualization happens at the implantation sites after the
embryo attachment to the LE, which is overall a remodeling process of the endometrium,
including the differentiation of stroma, the influx of specialized uterine natural killer cells
(uNK), the exclusion of maternal T and B cells, and the vascular remodeling (Fig. 1.8B) [29, 32].
This process only occurs during pregnancy in rodents but occurs regularly in every secretory
phase of menstrual cycle in women, which is also controlled by E2 and P4. The remodeling of
stroma featured with its differentiation from elongated, fibroblast-like mesenchymal cells into
rounded, epithelioid-like decidual cells, with the secretion of several factors, like PRL and
IGFBP-1, to facilitate embryo invasion, support angiogenesis, and modulate uterine immune
system by rejecting T and B cells and promoting uNK influx, as well as placentation [34, 35].
Several studies have identified clusters of genes in the LE and endometrium that are

differentially expressed during the peri-implantation time, which indicates the complex gene
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network in the uterus to facilitate embryo implantation [36-38]. The application of mouse
models, especially genetically engineered mouse models, together with the gene expression
analysis, can further advance our standing of embryo implantation [39]. The acidification of the
uterine epithelium (both LE and GE) during peri-implantation time is a novel finding from our
lab via combining the gene expression analysis and the use of mouse models [29]. Our
microarray analysis found a significant increase of the tissue-specific VOD2 subunit (4¢p6v0d2)
of vacuolar(H+)-ATPase (V-ATPase) on LE during mouse peri-implantation time [37]. The V-
ATPase regulates the acidification of extracellular lumen when localized on plasma membrane
and acidifies the intracellular organelles like lysosomes when localized on organelle membrane
[40, 41]. We further detected the uterine epithelial acidification via LysoSensor Green DND-189,
which is most likely from the lysosomal acidification in the epithelium and is associated with
uterine receptivity in V-ATPase-inhibited and artificially-decidualized mouse models [42]. The
detailed mechanisms and functions of epithelial acidification remain to be investigated [6].

The timely absorption of uterine fluid during early pregnancy is another contributing
factor to successful embryo implantation. In human, patients with excessive uterine fluid
accumulation have dramatically reduced embryo implantation rates after undergoing in vitro
fertilization (IVF)-embryo transfer than the patients without uterine fluid accumulation, which
suggests the importance of uterine fluid removal by the embryo implantation time [43, 44]. In
mice, rapid uterine liquid absorption from D0.5 enables timely uterine lumen closure, which
physically “locks” the embryo for intimate contact with LE for embryo implantation [29, 45].
Several in vitro studies and hormone-treated-ovariectomized rodents’ models confirms that
ovarian hormone E2 promotes uterine fluid secretion, while P4 induces uterine fluid absorption,

which the postovulatory P4 increase is expected to be the main regulator for preimplantation
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uterine fluid absorption [29, 45-53]. One study ligated the uterine horn at oviductal and cervical
ends in hormone-treated ovariectomized rats to prevent uterine fluid leakage from these two
ends, but still observed the uterine fluid absorption upon P4 treatment, which indicates the
absorption is mainly passing through the LE [46]. Ion channels on the apical side of LE like
amiloride-sensitive epithelial Na* channel (ENaC) and cystic fibrosis transmembrane
conductance regulator (CFTR), and those expressed on basolateral sides like Na*/K* ATPase and
other K* channels can create an osmotic gradient across the LE, which is the main driven force
for the uterine fluid movement (secretion and absorption) [29, 45, 49, 51-54]. The uterine fluid
absorption is also amiloride-sensitive, in which 100uM of intrauterine amiloride can reduce more
than half of the fluid absorption in P4-primed rats, suggesting the major role of ENaC and other
amiloride-sensitive channels in this absorptive function [29, 51, 52]. The water movements
across the LE are primarily through water channels (aquaporins, AQPs), in addition to limited
passive diffusion and paracellular flows of water through the LE. The AQPs have 13 family
members (AQP 0-12), and AQP 4 and 5 are expressed on the uterine epithelium during peri-
implantation in mice, in which AQP4 maybe involved in fluid absorption while AQPS5 seems to
be related to fluid secretion from the uterine glands [55-57]. The molecular mechanisms and
detailed fluid passage of uterine fluid absorption during the pre-implantation time remain to be

elucidated.

1.3 Functions of lysosome in female reproduction
1.3.1 Introduction of the lysosome
Lysosome is the most acidic organelle, in which the acidic lumen pH ~4.5-5.0 is optimal

for more than 60 hydrolytic enzymes in it, like proteases, lipases, and phosphatases, etc [58, 59].
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The acidity of lysosome is mainly regulated by V-ATPase on the lysosomal membrane to pump
H* into the lysosomal lumen, while other ion channels on the lysosomal membrane help maintain
the membrane potential across the lysosomal membranes and work as cellular signal transducers
[6, 60]. Known as the digestive center in the cell, the lysosome also plays roles in vesicle
trafficking (endocytosis and exocytosis), autophagy, cell death, metabolic signaling, and immune
response [58, 61, 62].

Endocytosis delivers substrate to lysosomes for degradation [59]. There are generally
four types of endocytosis: clathrin-mediated endocytosis, clathrin-independent endocytosis,
pinocytosis, and phagocytosis (Fig. 1.9 A-D). Clathrin-mediated endocytosis involves clathrin
and other modular proteins, which transiently assemble around the cytoplasmic face of the
invaginated plasma membrane, select and concentrate cargo molecules, and shape the plasma
membrane into a clathrin-coated endocytic vesicle [63]. Following the scission of the vesicle
from the plasma membrane, the clathrin coat dissociates rapidly. The naked vesicle will either
become an early endosome or fuse with an early endosome, both of which will eventually fuse
with lysosomes for processing the cargo molecules [64] (Fig. 1.9A). Clathrin-independent
endocytosis involves distinct coats (caveolae) or no specific coated intermediates [65]. The most
common clathrin-independent pathway of endocytosis is mediated by caveolae (singular,
caveola), which are a special type of lipid raft with caveolins and other proteins on small
invaginations of the plasma membrane. The protein machinery may also involve the selection of
cargo molecules. A caveola can detach from the plasma membrane and form a vesicle-like
carrier called “endocytic caveolar carrier” [65]. The carrier with cargo molecules can be fused
with early endosomes and eventually the lysosomes for processing cargo molecules (Fig. 1.9B).

Pinocytosis involves the internalization of non-specific cargoes of extracellular fluids with
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solutes. The pinocytosis vesicles are derived from invaginated pouches on the plasma membrane.
After detaching from the plasma membrane, they will be internalized and fused with lysosomes
for digestion of the cargoes [66] (Fig. 1.9C). Phagocytosis involves the plasma membrane in
engulfing large extracellular particles. It is mediated by actin-dependent mechanism. Phagocytic
cells express receptors that can recognize distinct molecular signatures endogenous to the target,
or opsonic receptors that bind to opsonin deposited on the target. Receptor-ligand clustering
triggers the formation of a phagocytic cup enclosing extracellular particles. The closure of the
phagocytic cup will result in a phagosome, which will be internalized and fused with lysosomes
to form phagolysosomes for elimination of the cargoes [67] (Fig. 1.9D).

The lysosome is also involved in exocytosis. The involvement of lysosomes in exocytosis
is a relatively new discovery and less studied, as this function of lysosomes has little relationship
to the conventional degradative role. It is now becoming clearer that lysosomes, along with
modified lysosomal vesicles (also known as lysosome-related organelles, (LROs)), can be
transported to the plasma membrane and fused with the plasma membrane to release the
lysosomal contents into the extracellular space. The lysosome exocytosis is a highly regulated
process. Upon stimulation, the increase of intracellular calcium level (sensed by synaptotagmin
VII) or the depletion of cholesterol can both trigger lysosome exocytosis. With the help from
microtubules and actins, the transport of lysosomes and LROs is regulated by Rab GTPases. The
fusion of lysosomes and LROs with plasma membrane is facilitated by Soluble NSF Attachment
REcepetors (SNARESs). Detailed mechanisms of lysosomes in exocytosis are still under
investigation. Some known functions of lysosomal exocytosis include membrane repair during
damage and infection, extracellular component degradation in bone remodeling and catabolism

of lipoproteins, and delivery of proteins into cell surface in immune response [68] (Fig. 1.9F).
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Figure 1.9. Main types of endocytosis and exocytosis involving lysosomes. Modified and

cited from reference Figure 1 in reference [6].

Autophagy is an intracellular recycling pathway that delivers unwanted cytoplasmic
components of endogenous or exogenous origin to the lysosome for degradation and nutrient
cycling. Autophagic activity is upregulated under conditions like nutrient deprivation, oxidative
stress, hypoxia, inflammation, and infection. There are three main types of lysosome-based

autophagic pathways: macroautophagy, microautophagy, and chaperone-mediated autophagy
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(Fig 1.10) [69]. Macroautophagy is the most dominant and well-studied autophagic pathway.
The unwanted cytosolic components will be sequestered by a double-membraned vesicle called
autophagosome, which will be fused with the lysosome to form autolysosome for digesting the
sequestered cargoes [70] (Fig. 1.10A). Chaperone-mediated autophagy uses its unique machinery
to degrade selected individual proteins in the cytoplasm without the formation of vacuoles. It
requires a cytoplasmic complex of chaperone proteins including heat shock cognate 70 kDa
protein (HSC70), which selectively recognizes and interacts with cytosolic proteins via their
KFERQ-like motif. The substrate and HSC70 complex will interact with the transport receptor
lysosome-associated membrane protein 2A (LAMP-2A), leading to LAMP-2A oligomerization
and substrate translocation into the lysosomal lumen for degradation [71] (Fig. 1.10B).

Microautophagy is defined as the direct engulfing and transporting of cytosolic components by
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Figure 1.10. Three types of autophagy and their fusion with lysosome. (A) Macroautophagy.

(B) Chaperone-mediated autophagy. (C) Microautophagy. HSC70: heat shock cognate 70
kDa protein; LAMP2A: lysosome-associated membrane protein 2A. Modified and cited

from reference Figure 2 in reference [6].
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lysosomal membrane into the lumen of the lysosome for digestion. A set of proteins have been
identified to be important for microautophagy, but the molecular details of microautophagy
remain to be explored [72] (Fig. 1.10C). The functions of autophagy in the female reproductive
tract were recently reviewed [73].

Lysosomes play critical roles in cell death. Not only by endocytosis and autophagy can
lysosomes help eliminate the waste from dead cell, but also the changes on lysosomal membrane
permeabilization can release its digestive enzymes and trigger other types of cell death, such as
apoptosis, necrosis, pyroptosis (a highly inflammatory form of programmed cell death in which
cathepsins are involved), and ferroptosis (a type of programmed cell death dependent on iron and
characterized by the accumulation of lipid peroxides) [74]. In addition, lysosomes are also

implicated in cell death by entosis, the engulfment of one cell into another cell [75] (Fig. 1.11).
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Figure 1.11. The involvement of lysosome in different types of cell death. Modified and

cited from reference Figure 3 in reference [6].

1.3.2 Functions of the lysosome in female reproduction
We have recently reviewed the functions of the lysosome in the mammalian female

reproductive system in [6] (Fig. 1.12).
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In the ovary, lysosome is involved in ovarian follicle atresia, ovulation, CL maintenance
and regression, and steroidogenesis (Fig. 1.13). During the follicular atresia, lysosomes function

in the depletion of granulosa cells through lysosomal membrane permeabilization for apoptosis
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and necrosis [76-80], and assist in the degeneration of oocyte via autophagy and apoptosis [81,
82]. During the ovulation, lysosomes in the epithelium covering the pre-ovulatory follicles would
aggregate at the plasma membrane, and then release the lysosomal enzymes into the extracellular
space for follicle rupture to induce ovulation [83, 84]. As for the CL maintenance, our study
from the Mcolnl”- (encodes protein TRPMLI1 (transient receptor potential cation channel,
mucolipin subfamily, member 1), an important lysosomal counter ion channel) female mice
showed progesterone deficiency from the CL, and luteal cell degeneration and vacuolization,
which suggests a novel role of lysosome in luteal cell survival and steroidogenesis [85]. CL
regression is associated in increased number and size of lysosomes and lysosomal enzymes, as
well as lysosomal-related cell death including autophagy, apoptosis, and necrosis [86-88]. In
ovarian steroidogenesis, lysosomes have essential roles in releasing the free form of cholesterol,
the common precursor for steroid hormones, from endosomes through lysosomal enzymes
including Niemann-Pick type C (NPC) proteins--NPC1, a lysosomal membrane protein
responsible for exporting free cholesterol, --and NPC2, a small and soluble protein binding
cholesterol in the lysosome lumen [26, 27, 89] (Fig 1.1). Lysosomes are also in charge of the
degradation and recycling of the regulators of ovarian steroidogenesis, like the LH-LHR and FS-
FSHR complexes, and intrinsic receptors of PGF2a (Fig 1.1) [90-92].

In the oviduct, limited studies have implicated lysosomes in endocytosis and exocytosis
in mouse, and potential replenishment of oviductal isthmus epithelium in large animals (Fig.
1.12A). Endocytosis and exocytosis activities, indicated by the localization of intravenously
injected tracers, were found in the pre-ampulla segments of the oviduct during the early- and
mid-pregnancy in mice, in which the involvement of lysosomes was unclear [93, 94]. However, a

proteomics study detected the presence of several lysosomal enzymes in the bovine oviductal
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fluid, which also suggested the lysosomal function in exocytosis in oviductal epithelial cells that
lining up the oviductal lumen [95]. In the early pregnancy of sheep and goat, many lysosomes
and lysosome-like bodies were found in the epithelium of the isthmus segment of oviduct, which
suggests their roles in oviductal epithelial replenishment [96, 97].

In the uterus, the endocytosis and exocytosis in uterine epithelium, endometrium
remodeling and uterine epithelial acidification (as mentioned in chapter 1.2.2) during peri-
implantation, embryo-maternal communication, and responses to contraceptives are related to
lysosomal functions (Fig. 1.12B). During the menstrual cycle of uterus, increased autophagy and
apoptosis were found from proliferative phase to secretory phase; increased lysosomal activities
were detected in the GE of secretory phase; macrophages enriched with lysosomal enzymes help
with endometrial degeneration during menstrual phase; which all imply cell-specific functions of
lysosomes during different menstrual stages [98-100]. The endocytosis and exocytosis activities
in the mouse LE during early pregnancy are summarized in Fig 1.14. On DO0.5 pre-implantation

time, the intravenously injected tracer can be found on the basolateral membrane of LE, which
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Figure 1.14. Summary of the endocytosis and exocytosis activities in mouse uterine luminal

epithelium during early implantation. Cited from reference Figure 7 in reference [6].
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indicates endocytosis activity where the endocytic cargo can be further fused with lysosome for
degradation or redirect for exocytosis to the apical side of LE (Fig. 1.14A) [101]. On D4.5
implantation time, exocytosis on the apical LE and more endocytic activities were found on the
basolateral LE, with large amount of endocytosis on the apical LE were detected by intrauterine-
injected tracer (Fig. 1.14B) [101]. During the embryo implantation time, the establishment of
uterine receptivity (uterine tissue remodeling) and stromal decidualization are both associated
with increased number of lysosomes and lysosomal enzymes [100, 102-105]. When the embryo
penetrates the LE during the implantation in rodents, the removal of LE cells through
phagocytosis is associated with lysosomal functions [106, 107]. As previously mentioned in
chapter 1.2.2, we used LysoSensor Green DND-189 (pKa ~5.2) to detect a novel phenomenon of
uterine epithelium acidification during the peri-implantation time, in which this acidification is
most likely in lysosomes due to its pH range (pH < 5.0) [42]. The communications between the
embryo and the maternal side during the implantation time requires increased endocytosis and
exocytosis on apical LE, especially the uptake of the embryo-derived extracellular vesicles
(EVs). The fate of the EVs after endocytosed by the LE can be controlled by the lysosomes (Fig.
1.14B) [108, 109]. From a pharmacology view, increased number of lysosomes and release of
lysosomal enzymes were seen in the blastocysts and endometrium after the treatment of
hormonal and non-hormonal contraceptives, which implies the lysosomal responses in
contraception [110-112].

In the placenta (Fig. 1.14C), lysosomal enzymes (like cathepsins) and autophagy-related
proteins have different expression pattern in different cell types and different stages of
placentation [113-116]. The role of lysosomes in nutrient transport in the placenta has been

implicated in the pigs, which have extensive lysosomal system on maternal-fetal surface during
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the mid-late gestation to support fetal development [117]. During the parturition process,
dramatic increase of activities from lysosomal enzymes were found in the maternal tissues
surrounding the placenta, suggesting the involvement of lysosomes in placenta separation [118].
Similar to this, altered autophagy activities was detected in inflammation-induced preterm labor,
in which lysosome is one of the regulators [119].

In the cervix and vagina, changes of lysosomal enzymes and lysosomal activities were
shown to be related to infection-induced metabolic responses and hormonal-controlled epithelial

remodeling (Fig. 1.14D) [120-123].

1.4 Influenza and female reproduction
1.4.1 Introduction of the influenza A

Influenza (also known as flu) is a zoonotic respiratory disease that is cased by influenza
viruses. Seasonal influenza result in 3-5 million severe illnesses with 0.29-0.65 million
respiratory deaths globally [124]. There are four types of influenza viruses, A (IAV), B, C, and
D, in which IAV is the only known type can cause pandemic influenza, which can cause more
serious illness than seasonal flu [124, 125]. TAV is usually in spherical shape and is composed of
a lipid envelop, matrix proteins and viral ribonucleocapsids (RNPs), which comprised with eight
single stranded negative sensed RNAs with nucleoproteins and viral RNA polymerase [126]
(Figure 1.15A). Four major types of proteins are found on the IAV envelop: hemagglutinin
(HA), neuraminidase (NA), matrix 1 protein (M1), and matrix 2 ion channel protein (M2)

(Figure 1.15A) [127]. HA can recognize the host receptor a-2,6-linked sialic acid (for most
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human tissues) or a-2-3-linked sialic acid (for most birds) and help with virus entry into the host

cell; NA plays major roles in the release of replicated viruses, while M1 helps in the formation of
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Cited from reference Figure 1 in reference [9].
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the replicated viruses and M2 aids in viral fusion with the host. M2 and NA are the main targets
for anti-IAV drugs like neuraminidase inhibitors and adamantanes antiviral drugs [127]. The
classification of AV is based on its surface proteins HA and NA, with 16 HA subtypes (H1-
H16) and 9 NA subtypes (N1-N9) were divided into two major groups and five clades (Figure
1.15B), and HIN1 and H3N2 are the most circulating subtypes in human [124, 127].

The IAV infection/replication starts with the recognition of a-2,6-linked or a-2-3-linked
sialic acid on the host cell through its surface protein HA, which leads to the receptor-based
endocytosis/internalization of IAV [9] (Figure 1.15C). The acidic pH in endosomes both
activates the conformational change in the HA, which induces the fusion of virus with the
endosomes to release the viral RNPs into host’s cytoplasm, and opens the M2 ion channel, which
decreases the pH inside virion to also help the fusion process and trigger the uncoating of the
viral RNP complex for replication [9, 128]. The adamantanes class drugs targeting M2 can block
the fusion process and the replication of AV [129]. Under the help from viral nuclear
localization signals, the released RNPs are transported into the host’s nucleus, where the
negative sensed viral RNA will be transcribed by viral RNA polymerase into one mRNA for
viral protein synthesis, one positive sensed complementary RNA for viral RNA replication, and
some negative sensed small viral RNAs as regulators of the AV replication [9, 130]. The
replication of envelope proteins like HA, NA, and M2 starts with the protein synthesize from the
transcribed viral mRNA in the endoplasmic reticulum, and then undergoes post-translational
modification in the Golgi apparatus. The mature proteins and replicated viral RNAs are
translocated to the host’s plasma membrane under the assistance from Golgi apparatus and
endoplasmic reticulum network, respectively [9, 126, 130]. The packaging of new viruses from

those mature proteins and viral RNAs are regulated by M1 protein and nuclear export protein on
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the host cell surface, from there the assembled IAVs buds out from the host cell mediated by the
enzymatic activities from NA, which can release the newly formed viruses and destroyed the
sialic acid on the host surface to avoid repeated infection on the same host [9, 130]. Anti-IAV
drugs belong to the neuraminidase inhibitors family can block the activity of NA, therefore
prevent the virus release and reduce the IAV infectivity [130].

IAV has high genetic variability due to its error-prone RNA polymerases, which
increases the mutation rates during viral RNA replication; it also has high morphological and
compositional variability for its surface proteins HA and NA due to the ‘low-fidelity’ of its
protein assembly process [131]. The dynamic nature of IAV makes it easier to generate new
subtypes by genetic reassortment and eventually to create the antigenic shift; at the same time the
immune selection via the neutralization of antibodies targeting certain types of HA and NA but
not the other types can cause the antigenic drift [9, 127, 129]. Both the antigenic shift and drift of
IAV can have great impact on the effectiveness of antibody-based IAV vaccines and the
potential of emerging new IAV pandemics [9, 129].

1.4.2 Immune response to influenza A infection

Upon IAV infection, the host immune system defends against infection through innate
immune response, as well as hormonal and cell-mediated adaptive immunity.

The innate immune response is the first and fastest defense, usually happened in the
epithelial cells in the airway and alveola as the primary targets of IAV infection, which initiates
with the recognition of viral RNAs as the pathogen associated molecular patterns (PAMPs) by
host pathogen recognition receptors (PRRs), including the retinoic acid inducible gene I protein,
toll-like receptors and etc [132, 133]. Each PRR can detect a specific type of PAMPs that’s

unique to pathogens and not shared by the host, and further trigger the signaling pathways for the
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production of interferons (IFNs) and pro-inflammatory cytokines like interferon 6 (IL-6), and IL-
1B. These interferons and cytokines can induce the anti-viral signaling cascades and recruit
immune cells including macrophages, dendritic cells, and natural killer (NK) cells, which all
contribute to the defense/restriction against IAV infection [132-134].

The innate immune response activates the adaptive immunity for IAV clearance. The
cell-mediated immunity relies on CD4" (helper) and CD8" (cytotoxic) T cells, which both of
their activation occurs through the detection of virus-derived major histocompatibility complex
(MHC, MHC-II for CD4" and MHC-I for CD8")-associated peptides on antigen-presenting cells,
like dendritic cells and macrophages from innate immunity and B cells from adaptive humoral
immunity [132, 135, 136]. Activated CD4" cells would differentiate into subtypes including T-
helper cells (Th1,2 &17), regulatory T cells (Treg) and etc. Th1 cells produce anti-viral
cytokines like IFN-y and IL-2 to regulate cellular immunity of macrophages and CD8" cells;
while Th2 cells secrete IL-4, IL-5, and IL-13 for the regulation of humoral responses from B
cells [132, 135, 136]. Treg and Th17 cells work reciprocally, in which Treg suppresses the
immunity from Th cells and CD8" cells for immunosuppression, while Th17 controls the
function of Treg and produces IL-6 to promote T cell responses [132, 136]. The activated CD8"
cells differentiate into cytotoxic T lymphocytes (CTLs) under the helps from IFNs and cytokines,
which can induce apoptosis of AV infected host cell and prevent virus replication through the
production of cytokines and cytotoxic granules like perforin and granzymes that can bind to
infected cells. Theses [AV-specific CTLs can also persist in the system after infection as
memory cells to defend secondary infections [135]. For the humoral response, the activation of
naive B cells requires a T-cell dependent recognition of viral antigens, which leads to B cell

differentiation into short-lived plasmablasts for initial rapid generation of IAV-specific
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antibodies (starts with IgM, then IgG or IgA depends on the location) for the immediate defense
against IAV [136-138]. Some activated B cells differentiate into long-lived plasma cells for long-
term production of stronger antibodies (IgG and IgA), and some mature into memory B cells for
the protection against secondary infection [137]. Viral HA and NA proteins are the major targets
of these antibodies, which can cause IAV neutralization by blocking the functions of HA (for
viral entry) and NA (for viral release), and some of the antibodies can also direct antibody-
dependent cell cytotoxicity and Fc receptor-mediated phagocytosis of infected cells [135-137].
During IAV infection in mice and human, the 1% wave of antibody production starts around 3
days post infection, and the peak of antibody production is around 7-10 days after infection [135,
137].

As for the pathogenesis from IAV infection, apart from those tissue and cell damages
from the infected sites, the pro-inflammatory cytokines and chemokines, like IFNs, IL-1f3, IL6,
IL-12 and such, induced from the immune responses after acute [AV infection are sometimes
overreactive and dysregulated (known as ‘cytokine storm’), which also contributes to
pneumonia, lung damage and even death [139-141]. The damaged respiratory space is
characterized with death of pulmonary epithelial cells, infiltration of immune cells, edema, and
alveolar hemorrhage, which makes it more vulnerable to secondary bacterial and viral infections
[142, 143]. On the contrary, as mentioned earlier in this chapter, the adequate inflammatory
responses are actually in favor of IAV clearance, which emphases their dual functions.
Therefore, the proper balance of inflammatory responses needs to be achieved in order to defend
IAV but restrain the damage at the same time, in which anti-inflammatory responses and
immunomodulatory therapies would be beneficial[ 142, 143]. In addition, the active repair of

damaged tissue mediated through the interaction between innate immunity and the pulmonary
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stem cells (via factors like IL-10 and IL-22) is also necessary for re-establishment of lung
homeostasis [144-146].
1.4.3 Influenza A in female reproduction

Epidemiological studies and murine models both confirmed the sex differences in
responding to IAV infections, which females during the reproductive age (15-49 years for
human) generally suffer more adverse outcomes with higher rate of morbidity and mortality
caused by inflammatory responses upon IAV infection [147-149]. Apart from the special
condition of pregnancy, differences in sexual hormones and sex chromosome-linked genes are
major contributors to the sex-dependent differential outcomes from IAV infection [148, 149].

The changes of circulating E2 and P4 levels during the reproductive cycles of non-
pregnant females are the main sexual factors regulating immune responses. The function of E2 in
regulating immune responses is complicated: in one aspect, treatment of E2 on IAV-infected
female mice can stimulate the recruitment of immune cell via ERs and the secretion of certain
cytokines to help with the clearance of [AV; in another aspect, the E2 treatment can also
suppress the inflammatory responses by reducing the level of inflammatory cytokines like [FNy
and TNFa [148-154]. Overall, the E2 treatment on female mice showed a protective effect after
IAV infection, while the other weak estrogen hormone mainly produced during pregnancy,
estriol (E3), works solely as immunosuppressor by reducing both immune cell recruitment and
pro-inflammatory responses to improve the outcomes from severe IAV infection [155]. The
effect of P4 on the outcomes from IAV infection is controversial in different mouse strains: P4
treatment in infected females from C57BL/6 strain can improve infection outcomes by reducing
inflammation and promoting pulmonary repair via TGF-p, IL-6, IL-22 and Th17 cells, while the

treatment in ovariectomized CD-1 mice showed slightly worse outcomes than vehicle control
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[153, 154, 156, 157]. Also, in females challenging with a sequential infection with a different
strain of IAV from the primary infection, those underwent P4 or P4-based contraceptive
treatment were more susceptible compared to placebo-treated females, which indicates a long-
term adverse effect of P4 on IAV infection [157].

Another determinant factor is genetic difference on sex chromosomes. Even though one
study compared gonadectomized male and female C57BL/6 mice upon IAV infection with no
difference on overall infection outcomes [158], some recent studies in human and mice from
different genetic backgrounds suggest that some immunity-associated genes are on sex
chromosomes and can result in different susceptivity in [AV infection [159-161].

The World Health Organization has identified pregnancy as a risk factor for severe
outcomes from AV infection, which can increase the hospitalization rate up to 7-10 times higher
than non-pregnant women, accompanied with higher chances of developing adverse pregnancy
outcomes like pregnancy loss [162-168]. Many studies using mouse models recapitalized the
same results when infecting the pregnant females with HIN1 [AV during mid-late gestation
[169-175]. Compared to the non-pregnant females, pregnant BALB/c mice from several studies
showed increased production of pro-inflammatory cytokines and chemokines, as well as
increased infiltration of macrophages and neutrophils into the pulmonary area after [AV
infection, which both exacerbate the pathogenesis and hamper the pulmonary repair [169, 170,
173]. However, one study using C57BL/6 mice, which is less sensitive to IAV infection
compared to BALB/c mice, indicated adverse pregnancy outcomes but with comparable immune
responses to IAV with even slightly reduced pulmonary inflammation in the pregnant females
[176]. A recent study also confirms the genetic background of mice, especially the mating

background, can alter the immune responses to IAV infection, which BALB/c-mated allogenic
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pregnant C57BL/6 females showed increased morbidity and mortality compared to syngeneic
pregnant C57BL/6 females, and recapitalized the reduction of inflammatory cytokines and anti-
viral immune responses in allogenic pregnant C57BL/6 females [177]. The strain of the [AV
may also affect the immune responses in pregnant mice, in which H3N2 [AV infection in
pregnant C57BL/6 females can drive systemic inflammation response and cause potential
developmental defects in fetus [175, 178]. When compared to non-infected pregnant females,
IAV infection during mid-gestation in pregnant BALB/c mice showed shorter gestational period
and increased adverse pregnancy outcomes via disruptions in pregnancy-supporting hormone
levels and placental structure [171, 174]. The above mouse studies are all focusing on the [AV
infection during mid-late gestation, while the current knowledge gap is how infection during
early pregnancy, especially the critical embryo implantation time, can have effects on pregnancy
outcomes. Some epidemiological studies indicate infection during first trimester is associated
with congenital abnormalities in fetus like neural tube defects and cleft lip, while we cannot rule
out other possible pregnancy defects like miscarriage, which is hard to be detected from

epidemiology and currently has not been dressed in mouse models [162, 179, 180].

1.5 Hypothesis and specific aims

The female reproduction is a serial of delicate and complex activities that starts from the
sexual development in utero, and then upon puberty, the female reproductive system undergoes
regular reproductive cycles for the production of eggs. A successful fertilization of the egg
marked the initiation of pregnancy, which requires even more sophisticated regulations to ensure
the healthy development of the embryo to term. A lot of endogenous factors and exogenous

factors can have detrimental effects on female reproduction, especially for the circularity of
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female cycles and during the critical early pregnancy time, which accounts for about 80% of all
cases of pregnancy loss [181].

Qur long-term goal is to identify and study the molecular mechanisms of those

determinant factors, from endogenous and exogenous sources, that can affect the female
reproduction, and provide solutions to these factors-related impairments in female fertility. My

central hypothesis is that endogenous factors, such as the ion channels on lysosomes and on

plasma membrane of LE, and exogenous factors, like influenza A infection, can affect female
reproduction during early pregnancy and the female reproductive cycle (Fig. 1.16).

Aim 1. Test the hypothesis that the impaired corpus luteum (CL) function in
McolnI” mice can be partially rescued in Atp6v0d2”-Mcolnl”" females. (Chapter 2)

This aim is based on the findings that both Atp6v0d2 and Mcolnl genes encode lysosomal
ion channels (V-ATPase and TRPML1 respectively) that work in the opposite directions to
maintain the lysosomal transmembrane balance. In female reproduction, both genes are
upregulated on LE during the embryo implantation time, and Mcolnl”~ female mice showed
impaired fertility due to impaired CL function related to lysosomal defects. The double deletion
of both Atp6v0d2 and Mcolnl in mice (Atp6v0d2--Mcolnl”") can potentially restore the
lysosomal balance and therefore rescue the phenotypes in the CL of Mcolnl”- females. Overall
female fertility in Azp6v0d2”-Mcolnl~- mice and the detailed molecular changes in the CL will be
compared and analyzed with McolnI~- and control females.

Aim 2. Test the hypothesis that the progesterone (P4) signaling regulates uterine
fluid absorption during early pregnancy via uterine luminal epithelium (LE). (Chapter 3)

It is based on the preliminary data that P4 can induce uterine fluid absorption in

ovariectomized mice, as well as the absorption is mainly passing through the LE. The potential
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passages of the uterine fluid are bulk absorption through the membrane channels and endocytosis
on apical side of LE. A small-sized fluorescent dye (Alexa Fluor™ 488 hydrazide) that can pass
through the membrane channels will be injected into the uterine lumen during the early
pregnancy time to indicate the uterine fluid passage. Mouse models with P4 deficiency combined
with P4 and PR antagonist treatment will be employed.

Aim 3. Test the hypothesis that influenza A (IAV) infection affects estrous cycle in
C57BL/6 female mice. (Chapter 4)

It is based on our pilot experiment that mouse-adapted H3N2 IAV infection in C57BL/6
females showed an arrest in the diestrus stage of estrous cycle, as well as preliminary studies
indicated that COVID-19 vaccine can temporarily increase the menstrual cycle length in women.
Comparison between [AV-infected and non-infected C57BL/6 female littermates will be

analyzed in the histology and immune responses of lung, ovary, and uterus.
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CHAPTER 2
ATP6V0D2 DEFICIENCY PARTIALLY RESTORES DEFECTS IN MCOLNI DEFICIENT

CORPUS LUTEUM!

'Li, Y., El Zowalaty, A.E., Hancock, J.M., Wang, Z., Martin, T.E., Zhan, T., Wang, Y., Andersen, C.L., Viswanathan, S.,
Bromfield, J., Atluri, V.A., Brismer, H.N., Kallish, K.R., and Ye, X. To be submitted to Biology of Reproduction.
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2.1 Abstract

ATP6V0d2 is a subunit in V-ATPase that pumps H" into lysosomes. TRPML1
(MCOLNI/Mcolnl) pumps cations out of lysosomes. Mcolnl”- mice recapitulate lysosomal
storage disorder MLIV phenotypes. We previously demonstrated that Mcolnl”~ females had
reduced fertility at 2 months old (2M) and quickly became infertile at SM with degenerating
corpus luteum (CL) and progesterone (P4) deficiency. We hypothesized that Ap6v0d?2
deficiency could cancel out Mcolnl deficiency to restore CL functions in Atp6v0d2”Mcolnl”"
mice. Fertility test of Atp6v0d2”-Mcolnl” females (2M-7M) revealed normal mating activity but
reduced fertility compared to control, yet ~25% of them remained fertile at SM-7M but with
dystocia. We analyzed a subset of 5M old mice in the fertility test on day 3.5 post-coitum (D3.5).
Among the 11 Atp6v0d2”Mcolnl”- mice analyzed, 3 (27%) had normal P4 levels and CLs, while
8 had P4 deficiency (2 infertile (18%) & 6 once fertile (55%)). In contrast to Mcolnl”- CLs that
had extensive cell debris most likely due to necrosis, Ap6v0d2”-Mcolnl”~ CLs had reduced cell
debris and increased cell survival regardless of P4 levels. However, similar to Mcolnl”~ CLs, P4-
deficient Atp6v0d2”-Mcolnl”- CLs had impaired luteal cell differentiation, enlarged lipid
droplets, disrupted expression of endothelial basal lamina marker Col IV, and reduced expression
of mitochondrial marker HSP60 and steroidogenesis rate-limiting protein StAR, indicating that
additional Ap6v0d2 deficiency compensates for Mcolnl deficiency-induced cell death but is
insufficient to restore luteal cell differentiation and P4 steroidogenesis in the P4-deficient
Atp6v0d2”-Mcolnl”- CLs. This study demonstrates individual variations in coordination between

ATP6V0d2 and TRPMLI in the corpus luteum.
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2.2 Introduction

The lysosome is the most acidic membrane-bound intracellular organelle [41, 182, 183].
The acidity is specified by pH (potential of hydrogen) scale. The pH of the lysosomal lumen is
~4.6 while the common intracellular pH is ~7.0-7.4. Lysosomal acidity is critical for the
activities of lysosomal enzymes to degrade macromolecules and for maintaining normal cellular
homeostasis. The lysosomal lumen has higher [H'], [Ca®*], [Na*'], and [C] ], but lower [K*] than
that in the cytosol. The ~500-fold [H*] gradient across the lysosomal membrane is established
and maintained by the vacuolar-type H-ATPase (V-ATPase), which pumps H" into the
lysosomal lumen [41, 182, 183]. Lysosomal counter ion channels and transporters dissipate the
transmembrane voltage built up by V-ATPase and maintain lysosomal ionic homeostasis [85].
Among them are transient receptor potential cation channels of the mucolipin subfamily 1-3
(TRPML1-3, the primary lysosomal Ca?* release channels), Na*-selective two-pore channels 1
and 2 (TPC1-2), and various channels/transporters for conducting Cl-, K*, and catabolites, etc.
[85]. The lysosome has essential functions in digestion, signaling, and trafficking, etc., and
disrupted lysosomal functions are associated with >50 rare inherited metabolic disorders in
humans, collectively termed lysosomal storage diseases [41, 60, 85, 182, 183].

V-ATPase has a transmembrane integral VO domain for proton (H") translocation and a
cytoplasmic peripheral V1 domain for ATP hydrolysis [40, 184]. The VO domain includes
subunits a, ¢, ¢”, d, e, which are encoded by ATP6V0 genes, and accessory subunits Ac45
(ATP6VAPI) and M8-9 (ATP6VAP2) [185]. The V1 domain contains subunits A-H, which are
encoded by ATP6V 1 genes. The d subunit in VO domain connects VO and V1 domains and forms
a rotor with the D and F subunits in V1 domain. The rotation of the rotor is powered by ATP

hydrolysis [184]. The d subunit is encoded by two genes, the more ubiquitously expressed
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Atp6v0d] and the more tissue-specific Aip6v0d2 [40]. The V-ATPase pumps H" from the
cytoplasmic compartment to the opposite side of the membrane where the V-ATPase is
localized, which can be plasma membrane or the membrane of intracellular organelles, to acidify
the extracellular environment or the lumen of intracellular organelles, respectively [186].

TRPMLI, encoded by mucolipin 1 (MCOLNI, Mcolnl), is a counter ion channel
localized in the membrane of late endosomes and lysosomes. It mediates the release of Ca*",
Na*, Fe?*, and potentially other cations from the lysosomal lumen to cytosol to dissipate the
transmembrane voltage built up by V-ATPase, thus indirectly regulating lysosomal lumen acidity
[60, 85, 187]. TRPMLI1 is also critical for vesicular trafficking, lipid homeostasis, autophagy,
plasma membrane repair, signaling in cellular adaptation to nutrient availability, etc. [60, 187].
TRPMLI deficiency has been associated with mucolipidosis type IV (MLIV) in both humans
and mice [85, 188-191]. MLIV is a type of lysosomal storage disorders, which are inherited
metabolic disorders resulting from mutations in lysosomal genes [60, 85, 187]. Mcolnl”- mice,
which are deficient of TRPMLI, can recapitulate phenotypes associated with MLIV, such as
neurodegeneration, ophthalmologic abnormalities, and muscular dystrophy [189, 191].

Our research has been focused on female reproduction, especially uterine receptivity for
embryo implantation [192, 193]. Embryo implantation initiates when a competitive embryo
attaches to the uterine luminal epithelium (LE), which occurs ~day 4 post-coitum (D4.0) in mice.
Our microarray analysis (GEO number: GSE44451) of D3.5 and D4.5 mouse LE revealed
Atp6v0d2, a previously uncharacterized gene in the LE, to be one of the most upregulated genes
upon embryo implantation initiation [37]. This observation led us to the novel finding of uterine
epithelial acidification, detected by LysoSensor Green DND-189, upon embryo implantation

initiation in mice [42]. Mice deficient of Ap6v0d2 (Atp6v0d2~-) have impaired osteoclast fusion
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and increased bone formation [194]. Atp6v0d2”- female mice have significantly reduced embryo
implantation rate and marginally reduced delivery rate from the first mating only, and have
normal fertility afterwards [42]. The inhibitory effect of bafilomycin (a V-ATPase inhibitor) on
uterine receptivity coupled with LE acidification upon embryo implantation initiation,
established an important role of V-ATPase in uterine receptivity for embryo implantation [42].
The function of V-ATPase in acidifying lysosome lumen requires the functions of counter ion
channels. Prior to the recent finding that LRRCS family proteins (components for the volume-
regulated anion channels, or VRACs), which have known functions on the plasma membrane,
also act within lysosomes [195], Mcolnl had the highest mRNA expression level in the peri-
implantation LE (Fig. 2.1A, GEO number: GSE44451 [37]) among the known/putative
lysosomal counter ion channels/transporters that were summarized recently [182]. In addition,
the essential role of TRPML1/Mcolnl in lysosomal functions has been established in both
humans and mice [85, 188-191]. Despite an earlier report indicating that Mcolnl”- female mice
were fertile [191], we still studied female fertility in the Mcolnl”~ mice. Our continuous fertility
study demonstrated that McolnI”- female mice had normal mating activities but reduced fertility
at 2 months old (2M), and they quickly became infertile at 5SM with progesterone (P4)
deficiency, which was caused by defective corpus luteum integrity and function [196].
Lysosomal function, such as H pumping by V-ATPase, requires the maintenance of
lysosomal lumen ionic homeostasis and membrane potential (Ay=Vcytosol = Viumen; Viumen= 0 mV)
[85]. Acidification of lysosomal lumen by V-ATPase, which is important for most lysosomal
hydrolases to be functional, depends on the lysosomal Ay (~—20 to —40 mV), which would
require balanced efflux of countercations and/or influx of counteranions to compensate for the

influx of H* by V-ATPase. Since TRPMLI is an important counter ion channel to efflux cations
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from the lysosome, and ATP6V0d2 is one of the two VOd subunits for V-ATPase, we
hypothesized that additional deletion of Ap6v0d?2 in the Mcolnl”- female mice would alleviate
the defects in the Mcolnl”- CLs [196]. We tested this hypothesis in the Atp6v0d2”-Mcolnl”-

double knockout mice.

2.3 Materials and Methods.

Animals and genotyping. Atp6v0d2”-Mcolnl”- mice were generated by breeding
Atp6v0d2*- mice [42], which were derived from Dr. Yongwon Choi’s colony at the University
of Pennsylvania [194], with Mcolnl"- mice [196], which were purchased from The Jackson
Laboratory (B6.Cg-Mcoln1tm1Sasl/J Stock No: 027110 [191]). Mice with genotypes of
Atp6v0d2™" Mcoln1™* (wild type), Atp6v0d2* -Mcolnl™"*, Atp6v0d2*'*Mcolnl*", or Atp6v0d2*"
McolnI™" were used as control. PCR was used for genotyping as described previously [42, 196].
All mice were housed in polypropylene cages on a 12h light/dark cycle (6:00-18:00) at 23 £ 1 °C
with 30-50% relative humidity. All mice had free access to regular food and water. All methods
used in this study were approved by the University of Georgia Institutional Animal Care and Use
Committee (IACUC) and conform to National Institutes of Health guidelines and federal law.

Superovulation and real-time PCR. Wild type mice at 21 days old (N=3) were
superovulated by i.p. injection with 5 IU/mouse PMSG followed with 5 [U/mouse of hCG 48 h
after PMSG injection [21]. Both ovaries were dissected 72 h after hCG injection for CL isolation
using a 25G needle under a stereoscope. The isolated CL fraction and the remaining ovarian
tissues (-CL) were flash-frozen. Total RNAs were extracted using TRIzol (Life Technologies,
15596018) and cDNA was prepared using Superscript III First-Strand Synthesis kit (Invitrogen,

18080-400) with random primers. Real-time PCR was performed in 384-well plates using

42



PowerSYBR Green PCR Master Mix (Thermo Fisher, 4367659) on CFX384 TouchReal-Time
PCR Detection System (Bio-Rad). The primer pairs used: Atp6v0d2 forward primer, 5’°-
AGTTGCTATCCAGGACTCGG-3’ and reverse primer 5°-
CATTAGCCAGGAAGTTGCCATAG-3’; Mcolnl forward primer 5°-
ATCTTGGTGGTCACTGTGC-3’ and reverse primer 5’~AGTCCTCACTGGGGATGTCA-3’;
StAR forward primer 5-CAGCTGCAGGACTCAGGAC-3’ and reverse primer 5-
ACGTCGAACTTGACCCATCC-3’; Rspl11 forward primer 5’-
CGTGACGAAGATGAAGATGC-3’ and reverse primer 5’- GCACATTGAATCGCACAGTC-
3’; and Tubalb forward primer 5> TGCCTTTGTGCACTGGTATG-3’ and reverse primer 5°-
CTGGAGCAGTTTGACGACAC-3".

Mating and fertility test. Mcolnl”- female mice quickly became infertile at 5M [196]. For
comparison, Atp6v0d2”-Mcolnl”~ female mice were tracked for mating and fertility from 2M to
up to 7M. The reduction of mice in the cohort towards the end of tracking was mainly for two
reasons: 1) randomly selected for serum collection at 5M, and 2) sacrificed at various ages
following COVID-19 lockdown policy. Control female mice (N=29) and Atp6v0d2"Mcolnl”
female mice (N=40) at 2 months old (2M) were cohabitated with the same wild-type stud males.
Each stud male was housed with two Ap6v0d2”-Mcolnl” females and two control females. Each
female was checked every morning for a vaginal plug, which served as an indicator of mating the
previous night. The day of vaginal plug detection was designated as day 0.5 post-coitum (DO0.5,
the mating night as D0). The plugged females were weighed every 3 days from DO0.5 to D18.5.
They continued cohabitation with their respective stud males and being checked for a vaginal
plug every morning until steady weight gain was observed to confirm pregnancy. Each

confirmed pregnant female was then housed separately and its body weight was monitored till

43



the delivery. Some females were plugged multiple times before a pregnancy could be confirmed
by body weight gain; some pregnant females would stop gaining weight and end up losing the
pregnancy; some females were plugged multiple times but never showed body weight gain
associated with pregnancy and they were infertile. Plugging rate (the percentage of mice in each
group with the presence of a vaginal plug), plugging latency (the time from cohabitation to the
detection of the first vaginal plug), post-mating body weight gain, gestational period (the time
from mating to delivery), litter size, and pregnancy rate were recorded. We defined the
pregnancy age based on the mating age. For example, if a pregnancy was derived from a mating
(indicated by the presence of a vaginal plug) before 3M old, the pregnancy age was 2M;
likewise, the pregnancy age of SM was from mating after SM old but before 6M old; and the
pregnancy age of 6-7M was from mating after 6M old but before 8M old. The term pregnancy
rates were calculated as the percentage of mated females at the same mating age (2M, 5M, or 6-
7M) that had confirmed pregnancy, indicated by steadily increased body weight after 6 days
post-coitum.

Serum P4 and E2 measurement. At SM, day 3.5 post-coitum (D3.5) control mice (N=4)
and Atp6v0d2”’-Mcolnl”- mice (N=11) in the fertility test were randomly selected, with the later
including 9 mice that had delivered at least one litter and 2 mice that had mating activities
indicated by multiple vaginal plugs but never delivered pups or shown body weight gain
associated with pregnancy. Between 11:00 h and 12:00 h, the D3.5 mice were anesthetized via
isoflurane inhalation for blood collection via orbital sinus. Serum was collected after blood
clotting at room temperature for 45 minutes and stored at -80°C. One ovary was fixed in 10%

formalin solution and the other ovary was snap-frozen. Serum progesterone (P4) and 17f-
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estradiol (E2) were measured in the Ligand Assay and Analysis Core of the Center for Research
in Reproduction at the University of Virginia (Charlottesville, Virginia).

Ovary histology. The fixed ovaries were kept in the fixative for 24 hours and then
transferred to 70% ethanol. They were processed for paraffin embedding as previously described
[196] [21] [21, 197-199]. Paraffin sections (5 um) through the widest middle portion of the
ovaries were collected, processed, and stained with hematoxylin and eosin. Follicles and CLs
were analyzed as we previously described [21, 199, 200].

Immunofluorescence. Immunofluorescence was used to detect collagen IV (Col IV) and
heat shock protein 60 (HSP60) in the 5 months old D3.5 control and Atp6v0d2”Mcolnl” frozen
ovarian sections (10 pm) as previously described [21]. Briefly, frozen sections were fixed in 4%
paraformaldehyde and subjected to antigen retrieval in 0.01 M sodium citrate (pH 6.0) at 95°C
for 20 min. Sections were washed with 1xPBS followed by membrane permeabilization with
0.15% Triton X-100. The slides were then washed and blocked with 10% goat serum for 1 h at
room temperature and incubated with anti-StAR (1:500, Abcam, ab96637), anti-Col IV (1:200,
Abcam, ab19808), or anti-HSP60 (1:500, Cell Signaling Technology, mAb #12165) respectively
for overnight at 4°C. The following day, the sections were washed in 1xPBS and incubated with
secondary Alexa Fluor-conjugated goat anti-rabbit IgG antibody (1:200, Invitrogen, A11036 for
Col IV, A11034 for StAR and HSP60) for 1 h. The sections were counterstained and mounted in
DAPI (4’°,6’-diamino-2-phenylindole)-containing Vectashield (Vector Laboratories, Burlingame,
CA, USA).

Lipid droplet staining. Frozen ovarian sections (10 um) were fixed in 4%

paraformaldehyde at room temperature for 20 minutes, washed twice in 1X PBS, then covered
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with 1.6 pg/ml Nile red (N3013, Sigma-Aldrich) in 1X PBS at room temperature for 15 minutes.
Sections were then washed in 1X PBS and counterstained with DAPI [21, 196].

Statistical Analysis. Data are presented as mean = SD where applicable. Wilcoxon Rank
Sum test was used for plugging latency. For parameters with percentage, two-tailed Fisher’s
exact test was used. Two-tailed unequal variance student t-test was used for the other

quantitative data. Significance level is set at P<0.05.

2.4 Results.
2.4.1 Expression of Atp6v0d2 and Mcolnl in the ovary

We previously demonstrated that TRPML1 was detected in the CL and Mcolnl”- mice
had premature infertility associated with degenerative luteal cells in the CL and P4 deficiency
[196]. The first experiment we intended to perform was co-immunolocalization of ATP6V0d2
and TRPML1 in the luteal cells. However, we failed to obtain suitable antibodies. We eventually
employed realtime PCR to detect Atp6v0d2 and Mcolnl in the CLs surgically isolated from
superovulated ovaries, with StAR (steroidogenic acute regulatory protein) as a marker for CL as
StAR/StAR is dominantly expressed in the CL [21, 196]. Since the surgically isolated CLs were
expected to have non-CL ovarian tissues and the remaining ovarian tissues, designated as “-CL”,
might include CLs as well, we did not expect this procedure as a clean approach. Overall, St4AR
expression levels in the CL fraction were 1.5~2.9 folds of the “-CL” fraction. Regardless, both
Atp6v0d?2 and Mcolnl were detectable in the CL and the “-CL” fractions albeit the mRNA levels

were much lower than St4R levels (Fig. 2.1B).

46



A 1400
mD35LE mD45LE
1200
2 1000
£
©
2 800
>
g
5 600
e
(%)
S 400
200
0
S P P F GBS F O
fz,’?’O FLES 00\“&9 '\"’@‘b’b%'z’ N
?'.\Q\ \}‘ \9 \}‘ \5‘ @G @c’ @ @f\ %\(J %\0 %\(:b %\0 %\0 %\G eﬂo QO Qo
B m-CL oCL

400 3.

300
200

100 _—

.CL CL ® &

StAR | a-tublin
(x1000)

Gene | a-tublin
on

Figure 2.1. Microarray reading of lysosomal counterion channels in day 3.5 post-coitum (D3.5)
and D4.5 wild type mouse uterine luminal epithelium (LE) and detection of Ap6v0d2 and
Mecolnl in superovulated mouse ovaries. A. Microarray readings for lysosomal counterion

channels. N=3/group. Actb as a loading control, 1/10 of the reading were presented. B. Real-
time PCR in corpus luteum (CL) and -CL tissue fractions surgically dissected from
superovulated ovaries. N=3. Data was normalized with a-tubulin and RSP11 as a
second loading control. The normalized readings of StAR, Atp6v0d2, and Mcolnl
were multiplied by 1000 to be plotted on the same figures and for straightforward
comparisons. Atp13a2: ATPase cation transporting 13A2; Cfir: cystic fibrosis transmembrane

conductance regulator; Clcn7: chloride channel, voltage-sensitive 7; Lrrc8a-e: leucine rich
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Figure 2.1. (continued) repeat containing 8 A VRAC subunit A-E; McolnI-3: mucolipin TRP
cation channel 1-3; Mfsd8: major facilitator superfamily domain containing 8; P2rx4:
purinergic receptor P2X, ligand-gated ion channel 4; Sicl7a5, Slc36al, Slc38al, Slc38a9,
Slc66al, Slc66a4: solute carrier family 17 member 5, family 36 member 1, family 38 member
1, family 38 member 9, family 66 member 1, family 66 member 4; Tmem175: transmembrane
protein 175; Tpcnl-2: two pore segment channel 1-2; Actb: actin, beta; Atp6v0d2: ATPase, H"

transporting, lysosomal VO subunit D2; RSP/ 1: ribosomal protein S11.

2.4.2 Mating and Fertility of Atp6v0d2”-Mcolnl” females

We generated Atp6v0d2”-Mcolnl”- double knockout mice from our Atp6v0d2*" mice [42]
and Mcolnl*" mice [196]. In the female fertility study, virgin control female mice (N=29) and
Atp6v0d2--Mcolnl”- female mice (N=40) at 2 months (2M) old were cohabitated with the same
wild-type stud males and checked for a vaginal plug every morning. They were all plugged
within 17 days of co-habitation. The overall first plugging latencies were comparable between
control and Atp6v0d2”-Mcolnl”~ female mice (Fig. 2.2A). The control mice had pregnancy rates
of 100% (29/29), 94.1% (16/17), and 100% (9/9) at 2M, 5M and 6-7M, respectively; and those
for Atp6v0d2’McolnI”~ mice were 72.5% (29/40), 27.8% (5/18), and 23.1% (3/13), respectively
(Fig. 2.2B). The majority of the pregnancies at 2M were from the 1% mating (23/29 in control
mice and 22/29 in Atp6v0d2--Mcolnl”- mice), the remaining pregnancies were developed after
multiple plugs were detected. For those 11 Ap6v0d2”-Mcolnl” mice that did not yield a
pregnancy at 2M after 3+ vaginal plugs detected in each, they continued mating activities

throughout the duration of fertility test, and 2 of them eventually produced a litter after 4M of
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age, and the third one produced 1 litter after 4M of age with another litter after SM of age.
Therefore, 20% (8/40) of Atp6v0d2--Mcolnl”- mice were born infertile, and this infertility rate is
significantly higher than the control (0/29=0%, P=0.0172, two-tail Fisher’s exact test).

The gestation periods were comparable between the two groups at all three time points,
although those with dystocia took extra 2 or more days to finish delivery or were euthanized by
the 3™ day of delivery. The litter sizes were smaller in Ap6v0d2”-Mcolnl”- from 2M and 5M
compared to control (6.5£1.9 vs. 8.0£2.9 at 2M; 5.6+1.9 vs. 8.3£2.5 at SM). At 6-7M, all the
pups from the pregnant Ap6v0d2”Mcolnl”- mice were born dead due to dystocia (Fig. 2.2C).
Dystocia was not observed in either group at 2M. It was observed in ~10% of term pregnant
control mice at SM and 6-7M. For term pregnant Ap6v0d2”-Mcolnl”~ mice, 60% and 100% of
them had dystocia at SM and 6-7M, respectively (Fig. 2.2C).

There was an age-related differential body weight change during pregnancy. For all three
pregnancy ages analyzed (2M, 5M, and 6-7M), the Atp6v0d2”Mcolnl”- mice had significantly
lower body weight than their age-matched controls (Fig. 2.2D-2F). However, while this trend
maintained during the rest of the pregnancies for Ap6v0d2--Mcolnl”- mice at pregnancy ages
5M and 6-7M (Fig. 2.2E, 2.2F), the pregnant Ap6v0d2”-Mcolnl”" mice at 2M pregnancy age
reached comparable body weights as the age-matched controls towards the late stage of
pregnancy (Fig. 2.2D), this reflected significantly increased percentages of body weight gain at
2M pregnancy age in the Atp6v0d2”Mcolnl” group compared to the control (Fig. 2.2D and data
not shown). The body weights of Atp6v0d2’-McolnI~~ mice on D0.5 at 2M, 5M, and 6-7M were
20.0g £ 1.4g (vs. 22.0g £ 2.1g in control), 23.7g = 1.0g (vs. 27.7£2.6 in control), and 23.0g +
1.4g (vs. 27.8g + 2.3g in control), respectively, all significantly lower that their age-matched

controls (Fig. 2.2D-2F).
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A similar mating study in McolnI”~ mice from 2M old showed that Mcolnl”~ female mice
quickly became infertile at SM (0/7) [196]. Atp6v0d2”-Mcolnl”- mice had a pregnancy rate of
27.8% (5/18) at SM and 23.1% (3/13) at 6-7M, indicating that there was a partial rescue of
fertility after SM old in the Ap6v0d2”-Mcolnl”- mice compared to Mcolnl”~ mice. However,
because of the small sample size and low rescuing rate, no statistically significant difference was
achieved (0/7 vs. 5/18 at SM, P=0.2743, two-tail Fisher’s exact test). We have not examined the
fertility of virgin Mcolnl”- and Atp6v0d2”’-Mcolnl” mice at SM old and beyond.

2.4.3 General health of Atp6v0d2”-Mcolnl” females

We did not measure the body weight during postnatal development and did not notice any
obvious abnormal activities, including mating activity, in the Atp6v0d2”Mcolnl”- female mice.
However, based on the body weight of the mated females at D0.5, which should have
comparable body weight as non-pregnant mice because significant pregnancy-associated body
weight gain does not start before embryo implantation (~D4.0 in mice) (Fig. 2.2D-2F) [21], the
Atp6v0d2”-Mcolnl”~ female mice had lower body weight than their age-matched control female
mice at all the three ages examined (Fig. 2.2D-2F). Rigid hind legs started to show up in a few
mice at ~6M old, same as that reported in McolnI”~ mice [191]. There were 13 Atp6v0d2”"
Mcolnl”~ females remaining in the 6-7M group of fertility test (Fig. 2.2B, 2.2C). They were
maintained till 8M old because mating during 7M old could yield pregnancy at 8M old. The
three pregnant mice were euthanized due to dystocia. Among the remaining 10 Ap6v0d2”-
Mcolnl”~ females at the end of the fertility test (8M), half of them had paralyzed hind legs and
the other half could still move around, all of them were skinny with little fat tissues, all of them
had abnormal bladders with the most obvious phenotype being enlarged bladders filled with

urine, and three of them had whitish stomachs most likely from calcification (data not shown).
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Figure 2.2. Fertility test in Aip6v0d2”~-Mcolnl”~ female mice. A. Plugging latency from
cohabitation to detection of the 1% vaginal plug. Control: grey dots, N=29; Atp6v0d2’-Mcolnl
’: red triangle, N=40. B. Pregnancy rates at 2M, 5M, and 6-7M. Pregnancy ages were based on
the time when a vaginal plug was detected. * P<0.05, compared to respective control group; #
P<0.05, compared to 2M Atp6v0d2”-McolnI”~ group. Control: N=29 (2M), 17 (5M), and 9 (6-

TM); Atp6v0d2--Mcolnl”-: N=40 (2M), 18 (5M), and 13 (6-7M). The reduction of 12 mice in
the control cohort from 2M to SM was due to previous pregnancy & nursing (3) therefore not in

mating, sickness therefore euthanized (1), dissection for D3.5 serum collection at SM (4), and
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Figure 2.2. (continued) sacrificed following COVID-19 lockdown policy (4). The reduction of
8 mice in the control cohort from 5M to 6-7M was due to previous pregnancy & nursing (1)
therefore not in mating, and sacrificed following COVID-19 lockdown policy (7). The
reduction of 22 mice in the Ap6v0d2”-Mcolnl”~ cohort from 2M to SM was due to previous
pregnancy & nursing (1) therefore not in mating, death (1), dissection for D3.5 serum
collection at 5M (11), and sacrificed following COVID-19 lockdown policy (9). The reduction
of 5 mice in the Atp6v0d2”Mcolnl”~ cohort from 5M to 6-7M was due to death before 6M (2),
and sacrificed following COVID-19 lockdown policy (3). C. Dystocia rates at 2M, 5M, and 6-
7M. * P<0.05, compared to respective control group. D-E. Body weight change during
pregnancy at pregnancy ages of 2M (D), SM (E), and 6-7M (F). The numbers of pregnant mice
with body weight data were 22, 11, and 5 for control groups, and 26, 4, and 3 for Atp6v0d2~"
Mcolnl” groups, respectively. One missing data point in E was due to incomplete collection of
the body weight data. Error bar, standard deviation; *, P<0.05, compared to the respective

control at the same post-coitum day.

2.4.4 Most Atp6v0d2”-Mcolnl”~ females having P4 deficiency at 5M old

We previously showed that 100% of the 5M old Mcolnl”- mice examined at D4.5 had P4
deficiency [196]. Since P4 levels reach a plateau by D3.5 in mice [193], comparable P4 levels
are expected between D3.5 and D4.5 in the same mice. When the mice were SM old, we
randomly selected 4 control mice and 11 Atp6v0d2’-Mcolnl~~ mice in the fertility test cohorts for
serum collection on D3.5. All 4 control mice had serum P4 levels >20 ng/ml, while some in the

Atp6v0d27-Mcolnl”- group had much lower P4 levels. Based on P4 levels (<12 ng/ml as low P4)
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and fertility history, the 11 Atp6v0d2-Mcolnl”- mice were divided into three sub-groups (Fig.
2.3A): 1) Low P4 & infertile. Two mice had low P4 levels and no pregnancy despite continuous
mating activity indicated by vaginal plugs. The infertility rate (2/11) was comparable to the
cohort (8/40). 2) Low P4 & once fertile. Six mice had low P4 levels and had previously produced
1-2 litters during the fertility test. 3) Normal P4. Three mice had comparable P4 levels to the
controls and had previously produced 1-2 litters during the fertility test. The percentage of
Atp6v0d2”-Mcolnl”- mice with normal P4 levels (3/11=27.3%) at 5SM was consistent with the
pregnancy rate at SM in the cohort (5/18=27.8%). The serum estrogen (E2) levels between the
control and Atp6v0d2”-Mcolnl” mice at 5SM were comparable (Fig. 2.3B).

In our previous study, none of the 7 Mcolnl”~ females examined at 5SM had normal P4
levels and none were fertile [196]. In this study, we found 27.3% (3/11) Atp6v0d2”-Mcolnl~-
mice at SM had normal P4 levels (Fig. 2.3A) and 27.8% (5/18) of them were fertile (Fig. 2.2B).
Despite no statistically significant differences between the two groups (P4 level: 0/7 vs. 3/11,
P=0.2451; fertility: 0/7 vs. 5/18, P=0.2743; two tailed Fisher’s exact test), additional deletion of
Atp6v0d?2 could rescue P4 level and fertility, or more precisely, prolong the fertility span, in a
small portion of Atp6v0d2”Mcolnl”" mice (Fig. 2.2B).

2.4.5 Comparable numbers of follicles and CLs among control, Mcolnl”~, and Atp6v0d2~"
Mcolnl”" ovaries at 5SM

During early pregnancy, P4 is mainly synthesized in the CL, which is normally developed
from ovulated follicles. We examined follicles and CLs in the D3.5 ovaries from 5M old control,
Mcolnl” mice, and Atp6v0d2”Mcolnl”- mice. There was no significant difference in the average
numbers of follicles at different stages and CLs among these three groups (data not shown).

Normal CL numbers coupled with normal mating activities would suggest local factors, instead
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of neuroendocrine defect, contributing for P4 deficiency in the Mcolnl”- female mice and

majority of Atp6v0d2”-Mcolnl”- female mice at SM old.
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Figure 2.3. Serum progesterone (P4) level (A) and estrogen (E2) level (B). A subset of mice
at SM old was randomly selected from the cohort in the fertility test. Serum was collected at
post-coitum day 3.5 (D3.5). N=4 for control mice, black dots; and N=11 for Ap6v0d2~"
Mcolnl”" mice, red triangles. Atp6v0d2”Mcolnl”~ mice were separated into three subgroups:

low P4 & infertile (N=2), low P4 & once fertile (N=6), and normal P4 (N=3).

2.4.6 Completely or partially restored Ap6v0d2”-Mcolnl”- CL morphology compared to Mcolnl
~CL at 5SM

Representative histology images of D3.5 ovaries are shown in Fig. 2.4A-4H]1. In the
control CLs, there was defined corpus luteal cords, which are clusters of luteal cells surrounding
by endothelial cells, and the luteal cells generally appeared rounded with a large cytoplasm (Fig.
2.4A-4A1). The regressing CLs from a previous cycle had large empty spaces and some dense
nuclei but no amorphous cell debris (Fig. 2.4F, 4F1). In the Mcolnl”- CLs (Fig. 2.4B-4B1),
corpus luteal cord and vasculature were less defined compared to the control CL (Fig. 2.4A-

4A1); luteal cells had foamy cytoplasm, an indication of vacuolization; all CLs in the 6 Mcolnl”"
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ovaries (1 ovary/mouse) examined were in two main categories: with medium to extensive
amorphous cell debris, an indication of cell death (most likely necrosis), for the majority of CLs
(Fig. 2.4B-4B1), or regressing without obvious amorphous cell debris but large empty spaces and
some dense nuclei (0-2 CLs/ovary) (Fig. 2.4G-4G1), as seen in the control (Fig. 2.4F1). All 6
Mcolnl’~ ovaries examined had at least one CL with extensive amorphous cell debris (Fig. 2.41).
We sectioned 2 ovaries (1 ovary/mouse) from each of the three Atp6v0d2-Mcolnl~"
subgroups. In the only 2 Atp6v0d2-Mcolnl”- mice with low P4 & infertile, one had a CL with
amorphous cell debris and undeveloped luteal cords (Fig. 2.4C-4C1), and the other had two CLs,
one with undifferentiated luteal cells but no obvious amorphous cell debris (Fig. 2.4H-4H1) and
the other regressing (data not shown). In the two Atp6v0d2-Mcolnl” ovaries from low P4 &
once fertile group, the CLs rarely had cell debris, but most luteal cells did not have a large
cytoplasm area (Fig. 2.4D-4D1), indicating restored cell survival but not luteal cell
differentiation. In the two Atp6v0d2”-Mcolnl” ovaries from normal P4 group, the CLs had
similar morphology (Fig. 2.4E-4E1) to the control CLs (Fig. 2.4A-4A1), with restored cell
survival and luteal cell differentiation. Regressing CLs from a previous cycle in the Ap6v0d2~"
Mcolnl”" ovaries had similar morphology as seen in Fig. 2.4F1-4G1. These data demonstrate a
general recovery of CL morphology with different degrees in the Atp6v0d2”-Mcolnl”- CLs (Fig.
2.4C-4E1, 2.4H-4H1) compared to Mcolnl”~ CLs (Fig. 2.4B-4B1). There was a significant
recovery of cell survival, indicated by the reduced amorphous cell debris, in the Atp6v0d2-
Mcolnl”~ CLs (only 1 ovary out of 6 examined vs. all 6 Mcolnl”- ovaries with significant
amorphous cell debris in the CL) (Fig. 2.41). However, restoration of luteal cell differentiation

only occurred in the Ap6v0d2”-Mcolnl”~ mice with normal P4 levels (Fig. 2.4E-4E1).
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Figure 2.4. Histology of corpus luteum (CL) and collagen IV (Col IV) immunofluorescence
in the ovaries. Ovaries were from D3.5 5M old mice that were in the fertility cohort (control
and Atp6v0d2”Mcolnl7") or not in the fertility cohort but were non-virgin (Mcolnl”"). Five
groups of mice were included: control mice, Mcolnl” mice, and three subgroups
of Atp6v0d2”McolnI”~ mice (low P4 & infertile, low P4 & once fertile, and normal P4). A-
H1: H&E staining in fixed ovaries. Black arrow in B1 & C1, amorphous cell debris; F1 &
Gl1, regressing CL from a previous cycle; red arrow in F1 & G1, empty cytoplasm; 1.
Percentage of mice with extensive amorphous cell debris in the CL. N=4-6/group; * P<0.05,

compared to both the control group and the combined 4tp6v0d2--Mcolnl~~ group, which had
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Figure 2.4. (continued) 2 samples each from the three subgroups. J-N1: Col IV staining in
frozen ovaries. A, F, J: Control; B, G, K: Mcolnl”~; C, H, L: Atp6v0d2”Mcolnl”" low P4 &
infertile; D, M: Atp6v0d2”Mcolnl”~ low P4 & once fertile; E, N: Atp6v0d2”-Mcolnl”- normal
P4. A1-H1 & J1-N1: enlarged from the boxed area in A-H & J-N, respectively. P4:
progesterone. Col IV: collagen IV. Scale bar: 400 um in F & G; 200 um in A-E, H, J-N; and
25 um in A1-H1 and J1-N1. No specific staining in the follicle or CL but autofluorescence in

the interstitial areas of the negative control ovaries (data not shown).

2.4.7 Varied Col IV expression patterns in Atp6v0d2”Mcolnl”- CL at 5M

Collagen IV (Col IV) is a marker of the basal lamina of endothelial cells. It is highly
expressed in the CL but not the follicles [21, 199], corresponding to the high vasculature in the
CL but not follicles [201]. Immunofluorescence of Col IV in the control ovary revealed a
continuous net-like Col IV expression pattern that surrounded the empty spaces without Col IV
staining, reflecting endothelial cells wrapping around clusters of luteal cells in the luteal cords
(Fig. 2.4J-4]1). In the age-matched D3.5 Mcolnl”- CLs, the net-like Col IV expression pattern
was much denser, leaving smaller empty spaces surrounded by the continuous Col IV staining
(Fig. 2.4K-4K1), an indication of undeveloped / under-developed luteal cords in the Mcolnl
CL. Similar patterns of Col IV staining in the Mcolnl”- CL were also observed in the Ap6v0d2"
Mcolnl”- CLs with low P4 levels, regardless of the fertility history (Fig. 2.4L, 2.4L1, 2.4M).
Among the three CLs shown in Fig. 4M, two had similar Col IV expression patterns (data not

shown) as seem in Fig. 2.4K1 and Fig. 2.4L1; one CL had much less overall Col IV intensity
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(Fig. 2.4M) than other CLs, and the Col IV staining was disorganized and low (Fig. 2.4M1), this
CL was most likely a regressing CL from a previous cycle (Fig. 2.4M1). The CLs from
Atp6v0d2”-Mcolnl”- mice with normal P4 levels had comparable Col IV expression pattern (Fig.
2.4N-4N1) as the control CLs (Fig. 2.4J-4J1).
2.4.8 Lipid accumulation associated with P4 deficiency in Atp6v0d2”Mcolnl”- CLs

Lysosomal storage disorder MLIV caused by mutations in MCOLNI gene is associated
with lipid accumulation [202, 203]. Lipid droplets contain cholesterol, the precursor for P4
synthesis [27]. Nile Red was used to detect lipid droplets in the CL [21, 196]. The lipid droplets
in the control CLs were relatively small and uniform, some were too small to be distinctive in the
image (Fig. 2.5A-5A1). Those in the McolnI”~ CLs had varied sizes with increased number of
larger ones (Fig. 2.5B-5B1). The lipid droplets in the Atp6v0d2”-Mcolnl”- CLs with low P4
levels also had increased numbers of larger sizes (Fig. 2.5C-5D1) similar as that in the Mcolnl”
CLs (Fig. 2.5B-5B1). The lipid droplets in the Ap6v0d2’-Mcolnl”- CLs with normal P4 levels
(Fig. 2.5E-5E1) were relative fine and uniform as those in the control (Fig. 2.5A-5A1). These
data indicate complete recovery of lipid droplet sizes in the CLs of Atp6v0d2”-Mcolnl”- mice
with normal P4 but not obvious recovery in the CLs of Atp6v0d2”McolnI”~ mice with P4
deficiency compared to those in the Mcolnl”- CLs.
2.4.9 Recovery of mitochondrial density and StAR expression in CLs of Atp6v0d2”-Mcolnl~"
mice with normal P4 levels

P4 synthesis initiates in the mitochondria and the rate-limiting step is the transport of
cholesterol from the outer to the inner mitochondrial membrane by StAR (steroidogenic acute
regulatory protein) [27, 28]. Heat shock protein 60 (HSP60) is a mitochondrial marker. Both

HSP60 and StAR were highly detected in the cytoplasm of luteal cells in the control CLs (Fig.
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2.5F, 2.5F1, 2.5K, 2.5K1) and Atp6v0d2”-Mcolnl”- CLs from mice with normal P4 levels (Fig.
2.5J,2.5J1, 2.50, 2.501). Their expression levels in the other three groups with low P4 levels
were consistently low (Fig. 2.5G-5I1, 2.5L-5N1). These results demonstrate the correlation
between the mitochondrial density and StAR expression levels with serum P4 levels regardless

of genotypes. The investigated parameters at SM are summarized in Table 1.

Table 1. Summary of the parameters at SM

Parameters Control Mcolnl” Atp6v0d2’Mcolnl”
Normal P4 Low P4 & Low P4 & Low P4 & Normal P4
infertile infertile once fertile
No. follicle & CL Comparable
Cell debris in CL - +++ ++/- - -
Luteal cell +++ - - - Aot
differentiation
Col IV Normal | Disorganized | Disorganized | Disorganized Normal
Lipid droplets + 4+ +++ +++ +
HSP60 +++ - - - +++
StAR +++ - - - +++

+: higher level of cell debris, more larger lipid droplets, or higher expression of HSP60 and

StAR.
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Atp6v0d2’-Mcoln1”-
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Figure 2.5. Nile red staining of lipid droplets and immunofluorescence detection of HSP60

and StAR in frozen ovaries from 5M old mice at D3.5. Five groups of mice were included:
control mice, Mcolnl”~ mice, and three groups of Atp6v0d2”"Mcolnl”" mice (low P4 &
infertile, low P4 & once fertile, and normal P4). A-E1: Nile red staining. F-J1: HSP60. K-
Ol: StAR. A, F, K: Control; B, G, L: Mcolnl”~; C, H, M: Atp6v0d2”Mcolnl”~ low P4 &
infertile; D, I, N: Atp6v0d2-Mcolnl”- low P4 & once fertile; E, J, O: Atp6v0d2”Mcolnl”
normal P4 level. A1-O1: enlarged from the CL labeled with * in A-O, respectively. P4:
progesterone; HSP60: heat shock protein 60; StAR: steroidogenic acute regulatory protein.
Scale bar, 400 um in A-O, and 25 pm in A1-O1. No specific staining in the follicle or CL but

autofluorescence in the interstitial areas of the negative control ovaries (data not shown).
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2.5 Discussion

One deficiency in this study was the lack of direct evidence of colocalization of V-ATP
subunit ATP6v0d2 (encoded by Atp6v0d2) and TRPMLI (encoded by Mcolnl) in the wild type
luteal cells and absence of them in the Ap6v0d2”-Mcolnl” luteal cells. We were fortunate to
receive a vial of anti-TRMPL1 antibody from Dr. Abigail A Soyombo [189] before she closed
her lab. With this antibody, we detected TRPMLI1 in the ovary, including luteal cells in the CL
[196]. Prior to the initiation of this project, we tested a few commercially available anti-
ATP6v0d2 and anti-TRPMLI antibodies for immunohistochemistry and immunofluorescence,
but none worked. With the breeding for generating Atp6v0d2~-Mcolnl”- mice ongoing, we made
customized antibodies but again, none worked. We resorted to the literature for support that
ATP6v0d2 and TRPMLI1 are expected to co-localize in some intracellular organelles, especially
lysosomes [85].

Collagen IV (Col IV), a basal lamina marker of endothelial cells, was shown in our
previous study to have comparable overall intensity to the interstitial compartment in the D3.5
Mcolnl” CLs, while the control CLs had overall higher expression levels than the interstitial
compartment [196]. In this study, we did not consistently observe such a pattern. This might be
due to different batches of the antibody used in these two studies and/or varied intensity of
autofluorescence in the intestinal compartment (but not follicles or CLs) that we consistently
detect in the negative controls (data not shown). Regardless, the Col IV expression patterns in
the control and Mcolnl”- CLs and no staining in the follicles were consistent in the two studies.
Although we observed partial recovery in the CL morphology, e.g., less cell death indicated by
reduced amorphic cell debris in the Atp6v0d2--Mcolnl”- CLs, no obvious difference was

observed in the Col IV staining patterns among Mcoln1”~ group and two Atp6v0d2”Mcolnl”
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subgroups with low P4 levels. CL morphology indicated that these three group & subgroups
lacked well-differentiated luteal cells. This observation indicates that Col IV staining pattern
correlates with luteal cell differentiation and P4 levels but not cell survival in the CL.

Luteal cell differentiation and P4 levels are also correlated with lipid droplet
accumulation and expression of HSP60 and StAR in the CL. Lipid droplet accumulation is a
hallmark of MLIV, which is due to TRPML1 deficiency caused by MCOLNI mutations [202,
203]. TRPML1 deficiency can lead to mitochondrial fragmentation likely due to inefficient
autophagolysosomal recycling of mitochondria [204]. The expression of HSP60, a mitochondrial
marker, and StAR, which carries out the rate-limiting step in steroidogenesis to transport the
substrate cholesterol from the outer to the inner mitochondrial membrane, is directly related to
the mitochondrial quantity and function. Comparable lipid droplet accumulation and reduced
expression of HSP60 and StAR in the SM D3.5 McolnI”" group and two Atp6v0d2”-Mcolnl”
subgroups with low P4 levels would suggest that the levels of restoration in the Ap6v0d2”"
McolnI”~ CLs of these two subgroups was enough to restore luteal cell survival in most mice but
was insufficient to restore the lysosomal functions in regulating lipids and mitochondria. This
places cell survival as the fundamental cellular event to be restored first.

There might be a threshold for restoration of other lysosomal functions. We observed
about a quarter of Atp6v0d2”Mcolnl”~ female mice with normal P4 levels and all the examined
CL parameters at SM (Table 1), indicating full recovery of lysosomal functions in the CL of this
subgroup of Atp6v0d2”Mcolnl” mice compared to that in the Mcolnl”- CL. Consistently, we
observed ~a quarter of Atp6v0d2-Mcolnl~~ female mice remained fertile till 7 months old and
some pregnancies expanded to 8 months old. We did not continue fertility tests beyond then due

to progressive neurological defects. We do not know the molecular mechanisms leading to the

62



full recovery of CL functions and fertility of ~a quarter of Aip6v0d2”-Mcolnl”~ female mice
while partial recovery of CL cell survival only in the remaining ~three quarters of Ap6v0d2”
Mcolnl”~ female mice at SM. One potential explanation is that ATP6V0d2 plays varied roles in
the CLs leading to varied outcomes. TRMPL1 was shown to be a lysosomal channel that can
leak out H* to coregulate lysosomal pH with V-ATPase [203]. TRMPLI deficiency in cells from
MLIV patients and Mcolnl”- mice leads to overly acidified lysosomes due to accumulation of H*
in the lysosomal lumen [203]. Therefore, if V-ATPase is impaired in pumping H* into the
lysosomal lumen, the accumulation of H* in the lysosomal lumen would be alleviated in the
TRMPLI deficient lysosomes. When such an alleviation reaches a threshold to restore the
lysosomal ionic homeostasis and membrane potential, the lysosomal functions will be restored.
In the CLs where ATP6V0d2 play a significant role in V-ATPase activity for pumping H" in the
lysosomal lumen and its role could not be compensated by ATP6V0d1 or other channels,
ATP6V0d2 deficiency will lead to reduced V-ATPase activity and less H" pumped into the
lysosomal lumen, reaching a new balance for the lysosome to be fully functional. In the CLs
where ATP6V0d2 affect V-ATPase activity to a lesser significant level, ATP6V0d2 deficiency
will correct the imbalance caused by TRPML1 deficiency to a lesser extent, such as improving
cell survival in the CL but no other parameters examined (Table 1 and Fig. 2.6).

However, the assumed restoration of lysosomal functions seems to be cell type specific,
most likely due to ATP6V0d2 being the more tissue-specific d subunit of the V-ATPase and
cell/tissue-specific functions of V-ATPase subunits are common [40, 194]. The restoration of CL
function and fertility in the ~a quarter of Atp6v0d2”Mcolnl”- female mice at SM and 6-7M does
not seem to occur in the uterine myometrium. We observed 60% (5M) and 100% (6-7M) of

fertile Atp6v0d2--Mcolnl”- mice with dystocia. Since the most common cause of dystocia is
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inefficient uterine contraction, the age-dependent progressively increased rates of dystocia in the
pregnant Ap6v0d2”’-Mcolnl”~ mice indicates that lysosomal functions are important for uterine
contraction. There have been studies connecting lysosomal functions with parturition (reviewed
in [205]), but systemic studies are still lacking. Our initial reason for studying players in the
lysosomal functions in the uterus was the observations of the dramatic upregulation of Atp6v0d?2
in the uterine luminal epithelium and uterine epithelial acidification upon embryo implantation
initiation [37, 42]. We have not examined Atp6v0d2 expression in the myometrium towards
parturition. We previously detected A#p6v0d?2 in uterine luminal epithelium of D4.5 mouse uterus
but Atp6v0d2 was undetectable in D4.5 myometrium [42]. I[f ATP6V0d2 remains undetectable in
the myometrium throughout the pregnancy, the dystocia in the 5-7M Atp6v0d2”-Mcolnl” mice
would be caused by Mcolnl deletion. Using the gift anti-TRPML1 antibody from Dr. Soyombo
[189], we detected TRPML1 in the mouse myometrium during early pregnancy (unpublished
observation). We have not examined TRPMLI1 expression in the mouse myometrium towards
parturition. These observations suggest a novel function of TRPML1 in parturition.

This study demonstrates that deletion of both Atp6v0d2 and Mcolnl in female mice can
restore CL cell survival in most mice and can restore fertility in a quarter of the mice compared
to deletion of Mcolnl alone. Although the mechanisms behind the various individual effects
remain to be investigated, this study provide the first in vivo genetic evidence on coordination of

different lysosomal players in luteal cell function.
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A Control B Mcoln1+ C  Atpbv0d2’-Mcoln1”

V-ATPase V-ATPase V-ATPase
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Lysosomal membrane potential
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Figure 2.6. Proposed model for varied rescuing effects in Atp6v0d2”-Mcolnl”- CL compared
to Mcolnl”~ CL. Atp6v0d2 encodes one of the two ATP6V0d subunits for V-ATPase, which
pumps H" from cytosol to lysosomal lumen. Mcolnl encodes TRPMLI, a cation counter ion
channel that transport cations, including H*, from lysosomal lumen to cytosol. TRPMLI1
deficiency leads to MLIV, a progressive and severe lysosomal storage disorder with a slow
onset. The proposed model is for D3.5 CLs from 5M old mice that have been in mating since
2M old. A. Control. Balanced lysosomal lumen ionic homeostasis and membrane potential
(Ay), indicated by the green lumen. B. Mcolnl”~. Imbalanced lysosomal ionic components
and disrupted membrane potential, which is expected to be abnormally negative due to
accumulation of cations resulted from TRPMLI1 deficiency, indicated by the pink lumen. C.
Atp6v0d2”-Mcolnl1”-. Gradient rescue of lysosomal lumen ionic homeostasis and membrane

potential by additional ATP6V0d2 deficiency. In the CLs where ATP6V0d2
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Figure 2.6. (continued) deficiency leads to more impairment of V-ATPase activity in
pumping H" in the lysosomal lumen, the imbalance caused by TRPMLI1 deficiency could be
canceled out to reach a new balance for the lysosome to be fully functional, indicated by
gradient reddish V-ATPase, greyish arrow, and greenish lysosomal lumen. In the CLs where
ATP6V0d2 deficiency has no or minor impairment of V-ATPase activity, the imbalance
caused by TRPMLI1 deficiency could not or could only be partially corrected, indicated by

gradient whitish V-ATPase, reddish arrow, and pinkish lysosomal lumen.
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CHAPTER 3
VISUALIZATION OF PREIMPLANTATION UTERINE FLUID ABSORPTION IN MICE

USING ALEXA FLUOR™ 488 HYDRAZIDE?

2Li, Y., Martin, T.E., Hancock, J.M., Li, R., Viswanathan, S., Lydon, J.P., Zheng, Y., Ye, X. 2023. Biology of Reproduction.
108(2):204-217. Reprinted here with permissions of the publisher.
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3.1 Abstract

Uterine fluid plays important roles in supporting early pregnancy events and its timely
absorption is critical for embryo implantation. In mice, its volume is maximum on day 0.5 post-
coitum (D0.5) and approaches minimum upon embryo attachment ~D4.0. Its secretion and
absorption in ovariectomized rodents were shown to be promoted by estrogen and progesterone
(P4), respectively. The temporal mechanisms in preimplantation uterine fluid absorption remain
to be elucidated. We have established an approach using intraluminally injected Alexa Fluor™
488 Hydrazide (AH) in preimplantation control (RhoA"") and P4-deficient RhoA" Pgr™" mice.
In control mice, bulk entry (seen as smeared cellular staining) via uterine luminal epithelium
(LE) decreases from D0.5 to D3.5. In P4-deficient RhoA" Pgrc™* mice, bulk entry on D0.5 and
D3.5 is impaired. Exogenous P4 treatment on D1.5 and D2.5 increases bulk entry in D3.5 P4-
deficient RhoA""Pgr®™"* LE while progesterone receptor (PR) antagonist RU486 treatment on
D1.5 and D2.5 diminishes bulk entry in D3.5 control LE. The abundance of autofluorescent
apical fine dots, presumptively endocytic vesicles to reflect endocytosis, in the LE cells is
generally increased from DO0.5 to D3.5 but its regulation by exogenous P4 or RU486 is not
obvious under our experimental setting. In the glandular epithelium (GE), bulk entry is rarely
observed and green cellular dots do not show any consistent differences among all the
investigated conditions. This study demonstrates the dominant role of LE but not GE, the
temporal mechanisms of bulk entry and endocytosis in the LE, and the inhibitory effects of P4-

deficiency and RU486 on bulk entry in the LE in preimplantation uterine fluid absorption.
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3.2 Introduction

It was first reported exactly 100 years ago that the volume of fluid in the uterine
cavity/lumen (uterine fluid) is dynamic during estrous cycle in rats, with uterine fluid
accumulation at proestrus and estrus [206]. The uterine fluid volume is also dynamic during
early pregnancy, as it peaks within the first day post-ovulation/post-coitum and reaches
minimum at the time of embryo implantation in rodents (reviewed in [45, 193]). In the
physiological condition, the uterine fluid volume is the net result of secretion and absorption.
The general observations in ovariectomized rodent models are that ovarian hormones estrogen
(E2) induces uterine fluid secretion while P4 promotes uterine fluid absorption [46, 51, 207-211].

Uterine fluid plays important roles in supporting early pregnancy events. Key events in
natural early pregnancy include fertilization, embryo development, and embryo transport in the
Fallopian tube (human)/oviduct (mouse); as well as continuous embryo development, transport,
and implantation in the uterus [8, 45, 193]. Preovulatory E2-induced uterine fluid secretion
facilitates semen liquefaction to free the sperm and provides a conducive environment for sperm
migration to the Fallopian tube/oviduct for fertilization [212, 213]. Postovulatory P4-induced
uterine fluid absorption leads to uterine lumen closure, which enables intimate contact of the
implanting embryo with the uterine luminal epithelium (LE) to initiate embryo implantation
[193]. Uterine fluid, which is recently revealed in heifers to be metabolically semi-autonomous
[214], also relays maternal signals to the preimplantation embryo, and vice versa, to facilitate
embryo-maternal communications for embryo implantation [193, 210, 215]. The orchestration of
early pregnancy events leading up to embryo implantation is critical for successful pregnancy
[193, 216]. In assisted early pregnancy, such as in vitro fertilization-embryo transfer (IVF-ET)

that does not involve other early pregnancy events in the female reproductive tract prior to
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embryo implantation, uterine fluid is still a critical factor for successful embryo implantation.
For example, patients with excessive uterine fluid retention at the time of IVF-ET is correlated
with reduced rate of embryo implantation, which was confirmed by rising serum B-HCG levels
and the presence of gestational sacs [217]. Timely absorption of preimplantation uterine fluid is
critical for embryo implantation in both humans and mice [198, 210, 218-222].

Uterine fluid movement is accompanied with ion movement and endocytic activity. In
ovariectomized rats, E2 treatment induces secretion of water, sodium ion (Na*, the dominant
electrolyte in the uterine fluid), and potassium ion (K*) into the uterine lumen accompanied with
an increased Na'/K" ratio, while P4 treatment reabsorbs water, Na*, and K*, with a reduced
Na'/K* ratio [46, 207]. Since ligations of the uterine horn to block uterine fluid leakage through
oviductal side and cervical side do not affect P4-induced uterine fluid absorption [46], uterine
fluid absorption has to pass through the uterine epithelium, which borders the uterine lumen
where the uterine fluid stays. Because of the limited paracellular flow in the uterine epithelium
[101], transcelluar flow through the apical membrane of uterine epithelium is expected to be the
essential passage for uterine fluid absorption. Since there is limited capacity for water passive
diffusion through the lipid bilayer of the plasma membrane and osmotic gradient is in general a
main driving force for water movement through the plasma membrane, the absorption of the
dominant electrolyte Na* in the uterine fluid will generate an osmotic gradient, which is expected
to facilitate water absorption via bulk entry. Na" is absorbed through sodium channels, and its
entry via the amiloride-sensitive epithelial Na*™ channel (ENaC, encoded by Scnnla, Scnnlb,
Scnnlg) is the rate-limiting step for Na* absorption across several epithelial tissues [223],
therefore, ENaC is expected to be a key player to transport Na* from the uterine fluid to the

uterine epithelial cells. Indeed, a uterine perfusion study in E2 and P4-treated ovariectomized
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rats reveals that amiloride inhibits P4-induced uterine fluid absorption [51]. A study of
electrogenic ion transport across the cultured primary mouse uterine epithelial cells reveals the
dominant contribution of apically absorbed Na* for the basal current, which can be inhibited by
ENaC inhibitor amiloride [224]. These studies indicate the essential role of ENaC in apical Na*
transport into the uterine epithelial cells. To maintain intracellular homeostasis, the absorbed Na*
ions are pumped out of the epithelial cell into subepithelial space, a process involving the Na*/K*
ATPase located on the basolateral membrane [225, 226]. Na*/K*™ ATPase is composed of a
catalytic o subunit and an auxiliary  subunit. ATP1A1 is the dominant a subunit in the LE [37].
Water channels/aquaporins (AQPs) have their primary functions in facilitating bidirectional
water movement across cell membranes in response to osmotic gradients, among other functions
[227-229]. There are 13 AQPs (AQP0-AQP12) in three categories: classical aquaporins (AQPO,
AQP1, AQP2, AQP4, AQP5, AQP6, and AQPS) that are considered primarily selective to water;
aquaglyceroporins (AQP3, AQP7, AQP9, and AQP10) have larger pore sizes and also permeate
glycerol, urea, and other small non-charged solutes; and nonorthodox aquaporins (AQP11 and
AQP12) that are intracellular paralogs with functions still under investigation [230]. One study
examined the expression of Agp0-Agp9 in mouse uterus and showed that only Agp4 and Agp5
were mainly detected in the preimplantation mouse uterine epithelium [231]. Another study
demonstrated the upregulation of AQP5 and AQPS8 by E2 in the preimplantation mouse GE and
AQP5 and AQPS had in vivo function in uterine fluid secretion [210]. Embryo implantation
requires a receptive uterus, and the establishment of uterine receptivity is associated with the
appearance of pinopodes, the protrusions of the LE apical surface that have endocytic activity,
and their appearance is P4-dependent [232-235]. These studies demonstrate that P4 signaling

regulates both bulk entry and endocytosis of uterine fluid.
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During early pregnancy, P4 is mainly synthesized from the corpus luteum, which is
normally developed from the newly ovulated ovarian follicle [201]. Preimplantation serum P4
levels rise shortly after ovulation and copulation in mice [236-238] and the general consensus is
that it reaches a plateau prior to embryo implantation [8, 193], which initiates ~day 4.0 post-
coitum (D4.0) in mice [239]. Massive uterine fluid reduction occurs on D0.5 [193] when
endocytosis of macromolecules from uterine lumen was reported undetectable [101]. There have
been debates on cellular mechanisms of uterine fluid absorption and to this point, the roles of LE
and GE in uterine fluid absorption have not been differentiated. We hypothesized that bulk entry
and endocytosis are two mechanisms that temporally mediate P4 regulation of preimplantation
uterine fluid absorption, and uterine epithelium LE and GE may play different roles in uterine
fluid absorption. This hypothesis was tested in control and our RhoA""Pgr®™* mouse model with
P4 deficiency [21], coupled with exogenous P4 or RU486 treatments. We have developed a
novel method using Alexa Fluor™ 488 Hydrazide (AH) to visualize uterine fluid absorption

during early pregnancy in mice.

3.3 Materials and Methods

Mice and treatments. CD-1 mice were purchased from Charles River (8-10 weeks old)
for pilot experiments to evaluate various parameters for establishing the AH injection and
detection procedures, including intraluminal injection, AH concentration and volume, post AH
injection dissection timing, detection of AH fluorescence, and selection of early pregnancy time
points. The established AH injection and detection procedures were subsequently used in RhoA""
(control) and RhoA"'Pgr<™* female mice, which have P4 deficiency and are infertile, via mating

RhoA" females with RhoA""Pgr®™* males that we generated and genotyped as described
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previously [21]. Virgin adult RhoA"" (control) and RhoA""Pgrc™* female mice (~6 months old)
were mated with wild type stud males and checked for the presence of a vaginal plug every
morning. The day of plug identification is defined as D0.5 (note: D0.5 is also designated as D1
or occasionally DO in the literature; when the related papers with different designations are cited,
the dating of early pregnancy is converted to our dating system). Same genotype littermates were
assigned into different time points/treatment groups. There were 7 groups of mice: D0.5 RhoA™,
DO0.5 RhoA" Pgr<™*; D3.5 RhoA" oil, D3.5 RhoA"" P4, D3.5 RhoA" RU486; D3.5
RhoA"™PgrC* oil, and D3.5 RhoA" Pgr™* P4. N=3-5/group. Treatments were a single
subcutaneous (s.c.) injection of the same chemical each on D1.5 and D2.5 between 11-12 h with
one of the following: vehicle control (0.1 ml sesame oil, Sigma, S3547-1L), P4 (2 mg/0.1
ml/mouse, Sigma, P0130-25G), or RU486 (200 pg/0.1 ml/mouse, Fisher, B1511100). All mice
were maintained on Labdiet mouse chow 5053. They were housed in polypropylene cages with
free access to food and water on a 12 h light/dark cycle (0600—1800) at 23+1°C with 30-50%
relative humidity. All methods used in this study were approved by the University of Georgia
Institutional Animal Care and Use Committee (IACUC) Committee and conform to National
Institutes of Health guidelines and federal law.

Alexa hydrazide (AH) injection and tissue dissection. Alexa Fluor™ 488 Hydrazide (AH,
MW: 570.48) (ThermoFisher, A10436) was dissolved in 1x PBS at 80 pg/ml, which was then
1:1 mixed with 1% Evans blue dye (MP Biomedicals, 151108) solution for tracing AH injection
into the uterine lumen, to make the AH working solution at 40 pg/ml for intrauterine luminal
injection. AH injection: At ~11 h on D2.5 (for the pilot experiment), and D0.5 and D3.5, the
assigned mice were anesthetized with isoflurane (Patterson Veterinary Supply, 07-893-1389)

inhalation for surgery. The uterine horns were located via a small dorsal incision on each side.
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AH (~6.5 pl for D0.5 uterine horns and ~4.5 ul for D3.5 uterine horns) was injected into each
uterine horn via the uterotubal junction. The blue color would quickly spread to the cervical side
of the uterine horn. The left and right uterine horns were dissected at 5 minutes (min) and one
hour (1 h), respectively, after AH injection. Approximately ~2/3 of the uterotubal side of the
uterine horn was processed for detecting AH fluorescence and the rest ~1/3 of the cervical side
of the uterine horn was flash-frozen.

Detection of uterine fluid absorption via AH fluorescence. The uterotubal side ~2/3
uterine segment was fixed in 4% paraformaldehyde in 1xPBS (pH 7.2) at 4°C for 2 hours, rinsed
in 1xPBS twice, and then immersed in 25% sucrose in 1xPBS (pH 7.2) at 4°C for overnight. In
the following day, the uterine tissue was embedded in Tissue-Tek O.C.T for cross sections (10
um) in the dark. Sections were counterstained and mounted in 4°,6’-diamino-2-phenylindole
(DAPI)-containing Vectashield (Vector Laboratories). Images of AH fluorescence (green) and
DAPI staining (blue) were captured.

Detection of uterine autofluorescence. D0.5 and D3.5 mice were processed exactly as for
AH injection except that the mice were intraluminally injected with the same volume of vehicle
(1xPBS with Evans blue dye). The uterine horns were dissected and processed similarly as those
from AH injection.

Immunofluorescence. E-Cadherin (E-Cad, Cell Signaling, 24E10), lysosomal-associated
membrane protein 2 (LAMP2, DSHB, ABL-93) and alpha 1 sodium-potassium ATPase
(ATP1A1, abcam, ab7671) were detected via immunofluorescence as previously described [21].
Briefly, frozen sections were fixed in 4% paraformaldehyde for 20 min and then subjected to
antigen retrieval in 0.01M sodium citrate (pH 6.0) at 95°C for 20 min. Sections were then

washed with 1xPBS and permeabilized with 0.15% Triton X-100. The slides were washed and
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blocked with 10% goat serum (ThermoFisher, 16210064) for 1 h at room temperature; they were
subsequently incubated with anti-E-Cad (1:1000), or anti-LAMP2 (1:80), or anti-ATP1A1
(1:1000) in a humid chamber at 4°C for overnight. On the following day, slides were first washed
in 1x PBS and then incubated with a secondary antibody (ThermoFisher, A11034 (1:200) for
detecting E-Cad, A11007 (1:1000) for detecting LAMP2, and A11031 (1:200) for detecting
ATP1ALl). The sections were counterstained and mounted with DAPI for examination. Negative
controls were processed together without the primary antibody. Uterine sections from different
groups of mice were placed on the same slides for processing to detect ATP1A1. Images were
captured at the same exposure setting using a Carl Zeiss imaging system with an AxioCam
MRc5 digital camera. The presented ATP1A1 images had a resolution of 300 pixels/inch and
were only edited for sizes but none of the other parameters, such as exposure levels or contrasts.
Semi-quantification of data. Bulk absorption and endocytosis were semi-quantified by
two authors independently. The average of each parameter from each mouse was counted as one
data point for statistical analyses. Semi-quantification of bulk absorption was based on the
estimation of the percentage of LE segment(s) with discernable smeared cellular AH
fluorescence relative to the surrounding area: 5 (>90%, intense), 4 (>50%, intense), 3 (>20%,
intense), 2 (>5%, intense), 1 (scattered, intense), 0.5 (scattered, not intense), and 0
(nondiscernable). The abundance of autofluorescent apical fine dots, which were presumptively
endocytic vesicles to reflect endocytosis, in the LE cells was semi-quantified based on the
estimation of the percentage of LE cells with fine autofluorescent dots forming a string of apical
punctae: 3 (>90%), 2 (>50), 1 (>5%), 0.5 (scattered), and 0 (nondiscernable). Bulk absorption in

GE was rare, therefore, was not quantified. Since we did not observe any consistent difference in
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the presence of green dots in the GEs among different groups, endocytosis in GE was not
quantified.

Statistical Analysis. The semi-quantitative data are presented as mean+SD. Paired two-
tailed student t-test was used for comparisons of parameters between 5 min and 1 h of the same
set of samples. Ranking coupled with two-tailed unequal variance student t-test was used for
other comparisons between two genotypes or between two time points or two treatments within

the same genotype. Significance level was set at P<0.05.

3.4 Results
3.4.1 Establishing intraluminal AH injection and AH fluorescence detection procedure

AH was used in organ culture of intestinal tissues at 20 pg/ml [240]. We made the AH
working solution at 40 pg/ml with blue dye to track the spreading of AH in the uterine lumen.
The final AH concentrations in the uterine lumen are expected to vary greatly because there is a
big difference in the uterine fluid volume during early pregnancy in mice, e.g., from up to 100
pl/uterine horn on DO0.5 (Fig. 3.1A, large uterine lumen with extensive LE and LE folding upon
drainage of uterine fluid) to possibly a few pl or even less approaching embryo implantation
(Fig. 3.1B, narrow uterine lumen). We adjusted the injected AH volumes to ~6.5 pul in D0.5
uterine horns and ~4.5 pl in D2.5 & D3.5 uterine horns and ensured that the spreading of the
injected blue dye mixed with AH dye to the cervical side could be visualized. Although the final
AH concentrations in the injected uterine horns varied depending on the uterine fluid volume in
each uterine horn, the pilot results from D0.5 and D2.5 mice indicated that the injection regimen

was suitable for detecting AH signals in the uterine epithelium.
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To track the time course of AH fluorescence in the uterine luminal epithelium (LE), we
chose a middle early pregnancy day, D2.5, and injected AH fluorescent dye into the uterine
horns ~11 am on D2.5. The mice were dissected at different intervals from 5 min to 24 h later.
To preserve the AH fluorescence for detection, we first fixed the dissected uterine tissues in 4%
paraformaldehyde at 4°C for two hours, then two uterine segments from the same uterine horn
were processed with or without sucrose immersion for overnight. Although AH green
fluorescence was detectable in the LE before and after sucrose treatment, the fine dots (endocytic
vesicles) on the apical LE cells could only be distinguished in the sections after sucrose
treatment. However, some bright dots in the GE were clearly distinguishable with or without
sucrose treatment (data not shown). Therefore, the overnight sucrose treatment is necessary to
preserve the fine endocytic vesicles with AH fluorescence, especially in the LE (Fig. 3.1C-1E).

The time course detection of green fluorescence, presumably AH fluorescence, revealed
that although the patterns of green fluorescence in different LE regions of the same D2.5 uterine
sections varied, the general trend was that LE cells with intense smeared cellular green
fluorescence decreased with time, while distinctive green fine cellular dots in the apical side of
LE cells generally increased with time from 5 min to 24 h post AH injection. Images from three
time points are shown in Figure 3.1C-1E. At 5 min post AH injection, a few LE cells had bright
smeared cellular green fluorescence in the whole cell but LE cells with distinctive apical green
fine dots were minimal and the number of such dots was also minimal (Fig. 3.1C). At 1 h (Fig.
3.1D) and 24 h (Fig. 3.1E) post AH injection, no LE cells with bright smeared cellular green
fluorescence were observed, most LE cells had varied numbers of distinctive green fine dots
mainly in their apical side and much less frequently in the basolateral side, and more such fine

dots formed a string of punctae in the apical side of LE at 24 h post AH injection (equivalent to
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D3.5). This survey reveals that when a D2.5 uterus receives exogenous liquid in the uterine
lumen, bulk absorption (seen as bright smeared cellular green fluorescence) diminished with
time, while endocytosis (presumably reflected by the distinctive cellular green fine dots)
generally increased with time during early pregnancy.

Since the transition of the patterns of green fluorescence (smeared vs. fine dots),
reflecting different uterine fluid absorption mechanisms, was already detectable from 5 min to 1
hr after AH injection, we decided on two time points for detecting AH fluorescence: 5 min and 1
h after AH injection, with one uterine horn for each time point so that the time course effects
could be evaluated in the same mouse. We also decided to choose two preimplantation time
points: D0.5 when the uterine lumen is filled with uterine fluid (Fig. 3.1A) and D3.5 when the
uterine fluid is approaching the minimum to prepare for embryo implantation (Fig. 3.1B) [193],
for visualizing temporal mechanisms in preimplantation uterine fluid absorption as well as the
function of P4 signaling in preimplantation uterine fluid absorption (Fig. 3.1F, 3.1G). P4-
deficient RhoA""Pgr™* mice [21], exogenous P4-injected RhoA" Pgrc™* mice, and PR
antagonist RU486-treated RhoA"! control mice were employed to investigate P4-PR signaling in
the uterine fluid absorption during early pregnancy (Fig. 3.1G).

3.4.2 Detection of AH fluorescence in D0.5 RhoA" (control) and RhoA" Pgrc " uteri

In the DO0.5 control uterus, the uterine lumen is filled with uterine fluid, which is drained
during dissection and consequently, the LE layer becomes folded because it does not contract as
the outer myometrial layer does (Fig. 3.1A). At 5 min post AH injection, the LE layer was
highlighted by green AH fluorescence under a lower magnification (Fig. 3.2A); and under a

higher magnification, most LE cells were seen to have bright smeared AH fluorescence in the
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Figure 3.1. E-Cad immunofluorescence (A-B), establishment of uterine AH injection and
fluorescence detection procedures (C-E), and outline of experimental design (F-G). A & B: E-
Cad immunofluorescence in D0.5 (A) and D3.5 (B) mouse uteri to show the dramatic reduction
of uterine luminal epithelium (LE), thus uterine lumen and uterine fluid volume, from D0.5 to
D3.5. C-E: D2.5 CD-1 mouse uterine horns were injected with AH and dissected 5 min to 24 h
after AH injection. C. 5 min. Scattered LE cells (red arrow) with intense diffused AH
fluorescence in the whole cell; minimal fluorescent dots (dotted yellow arrow) in apical side of
some LE cells. D. 1 h & E. 24 h. No LE cell with intense diffused AH fluorescence in the

whole cell; AH fluorescence dots on apical LE. LE, uterine luminal epithelium;
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Figure 3.1. (continued) GE, glandular epithelium; Str, stroma; Lu, uterine lumen; red arrow, LE
cells with intense diffused AH fluorescence; yellow arrow, clustered AH fluorescence dots on
apical LE; dotted yellow arrow, scattered AH fluorescence dots on apical LE; scale bar, 25 um.
F. D0.5. After the identification of a vaginal plug to confirm mating, the mated/plugged RhoA"t
(control) and RhoA"'Pgr<™* females were undergoing surgery for AH injection into both
uterine horns at ~11 h. The left and right uterine horns were dissected 5 min and 1 h after AH
injection, respectively. G. D3.5. The mated/plugged females received one of the treatments (oil,
P4, and RU486 (for control mice only)) on both D1.5 and D2.5, with AH injection on D3.5,
with the 5 groups summarized in the table below. AH injection and tissue collection were the

same as in D0.5 (F).

entire cell (Fig. 3.2A1). However, such bright smeared AH fluorescence in the LE cells was not
seen in the GE cells, which had either no visible fluorescence or various sizes and numbers of
distinct green dots that could be seen in both apical side and basal side (Fig. 3.2A1), but overall,
more appeared to be on the apical side. At 1 h post AH injection, LE cells with intense green
fluorescence decreased. There was an individual variation among different mice, two mice had
no LE cells with obvious smeared green fluorescence while three mice still had a few segments
of the LE layer with intense smeared green fluorescence (Fig. 3.2B). A zoom-in image of an area
with transition green fluorescence indicated that the middle part of the LE cells started to show
less intensity (Fig. 3.2B1), suggesting that the nucleus had less green fluorescence than that in
the cytoplasm. In addition, a few green dots appeared in the apical site of the LE cells that had
less intense green fluorescence (Fig. 3.2B1). There was a trend of reduced LE cells with intense
smeared green fluorescence from 5 min to 1 h post AH injection in both D0.5 (Fig. 3.2A, 3.2B,

3.4A) and D2.5 uteri (Fig. 3.1C, 3.1D). We have noticed that LE cells with intense smeared

80



green fluorescence (bulk absorption) usually do not have noticeable green fine dots (endocytosis)
in the apical side, and LE cells with multiple green fine dots in the apical side usually do not
have intense smeared green fluorescence. The coexistence of green fine dots in the apical side of
LE cells and intense smeared green fluorescence is rare and has only been observed in a few LE
cells in two uteri of all 7 groups in this study (data not shown). It is possible that the green fine
dots are masked by intense smeared green fluorescence.

In the DO.5 RhoA" Pgrc* uterus, the uterine lumen was also filled with uterine fluid. At
5 min post AH injection, the green fluorescence in the LE layer (Fig. 3.2C) did not have the
overall intensity seen in the control LE layer (Fig. 3.2A) under a lower magnification. A few LE
cells were brighter with smeared green fluorescence than the rest of the LE cells (Fig. 3.2C1).
Limited green fine dots were visible in the apical site of some LE cells (data not shown). At 1 h
post AH injection, most uterine sections did not show LE cells with bright smeared AH
fluorescence (Fig. 3.2D) except sections from one uterus that had a few scattered LE cells with
less intense smeared green fluorescence (data not shown). A few green dots were present in the
apical side of a few LE cells (Fig. 3.2D1), and some could be seen throughout a few LE cells
(Fig. 3.2E2). These observations reveal that bulk uterine fluid absorption through the LE was
reduced in the D0.5 RhoA"'Pgrc™™* uterus but the presence of green fine dots in the apical side of
LE appeared to be comparable to those in the control (Fig. 3.2A-2E & Fig. 3.4). Interestingly, we
observed a rare phenomenon that a few GE cells had bright smeared AH fluorescence (Fig.
3.2E2, 3.2E3) while the LE cells in the same section only had green dots (Fig. 3.2E1-2E3). This

phenomenon was observed in only one D0.5 RhoA" Pgrcr*

uterus among all 7 groups of mice in
this study. Since we only examined 2 sections per uterine horn, it is highly possible that we

missed detection of this phenomenon in other uterine areas. Regardless, it is reasonable to
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conclude that bulk absorption in the GE is not common and is not a major contributing factor to
uterine fluid absorption.

In addition to the intense smeared green fluorescence and green fine dots in the uterine
epithelium described above, we occasionally observed scattered large and bright dots, which
could be infiltrated immune cells, in the LE layer (data not shown); however, we consistently
observed green fluorescence, most as clusters of dots with various sizes, in the stromal layer and
less in the myometrial layer of all the uterine sections examined and it did not appear to correlate
with AH entry into the uterine epithelium, especially bulk entry into the LE. It has been reported
that cellular components, such as NADPH and avins, and intracellular organelles including
mitochondria and lysosomes, in mammalian cells are autofluorescent (e.g., at 488 nm, the same
wavelength for detecting AH fluorescence), and different cells (e.g., immune cells) have
different autofluorescence [241-244]. Autofluorescence in preimplantation uteri was examined
below.

3.4.3 Detection of uterine autofluorescence

In two intraluminally vehicle-injected D0.5 RhoA4”/ control uterine sections, we detected
similar green fluorescence in the stroma, GE, and myometrium as seen in the AH-injected DO0.5
uterine sections (Fig. 3.2F-2K1), indicating autofluorescence in these uterine compartments. On
the other hand, none of the LE cells in the vehicle-injected D0.5 control uterine sections had
intense smeared green fluorescence (Fig. 3.2F-2K 1), confirming that the intense smeared green
fluorescence was indeed AH fluorescence (Fig. 3.2A-2C1). However, we also detected
autofluorescence in the LE as fine dots that were similar as seen in AH-injected uterine sections
(Fig. 3.2G, 3.2], vs. Fig. 3.2B1, 3.2E2). We also detected scattered large and bright dots (most

likely immune cells) in the LE layer as seen in the AH-injected uterus (data not shown, but
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similar as in Fig. 3.2M, 3.2P). We also examined two D3.5 RhoA”/Pgrc** uteri and found
similar pattern of autofluorescence as seen in D0.5 control uterine sections (Fig. 3.2F-2K1)
except that there appeared to be more green dots on the LE apical side (Fig. 3.2L-2Q1),and 1 h
after vehicle injection, a string of apical punctae could be observed in segments of LE layer (Fig.
3.2P), which were also seen in the AH injected D3.5 RhoA”/Pgrc " uterine sections (Fig. 3.3). In
addition, scattered large and bright dots, which were most likely immune cells, in the LE layer
(Fig. 3.2M, 3.2P). These data demonstrate extensive autofluorescence in the preimplantation
uterine compartments and bulk absorption could be specifically detected by AH dye. It was
reported that mitochondria and lysosomes can produce autofluorescence [241], intraluminal
markers taken up by endocytosis were channeled into lysosomes in ~D4.5 rat LE [245], and it
was apical endocytosis but not apocrine secretion for the accumulation of vesicles accumulated
in the apical side of D4.5 rat LE (embryo penetration through LE occurs ~D4 20 h in mice and
~D5 9 hin rats [193]) [246]. We detected LAMP2, a marker of lysosome-associated membranes,
as apical punctae in the D3.5 control LE (Fig. 3.2R-2U). These observations support that the
autofluorescent green fine dots in the apical LE cells are an indication of apical endocytosis in
the LE cells.
3.4.4 Detection of AH fluorescence in D3.5 RhoA" (control) and RhoA" Pgrc " uteri

Unlike D0.5 mouse uterus that is normally filled with uterine fluid (Fig. 3.1A), D3.5
mouse uterus normally has minimal uterine fluid and a narrow uterine lumen (Fig. 3.1B),
therefore, the injected AH solution may slightly enlarge the uterine lumen in certain areas. We
used oil-injected mice as the vehicle control for the P4-treated and RU486-treated mice in the set

of mice on D3.5, which were injected with oil on D1.5 and D2.5 (Fig. 3.1G). In the D3.5 RhoA”/
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Figure 3.2. AH fluorescence in D0.5 uteri, detection of autofluorescence in D0.5 and D3.5 uteri
and LAMP2 in D3.5 uterus. A-E3: from AH-injected D0.5 uteri. A. D0.5 RhoA"" (control) 5
min. B. D0.5 RhoA"" (control) 1 hr. C. D0.5 RhoA""Pgr®™* 5 min. D. D0.5 RhoA""Pgr®* 1 hr.
A1-Dl1, enlarged from the boxed area in A-D, respectively. E. D0.5 RhoA" Pgr®™* 1 hr to show
sperm (white arrows) in the uterine lumen (E1) and a rare observation of bulk entry in some GE
(E2). E3, DAPI staining of the same area in E2. White star in E, most likely AH-stained semen.

F-K1: from vehicle-injected D0.5 RhoA"' control uteri. F. 5 min post vehicle injection.
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Figure 3.2. (continued) I. 1 h post vehicle injection. J & K, enlarged from the boxed areas in I.
L-Q1: from a vehicle-injected D3.5 RhoA""Pgr®™* uterus. L. 5 min post vehicle injection. M &
N, enlarged from the boxed areas in L. O. 1 h post vehicle injection. P & Q, enlarged from the
boxed areas in O. F1-Q1, DAPI staining of images in F-Q, respectively. A-Q: LE, uterine
luminal epithelium; GE, glandular epithelium; Str, stroma; Lu, uterine lumen; red arrow, LE
cells with intense diffused AH fluorescence; yellow arrow, clustered AH fluorescence dots on
apical LE; dotted yellow arrow, scattered AH fluorescence dots on apical LE; black arrow,
most likely infiltrated immune cell; white circle, uterine gland. R-U. Detection of LAMP2 in a
D3.5 control uterus. R. Negative control; S. LAMP2; Pink arrow, LAMP2 localization in LE as
apical punctae; pink *, because of sectioning angle, single layer LE appeared to be multiple
layers. T. DAPI; U. Merged image of LAMP2 and DAPIL. scale bar, 200 um in A-F, F1, I, I1,

L,L1, O, Ol, and 25 um in the rest images.

(control) mice, there were patches of and/or scattered LE cells with bright smeared AH
fluorescence (Fig. 3.3A, 3.3A1) 5 min post AH injection. At 1 h post AH injection, LE cells with
bright smeared AH fluorescence were decreased and most LE cells had AH fluorescent dots in
the apical side (Fig. 3.3B, 3.3B1). GE had green fluorescent dots in various sizes and numbers
(data not shown).

In the D3.5 RhoA""Pgr* uterus (Fig. 3.3C-3D1), the LE cells with bright smeared AH
fluorescence were rarely seen at both 5 min and 1 h post AH injection. Among all sections from
5 mice in this group, only a few scattered LE cells in the uterine sections from three mice at 5
min and one mouse at 1 h post AH injection showed identifiable but not intense smeared AH

fluorescence (data not shown). These observations indicate less activity of bulk AH absorption in
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the LE from the D3.5 RhoA"'Pgrc™™* uterus compared to that in the D3.5 control uterus at the
examined time points. However, the LE apical green fine dots in different mice varied and there
was no significant difference in the overall level between this group and the the control group
(Fig. 3.4B).
3.4.5 Effects of P4 on AH fluorescence in D3.5 RhoA"/ (control) and RhoA” Pgrc* uteri

Since D3.5 RhoA" Pgr™" mice have P4 deficiency [21], we gave exogeneous P4
injections to both RhoA/ (control) and RhoA" Pgr®™" mice on D1.5 and D2.5 and dissected them
on D3.5 (Fig. 3.1G). In the P4-treated D3.5 control mouse uterus, the AH fluorescence detected
as bright smeared cellular signal or dot signal at 5 min (Fig. 3.3E, 3.3E1) and 1 h (Fig. 3.3F,
3.3F1) post AH injection was generally comparable to that seen in the oil-injected D3.5 control
mouse uterus (Fig. 3.3A-3B1). However, compared to oil-injected D3.5 RhoA" Pgr™" mice, P4-
treated D3.5 RhoA""Pgr™* mice had a narrower uterine lumen and patches of LE cells with
bright smeared AH fluorescence in uterine sections from all 5 mice in this group at 5 min post
AH injection and 2 mice at 1 h post AH injection (Fig. 3.3G-3H1 and data not shown). The
appearances of uterine lumen and the pattens of green fluorescence signals in the LE are
generally similar to those in the RhoA4” control mice (Fig. 3.3A-3B1, Fig. 3.3E-3F1, Fig. 3.4B)
except an increased percentage of LE cells with bright smeared AH fluorescence 5 min post AH
injection (Fig. 3.4A). These results demonstrate that exogenous P4 facilitates uterine fluid
absorption in the P4-deficient D3.5 RhoA""Pgr™" mice, indicated by the narrower uterine lumen
and enhanced bulk absorption. P4 treatment did not seem to have any obvious effect on green

fluorescence in the GE cells (data not shown).
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Figure 3.3. AH fluorescence in D3.5 uterus. A. Oil (vehicle)-treated D3.5 RhoA", 5 min. B.
Oil-treated D3.5 RhoA™, 1 h. C. Oil-treated D3.5 RhoA" Pgr®™", 5 min. D. Oil-treated D3.5
RhoA""PgrCr* 1 h. E. P4-treated D3.5 RhoA"™ 5 min. F. P4-treated D3.5 RhoA", 1 h. G. P4-
treated D3.5 RhoA""Pgr<™, 5 min. H. P4-treated D3.5 RhoA""Pgr™*, 1 h. 1. RU486-treated
D3.5 RhoA", 5 min. J. RU486-treated D3.5 RhoA", 1 h. A1-J1, enlarged from the boxed area
in A-J, respectively. K. Another RU486-treated D3.5 RhoA"™, 1 h to show the varied AH
fluorescent dots in a cluster of uterine glands (K1). K1 and K2, enlarged from the boxed areas

in K. K3, DAPI staining covering the areas in K1 and K2. LE, uterine luminal epithelium;
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Figure 3.3. (continued) Str, stroma; Lu, uterine lumen; red arrow, LE cells with intense diffused
AH fluorescence; yellow arrow, clustered AH fluorescence dots on apical LE; dotted yellow
arrow, scattered AH fluorescence dots on apical LE; black arrow, most likely infiltrated
immune cell; white circle, uterine gland; scale bar, 200 pm in A-K, 50 um in K3, and 25 pm in

Al-K2.

3.4.6 Effects of RU486 on AH fluorescence in D3.5 RhoA" (control) uterus

Since P4 mainly acts through progesterone receptor (PR) in the uterus, we also treated
RhoA" control mice with PR antagonist RU486 on D1.5 and D2.5 as a pharmacological loss of
function model (Fig. 3.1G). RU486-treated RhoA”/ control mice have an enlarged uterine lumen,
an indication of uterine fluid retention (Fig. 3.31-3K). The LE cells lack bright smeared AH
fluorescence (Fig. 3.311, 3.3J1, 3.3K2), a similar phenotype as seen in oil-treated D3.5
RhoA"'Pgrc™* mice (Fig. 3.3C1, 3.3D1, 3.4A). The GE had various numbers of green fine dots,
which were on the apical side of some GEs (Fig. 3.311-3J1) but not other GEs (Fig. 3.3K1).
3.4.7 General observations of endocytosis in LE and GE

Overall, there is increased endocytosis, reflected by a string of apical punctae in the LE
from 5 min to 1 h post AH injection on D3.5 and from D0.5 to D3.5 LE (Fig. 3.4B). Exogenous
P4 and RU486 do not seem to affect this trend (Fig. 3.4B). Among the uterine glands in all
uterine sections examined, the numbers and sizes of green dots were varied in different GE cells
of the same uterine gland, in different uterine glands of the same uterine sections, and among
different uterine samples in the same group. Unlike the green fine dots mainly detected in the

apical LE, the green dots in the GE cells were often detected in the basal side also, although
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Figure 3.4. Semi-quantification of AH fluorescence indicative of bulk absorption and LE apical

green fine dots indicative of endocytosis in LE. A. Bulk absorption in LE. Based on the rough

estimation of the percentage of LE segment(s) with discernable smeared cellular AH

fluorescence: 5 (>90%, intense), 4 (>50%, intense), 3 (>20%, intense), 2 (>5%, intense), 1

(scattered, intense), 0.5 (scattered, not intense), and 0. B. LE apical green dots indicative of

endocytosis in LE. Based on the estimation of the percentage of LE cells with distinctive

cellular AH fluorescent dots forming a string of apical punctae: 3 (>90%), 2 (>50), 1 (>5%),

0.5 (scattered), and 0 (nondiscernable). Error bar, standard deviation; * P<0.05, 1 h vs. 5 min,

paired two-tailed student t-test; & P<0.05, D3.5 Oil vs. D0.5; # P<0.05, D3.5 P4/RU486 vs.

D3.5 Oil; $ P<0.05, RhoA" vs. RhoA” Pgrc™* for the same parameter; &, #, $, ranking coupled

with two-tailed unequal variance student t-test; N=3-5.

overall more seemed to be in the apical side. There was a lack of consistent difference in the

green dots, in the GE cells among all 7 groups, suggesting that endocytosis in the GE is not

sensitive to the changes in early pregnancy environment and P4-PR signaling. Therefore, the

contribution of GE in preimplantation uterine fluid absorption is minimal.
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3.4.8 Expression of ATP1A1 in preimplantation uterus

Because of the expected role of ENaC in Na" absorption from the uterine lumen to
generate an osmotic gradient for uterine fluid absorption [46, 51, 207], and the expected role of
aquaporins to facilitate water absorption in response to the osmotic gradient generated by Na*
absorption, we attempted to immunodetect ENaCa, ENaCp, and ENaCy, the three subunits for
ENaC, as well as AQP4 and AQPS, the two aquaporins that were convincingly detected using in
situ hybridization in the preimplantation mouse uterine epithelium [231], in the uterine tissues
from all 7 groups to correlate their localizations in the uterine epithelium with uterine fluid
volumes and uterine fluid absorption. After testing multiple commercially available antibodies
for ENaC subunits, only one anti-ENaCy antibody gave seemingly specific signals, which
showed largely similar uterine expression patterns to those revealed by anti-AQP4 and anti-
AQPS5 antibodies in serial uterine sections from the 7 groups (data not shown). However, based
on the limited reliable information of uterine expression and regulation of these three genes
(mRNA/protein) in the literature and our unpublished mRNA profiling data, ENaCy, AQP4, and
AQPS5 are expected to have different spatiotemporal expression patterns in the preimplantation
mouse uterus. We are not confident on the immunohistochemistry data of ENaCy, AQP4, and
AQPS5, and only present the immunofluorescence data of ATP1A1.

Our microarray data revealed ATP1A1 as the dominant o subunit of Na*/K* ATPase in
the LE (GSE44451) [37]. Na'/K* ATPase localized on the basolateral membrane pumps apically
absorbed Na* ions out of the epithelial cell into subepithelial space to maintain intracellular Na*
homeostasis [225, 226]. ATP1A1 was mainly detected in the basolateral membrane of LE and
GE (Fig. 3.5). There seemed to be no obvious difference in the overall ATP1A1 staining between

control and RhoA""Pgr“* LE and GE on D0.5 (Fig. 3.5A-5B2). In the D3.5 control uterus, P4
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treatment did not have an obvious effect on ATP1A1 staining in the LE and GE (Fig. 3.5C-5C2,
3.5E-5E2). However, RU486 treatment reduced ATP1A1 staining, mainly in the LE, especially
the lateral membrane, but not obvious in the GE, of the D3.5 control uterus (Fig. 3.5G-5G2). In
the D3.5 RhoA""Pgrc™* uterus, P4 treatment increased ATP1A1 expression in the LE but not in
the GE (Fig. 3.5D-5D2, 5F-5F2), which was consistent with increased bulk absorption in the LE
upon P4 treatment (Fig. 3.3G, 3.3G1) and with a report of upregulation of ATP1A1 in the LE of

P4-treated ovariectomized rats [247].

3.5 Discussion

We initially intended to use Alexa Fluor™ 488 Hydrazide (AH) for tracing uterine fluid
absorption via endocytosis during early pregnancy. However, when we tested AH in a D0.5
mouse uterus, we were surprised to see a bright LE layer with smeared green fluorescence. With
more pilot experiments, we concluded that it was not an artifact. Considering AH being a small-
sized and water-soluble molecule and the osmotic gradient generated by the absorption of Na*,
the dominant electrolyte in the uterine fluid promoted by P4 treatment [46, 207], it is reasonable
to speculate that AH can enter LE cells from the uterine lumen with water through the osmotic
gradient. Therefore, AH can be visualized as smeared green fluorescence in the cytoplasm,
which is in contrast to AH entry via endocytosis expected to be seen as green fine dots. Although
the molecular mechanisms for bulk entry of AH into the LE cells remain to be investigated,
mechanisms for water movement through mammalian plasma membrane driven by osmotic

gradients could involve: 1) water diffusion through the lipid bilayer with limited capacity,
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Figure 3.5. Detection of ATP1A1 using immunofluorescence. A. D0.5 RhoA" (control). B.
DO0.5 RhoA""Pgr*. C. Oil (vehicle)-treated D3.5 RhoA". D. Oil-treated D3.5 RhoA" Pgrcr’*,
E. P4-treated D3.5 RhoA" . F. P4-treated D3.5 RhoA""Pgr®™*. G. RU486-treated D3.5 D3.5
RhoA™. H. Negative control, RU486-treated D3.5 RhoA". 1. DAPI staining of the section in H.
A1-I1 with focus on LE and A2-12 with focus on GE, enlarged from the boxed area in A-J,
respectively. LE, uterine luminal epithelium; GE, glandular epithelium; Str, stroma; scale bar,

200 pm in A-I, and 25 pm in A1-12.
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2) water passage through AQPs, and 3) passive water transport through cotransporters. In
addition, some cotransporters could also conduct active water transport along with their
transported solutes independent of the osmotic gradient [248-250].

Since the first report of dynamic uterine fluid volume during estrous cycle in rats [206],
seminal studies have established the dominant roles of E2 in promoting uterine fluid
accumulation and P4 in promoting uterine fluid absorption [46, 51, 207-211]. There were
controversial reports about how uterine fluid disappeared upon P4 treatment, via leakage through
the cervix or absorption through the uterine epithelium (reviewed in [46]). One well-controlled
study firmly established uterine epithelium as the surface for uterine fluid absorption, in which
the ligated (at both the ovarian and cervical ends to prevent uterine fluid leakage) and non-
ligated uterine horns in the same ovariectomized rats had similar reduction of uterine fluid upon
P4 treatment [46].

Uterine epithelium includes luminal epithelium (LE) and glandular epithelium (GE),
which extends from LE into the underlying stromal layer. Because of the secretory nature of a
gland, it is generally expected that GE may have a preferred role in uterine fluid secretion and
LE may play a more important role in uterine fluid absorption. Studies from cultured mouse
uterine epithelium (most likely dominated by LE based on the isolation procedure) demonstrated
the ability of these epithelial cells in absorption of Na* and secretion of C1™ [251, 252]. Studies
from cultured human glandular epithelial cells demonstrated the abilities of ion transport and
amiloride-sensitive Na* conductance in these cells [49, 253, 254]. Avian uterine (shell gland)
epithelium is also capable of transporting Na* and anions and amiloride could inhibit Na*
absorption, indicating the involvement of ENaC [255]. These in vitro and ex vivo studies support

uterine epithelium as the uterine fluid absorption surface involving the movements of
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electrolytes. However, the contributions of LE and GE in uterine fluid absorption in vivo during
early pregnancy remain unclear.

Our study using intraluminally injected AH clearly demonstrates that, in the control mice,
the LE layer plays a dominant role in bulk absorption of uterine fluid, which is reflected by
bright smeared AH fluorescence in the LE cells 5 min post AH injection. On DO0.5, the uterine
fluid volume is maximum under the influence of preovulatory E2. The uterine fluid volume
reduces dramatically from D0.5 to D1.5 based on the reduction of LE folding and drops to
minimum approaching embryo attachment on ~D4.0 [193]. On DO0.5, LE cells have extensive
bulk absorption 5 min post AH injection, which is reduced on D3.5. Interestingly, intense bulk
absorption on D3.5 is only observed in a segment of LE cells or scattered LE cells. One possible
explanation is that different LE cells have different expression levels of the genes critical for
bulk absorption, such as ENaC subunits and aquaporins, and the LE cells with stronger
molecular equipment for generating an osmotic gradient will be selected for taking the role of
bulk absorption when the demand for bulk absorption is limited due to the minimal uterine fluid
on D3.5.

Since we evaluate bulk absorption based on the intensity of smeared AH green
fluorescence relative to its surrounding, we can be sure of bulk absorption when LE cells have
bright smeared AH fluorescence. However, we cannot be sure of lack of bulk absorption if the
LE cells do not have bright smeared AH fluorescence 5 min post AH injection, because it is most
likely that bulk absorption in the LE is not strong or efficient enough to take up sufficient AH
dye to make it much brighter than the surrounding. If there is a significant reduction of LE cells
with bright smeared AH fluorescence 1 h post AH injection compared to 5 min post AH injection

in the same mouse, one possible explanation is that bulk absorption via LE cells is still strong but
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there is insufficient AH dye available in the uterine lumen to be absorbed and to subsequently
fluoresce the LE cells. However, this might not be a main contributing factor because strong bulk
absorption remains detectable at 1 h in a few D0.5 control uteri. Another potential explanation is
that amiloride-sensitive ENaC, which is shown to be essential for P4-induced uterine fluid
absorption in a uterine perfusion study [51], can be activated by shear flow [256-258], which is
expected to be enhanced by intraluminal AH injection and diminishes with time, e.g., stronger at
5 min than 1 h post AH injection.

In preimplantation mice, P4 levels rise shortly after copulation [236-238]. Two studies
reported that plasma P4 levels quickly reached the early pregnancy plateau level ~D2.5 [236,
237], one study indicated plateauing time at ~D3.5 [238], and another study showed it at ~D4.5
[259]. This last report was questionable because plasm P4 levels was shown a trend of
decreasing from DO0.5 to D1.5 before increasing thereafter [259]. Our study demonstrates that P4
signaling promotes bulk absorption in the preimplantation LE even though the extent of bulk
absorption in the LE in the control mice is seemingly inversely correlated with the rising of
preimplantation P4 levels. We previously demonstrated that RhoA" Pgr®™™" mice were infertile
with P4 deficiency [21]. Reduced bulk absorption is observed in the RhoA"'Pgrc™* mice both on
DO0.5 and D3.5. RhoA could activate ENaC [260, 261]. The reduced bulk absorption in the
RhoA""Pgrc™" LE might be contributed by RhoA deficiency in the LE and impaired corpus
luteum function in P4 synthesis in the RhoA""Pgrc™" mice. The role of P4 signaling in
promoting bulk absorption of uterine fluid is confirmed in P4-treated RhoA""Pgr®™"* mice, which
have increased LE cells with bright smeared AH fluorescence compared to oil-treated
RhoA" Pgr* mice. On the other hand, since P4 function is mainly mediated by PR, PR

antagonist RU486 inhibits bulk absorption of uterine fluid in the LE of D3.5 control mice,
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further supporting a positive role of P4 signaling in promoting uterine fluid absorption. However,
bulk absorption is decreased from D0.5 to D3.5. This finding seemingly contradicts the
observations that P4 levels increase from D0.5 to D3.5 and P4 induces uterine fluid absorption.
The difference between D0.5 and D3.5 in bulk absorption via LE may reflect the need for bulk
absorption because the D0.5 uterus is filled up with uterine fluid while the D3.5 uterus has
minimal uterine fluid. On the other hand, the large volume of uterine fluid on D0.5 will create a
hydraulic pressure on the apical membrane of the LE. Hydraulic pressure and osmotic pressure
are driving forces for water movement in the cell [262]. The flow of uterine fluid can induce
shear flow to activate ENaC on epithelial apical membrane [256-258]. Therefore, it is reasonable
to speculate that the hydraulic pressure and osmotic pressure could both contribute to the
extensive bulk entry of uterine fluid on D0.5. Our AH tracking approach in this study could not
trace the exit mechanisms of the absorbed uterine fluid in the LE. Based on bulk absorption of
water along the osmotic gradient from the uterine lumen, and the expected exit of Na" to the
subepithelial area via Na*/K* ATPase will generate an osmotic gradient across LE basal
membrane to facilitate water exit to the subepithelial area.

Our study using intraluminally injected AH seemingly reveals endocytosis in D3.5 LE,
visualized as green fine dots in the apical LE. However, our further study demonstrates that these
green fine dots in the apical LE are autofluorescent. Therefore, the intraluminally-injected AH
dye could not specifically trace active apical endocytic activity in the LE. One study used
intraluminally injected horseradish peroxidase (HRP) to trace apical endocytosis in the D0.5
mouse uterus but failed to detect any endocytosis of HRP [101]. We could detect scattered green
fine dots in the apical side of a few LE cells of some D0.5 uterine samples but not all, however,

we could not be sure if they were vesicles with active endocytic activity. In the D3.5 LE, there is
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a trend of more dots from 5 min to 1 h post AH injection, which is opposite of bulk absorption.
Based on the literature that rat LE cells approaching embryo implantation time are active in
apical endocytosis (but not apocrine secretion) that channels into lysosomes [245, 246] and our
detection of LAMP2, a marker of lysosome-associated membranes, as a string of apical punctae
in the D3.5 LE right prior to embryo implantation initiation in mice [193], we are confident that
the strings of green fine dots in the D3.5 apical LE are reflecting increased LE apical endocytic
activity from that on D0.5.

LE apical endocytosis is minimal on D0.5 when the maximal uterine fluid reduction
occurs accompanied with maximal bulk absorption, this unequivocally places bulk absorption via
LE as the dominant mechanism for uterine fluid reduction on D0.5. Endocytosis in LE is
increased from D0.5 to D3.5. This change may reflect the functional needs on these respective
early pregnancy days. On early D0.5 (shortly post coitum), the uterine fluid serves as a passage
to facilitate sperm transport to the oviduct for fertilization. On D3.5, there is minimal uterine
fluid, therefore, the requirement for bulk absorption of uterine fluid is reduced; on the other
hand, the embryo in the D3.5 uterus is preparing for embryo implantation, which initiates ~D4.0
in mice. One prerequisite for embryo implantation is the mutual communications between the
embryo and the uterus to ensure the synchronized readiness of both the embryo and the uterus for
embryo implantation [8, 193]. Endocytosis can internalize various molecules, including
messenger molecules, which are expected to facilitate embryo-uterus communications for
embryo implantation. Prior to embryo attachment (~D4.0 in mice) [239], there are protrusions
(pinopods/uterodomes) appearing on apical LE, coincident with a brief period of intense
endocytic activity at the time of embryo implantation [232, 246, 263]. In ovariectomized rats, P4

promotes uterine lumen closure and endocytosis [264]. These previous reports consistently
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demonstrated the critical role of P4 in apical LE endocytosis. Our study using intraluminally
injected AH shows that LE apical endocytosis is increased from DO0.5 to D3.5, which is
correlated with the increased P4 levels during preimplantation. However, P4 treatment and
RU486 treatment (on D1.5 and D2.5) do not seem to have obvious and consistent effects on the
LE apical endocytosis detected on D3.5. It is unclear if it is because of the 24+ h between the last
treatment and AH detection that missed the best time for detecting the effect on endocytosis, or
unlike ovariectomy, our experimental setting with intact ovaries during early pregnancy was not
sensitive enough to detect the effects of exogenous P4 treatment and RU486 treatment on LE
apical endocytosis.

Based on our observations, the contribution of GE on uterine fluid absorption is minimal
for the following reasons: First, the GEs are folds from LE into the stromal layer. Unless there is
a suction system to draw the uterine fluid from the uterine lumen to the glandular lumen, the
direct contact surface of GE to the bulk of uterine fluid is limited. Second, bulk absorption of
uterine fluid in GE is rare on both D0.5 and D3.5. One potential reason could be that the volume
of uterine fluid in the lumen of the uterine gland is insufficient for a need of bulk absorption.
Third, although the presence of green dots varies greatly among different GEs in the same
uterine sections or in the uterine sections from different mice in the same treatment groups, the
green dots are present in some GEs of all the uterine samples examined. Since both mitochondria
and lysosomes are autofluorescent [241], and the green dots in the GEs vary in sizes and cellular
localization, we could not differentiate any of the green dots in GE cells to be endocytic vesicle.
However, there is no obvious and consistent effect/evidence of P4 signaling on the abundance
and cellular distribution of the green dots in the GEs despite the observations of P4-induced

uterine fluid absorption in the RhoA" Pgrc™™* mice with P4 deficiency and RU486-induced
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uterine fluid accumulation in the RhoA"! control mice. Interestingly, it was reported that in
ovariectomized rat GE cells, the number of basal pinocytotic invaginations was relatively small
and unresponsive to P4 stimulation [208]. These observations suggest that apical and basal
endocytosis (including pinocytosis) in GE cells might be not regulated by P4 signaling, further
demonstrating that LE and GE have different functions and regulatory mechanisms in uterine
fluid absorption.

In summary, this study establishes a straightforward approach to simultaneously visualize
bulk entry (directly) and endocytosis (somewhat indirectly) of uterine fluid absorption during
early pregnancy. It reveals the temporal mechanisms of preimplantation uterine fluid absorption,
with bulk absorption in the LE reduces from DO0.5 to D3.5 while endocytosis in the LE increases
from DO0.5 to D3.5, as well as the suppressive effects of P4 deficiency and RU486 on bulk
absorption in the LE during early pregnancy. This study also demonstrates the dominant role of
LE but not GE in preimplantation uterine fluid absorption. The molecular mechanisms for

preimplantation uterine fluid absorption remain to be elucidated.
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CHAPTER 4

THE EFFECTS OF INFLUENZA A INFECTION ON CYCLING FEMALE MICE?
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4.1 Abstract

Influenza (flu) is a contagious respiratory disease caused by influenza viruses which
every year can results in about 1 billion infection cases with 3 to 5 million severe cases and ~0.6
million related deaths globally. Influenza A virus (IAV) is the only type of influenza can cause
flu pandemic, and its subtypes HIN1 and H3N2 are the most circulating IAVs in human. Women
in reproductive ages are at higher risks of developing severe complications after [AV infection.
The effects of IAV infection in female reproduction have been mostly studied during the
pregnancy, which can cause more severe diseases in pregnant women associated with increasing
chances of adverse pregnancy outcomes. The current knowledge gap is how IAV can affect
female in the reproductive cycle. In this study, we used mouse as our model to study the effects
of mouse-adapted H3N2 IAV in female reproductive system of cycling female mice. Female
mice suffered with body weight decrease and lung inflammation after IAV infection. They also
had arrested estrous cycle in the quiescent stage, diestrus, coupled with a trend of increased
number of ovarian follicles in early developmental stages. The overall histology and cellular
activities in ovary and uterus from infected mice were comparable to the uninfected mice in the

diestrus stage.

4.2 Introduction

Influenza (flu) is a contagious respiratory disease caused by influenza viruses with
characteristic symptoms including cough, fever/chills, headache, sore throat, runny nose, fatigue,
muscle pain and etc [124]. According to the World Health Organization (WHO), it is estimated
that influenza outbreaks can affect about 1 billion people, with 3 to 5 million severe cases and ~0.6

million related deaths annually [124]. Especially as the relaxation of COVID-19 restrictions have
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implemented globally, the modelling studies predict the upcoming increase of influenza burden
across the globe in the post COVID-19 pandemic era [265-267]. Among the 4 types of influenza
viruses (A, B, C, and D), influenza A viruses (IAV) is the only know type can cause pandemic
[268, 269]. The IAV can be categorized, based on its surface antigen glycoproteins haemagglutinin
(HA) and neuraminidase (NA), into 16 HA and 9 NA subtypes with the nomenclature of H(x)N(y)
[270]. The H3N2 and HINI1 are currently the two most circulating IAV in human for seasonal and
pandemic influenza, respectively [268]. Although the emergence of H3N2 pandemic in human
was five decades later than HIN1, the cumulative impact of H3N2 over the past 50 years, made it
the predominant cause for influenza burden in the 21% century [271, 272]. The vaccination can
reduce the chances of severe diseases after [AV infection, however, the effectiveness against H3N2
is suboptimal compared to other IAV subtypes, due to its fast antigenic drift, egg-adaptive
mutations, and immunological imprints on middle-aged generations [271, 273-277]. The current
golden standard treatments for AV infection, adamantanes and NA inhibitors (NAI), are targeting
the surface protein M2 and NA on [AV to inhibit the viral entry and release [129, 130, 278].
However, the high mutation rates of H3N2 has developed the resistant to over 90% of adamantanes
treatments, with a growing concern for the efficiency of NAI treatments [278].

Compared to males, females in reproductive ages (18-49 years of ages in human) have
greater risks for developing severe outcomes after AV infection [148, 149, 154, 279]. However,
at younger ages prior to puberty and older ages after 50s, the trend is reversed in which men are
more vulnerable to IAV infection [280]. Although pregnancy is a well-distinguished risk factor,
identified by WHO, for severe complications from AV infection [164, 165], itself cannot explain
the female preponderance of severe IAV outcomes [149, 154]. Except pregnancy, the major

reproductive status for women in reproductive ages is in the menstrual cycle. A regular menstrual
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cyclicity in women increases the chance of successful pregnancy outcomes [281-283]. Similar to
menstrual cycle in women, female mice have estrous cycle which contains 4 stages: proestrus,
estrus, metestrus, and diestrus, and the total length of estrous cycle is around 4-7 days [284, 285].
Even though many researches from both human and mouse models studying IAV infection during
pregnancy, especially the infection during mid-late gestation [162-175], only one study briefly
mentioned the disrupted estrous cycle in mice after mouse-adapted HIN1 infection without further
investigation into the effects in the female reproductive system or extension of the study into other
subtypes of IAV like H3N2 [286]. Concerning evidence from the COVID-19 pandemic detected
prolonged menstrual cycles after COVID-19 infection and vaccination [287-290], which indicates
a global pattern of the disrupted female cyclicity after severe respiratory viral infection. Th current
knowledge gap and the growing concern is whether and how the female cyclicity can be affected
after IAV infection.

To understand the effects of IAV infection, especially the profound H3N2 IAV, on female
cyclicity, we nasally infected virgin C57BL/6J female mice with mouse-adapted H3N2 TAV (x31,
at the dose of 10* pfu) and compared their estrous cyclicity to their vehicle-treated littermate
females. Body weight changes and pathogenesis in the lung were compared and analyzed to
confirm the effectiveness of our nasal infection. As for the IAV effects on reproductive system,
ovarian and uterine samples from the same estrous stages of infected and non-infected females

were analyzed for investigation.

4.3 Materials and Methods

Mice and Viruses. C57BL/6J mice were purchased from the Jackson Laboratory,

maintained, and bred in the Coverdell animal facility at the University of Georgia. Coverdell
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animal facility is on a 12-hour light/dark cycle (6:00 to 18:00) at 23°C + 1°C with 50% relative
humidity. All mice had free access to regular chow 5053 (Labdiet, St. Louis, MO, USA) and water.
All methods used in this study were approved by the University of Georgia IACUC Committee
(Institutional Animal Care and Use Committee) and conform to National Institutes of Health
guidelines and public law. Influenza virus A/HKx31 (H3N2; hereafter x31) stocks were prepared
from Dr. Watford’s lab at the University of Georgia as previously described [291].

Influenza infection and tissue collection. Virgin female littermates at ~6 weeks old were
checked for estrous cyclicity by vaginal smear for 7 days prior to the treatment. All the mice in
this study had normal cyclicity before the infection. At ~7 weeks old, female littermates were
randomly assigned into vehicle control group (PBS treatment) or infection group (x31 infection),
N=15/group. They were anesthetized with 250 mg/kg of 2% weight/volume Avertin (2,2,2-
Tribromoethanol, Sigma) followed by intranasal instillation of 50 pl PBS or 10* pfu of x31 at
~10:00AM as previously used [291]. The infection day is designated as 0 days post infection (0
dpi). We continuously recorded their estrous cyclicity and body weight changes from 0 dpi to 7
dpi. At 7 dpi, mice were anesthetized with isoflurane (Patterson Veterinary Supply, 07-893-1389)
inhalation at ~10:00AM for blood collection via orbital sinus. The mice were then euthanized by
cervical dislocation. Left side of lung, ovary, oviduct, and ~1/3 of the uterotubal side of the uterine
horn were fixed in 10% formalin (VWR, 16004-126); the other side of the lung, ovary, oviduct,
and the rest of the uterine horn were flash frozen. Since the majority of the infected mice stayed in
the diestrus stage at 7 dpi, we collected another set of mice from the diestrus stage after PBS
treatment (N=6) to dissect the IAV effects on reproductive system from the sexual hormonal
effects. Another set of x31-infected mice (N=6) were dissected at 28 dpi to study the estrous

cyclicity change after body weight recovery.
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Vaginal smear for mouse estrous cycle staging. Estrus cycle was monitored daily by
flushing the vagina of mice with 50 pl sterile PBS and checking the flushed vaginal cell types
under the microscope for estrous cycle staging as previously described [197, 285].

H&E staining. Lung, ovary, and uterus samples were fixed in 10% neutral buffered
formalin for 48 hours and then kept in 70% ethanol at 4°C until dehydration. Samples were
dehydrated and embedded in paraffin. 5 pm paraffin sections from each sample were collected,
processed, and stained with Hematoxylin (Sigma, SLCC1853) and Eosin (Sigma, SLCC5587) as
previously described [292].

Immunohistochemistry. Paraffin sections (5 um) of lung, ovary and uterus samples from
vehicle control (PBS) and x31 groups were incubated with PCNA (1:200, Cell Signaling, D3H8P),
CD45 (1:400, Cell Signaling, D3F8Q), and cleaved caspase 3 (1:200, Cell Signaling, 9661)
respectively at 4°C overnight. On the second day, the slides were incubated with biotinylated goat
anti-rabbit IgG antibody (1:1000, Vector lab, BA-1000) for 1h at room temperature, and the signals
were developed by DAB substrate kit (Vector lab, SK-4100). The nuclei were counter-stained by
Hematoxylin solution. Negative controls were processed together without the primary antibody.
Images were captured by Carl Zeiss imaging system with an AxioCam MRc5 digital camera. The
CD45 immunohistochemistry staining in the lung were quantified using ImageJ (Java 8) [293].
The immunohistochemistry staining in the ovary were quantified as the percentage of follicles with
positive staining in each sample and compared between the treatments.

Ovarian follicle and corpus luteum (CL) counts. Ovarian sections from H&E staining and
immunohistochemistry from uninfected diestrus control (N=6) and x31-infected diestrus females

(N=7) were independently examined by two individuals for the numbers of different
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developmental stages of follicles and CLs on each section (sections N>2/sample). The counts were
averaged for the number of follicles and CLs of each sample and treatment group.

Statistical analysis. Data are presented as mean + SD where applicable. Chi-square test
was used to compare the estrous cyclicity between the treatment groups. Two-tail unequal variance
student’s t-test was used to compare the body weight at the same dpi and the positive staining from
immunohistochemistry. Two-way ANOVA with replication was used to compare the body weight

changes from 0 to 7 dpi between different treatments.

4.4 Results
4.4.1 H3N2 IAV infection results in body weight loss in C57BL6/J female mice

To study the effects of IAV infection on female estrous cyclicity, we nasally infected
C57BL6/J with normal reproductive cyclicity (monitored by daily vaginal smear for at least 1 week
before the infection, data not shown & Fig. 4.2B) with a low pathogenic mouse-adapted H3N2
IAV strain (x31) and compared them with vehicle-treated (PBS) littermates control mice for 7 days
post infection (7 dpi, N=15/group). C57BL6/J mice used in this study were all between 6.8-7.8
weeks of age at the time of infection (0 dpi) and they had comparable body weights before the
treatment (Figure 4.1A): the control mice had an average weight of 18.1£1.3 g and infected mice
had an average weight of 18.0+0.8 g (p=0.81) at 0 dpi. However, mice from x31 [IAV infection
showed a significantly body weight reduction from 2 dpi (p<0.001) and showed a continuous body

weight loss up to 25.6% at the dissection time (7 dpi) (Figure 4.1 A&B). The pattern of body
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weight loss in x3 I-infected females is consistent with previous data, which indicates the efficiency

of our nasal infection [291].
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Figure 4.1. Body weight change before (0 dpi) and after (7 dpi) IAV infection. A. Body weight
before infection (0 dpi) and at dissection (7 dpi). **p<0.001 two-tail unequal variance t-test. B.
Percentage body weight change from 0 dpi to 7 dpi. **p<0.001 two-tail unequal variance t-test
at each dpi; **p<0.001 Two-way ANOVA with replication for overall comparison on body
weight change after infection between the two treatments; Error bar: standard deviation. dpi:
days post infection; CT: vehicle control treated female mice; x31: mouse-adapted H3N2

influenza-infected female mice. N=15/group.

4.4.2 H3N2-infected female mice have disrupted estrous cycle

Estrous cyclicity is established after puberty onset, which is before ~5 weeks old in
C57BL6/] female mice [197]. The 4 different stages of estrous cycle are corresponding to the 2
out of the 3 menstrual stages in women: the proestrus and estrus stages are similar to human
follicular stage, which featured with a rise in circulating estrogen level (E2) and ovulation as active
reproductive phases; and the metestrus and diestrus stages are homologous to early and late
secretory stages in women which featured with the high progesterone level (P4) as the non-active

reproductive phases [284, 285].

107



The mice used in this study had normal estrous cyclicity (checked for a least 1 week before
the infection, data not shown & Fig. 4.2B) before the infection. At the 0 dpi, the percentage of
mice in diestrus stage (quiescent stage of estrous cycle) was comparable between the two treatment
groups before the infection (Fig. 4.2A). However, at 7 dpi, all the mice with x31 infection stayed
in the diestrus, which suggests suppressed estrous cyclicity after IAV infection (Fig. 4.2A&B).

Decreased body weight from fasting can result in disrupted estrous cyclicity [294]. To
further study the disruption on estrous cycle and its correlation with the body weight decrease, we
compared the daily body weight change after IAV infection with the estrous cyclicity from -7 dpi
(7 days before infection) to 28 dpi in 6 female mice, in which 4 mice showed body weight gain
from ~7 dpi and recovered estrous cyclicity at ~12 dpi (average body weight loss ~12%, part of
data not shown, Fig. 4.2B), while 2 mice never recovered from decreased body weight or escaped
from diestrus after IAV infection (part of data not shown, Fig. 4.2B). These data indicate that the
arrested estrous cycle in diestrus is more likely correlated with decreased body weight after IAV
infection.

4.4.3 Histopathology in lung after IAV infection

The respiratory tract is the main target for IAV infection, and we found pulmonary
inflammation in x31-infected females at 7 dpi as an expected result from IAV infection, which
further confirms the efficiency of our infection methods (Fig. 4.3A-Bl) [171, 295]. The
inflammation in infected lung was coincided with heavily infiltrated immune cells with CD45-

positive staining,
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Estrous cyclicity
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Figure 4.2. Female estrous cyclicity before (0 dpi) and after (7 dpi and 28 dpi) AV
infection. A. Percentage of mice in diestrus at 0 dpi and 7 dpi. a&b are p<0.001 from
Chi-square test. N=15/group. CT: vehicle control treated female mice; x31: mouse-
adapted H3N2 influenza-infected female mice. B. Correlation between body weight
recovery and estrous cyclicity. Left two panels: one mouse as an example with
recovered body weight and estrous cyclicity (N=4); Right two panels: one mouse as an
example with non-recovered body weight and arrested estrous cycle (N=2). Estrous
stages are defined as Meta/Di for metestrus and diestrus; Pro as proestrus; and estrus.

Dark red lines: highlighted the infection day. dpi: days post infection.
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while the uninfected lung had only few CD45 staining from immunohistochemistry (Fig. 4.3C-E,

N=8-9/group, p<0.001).
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Figure 4.3. Histopathology in lung after x31-IAV infection. A-B1. Histology with H&E
staining of uninfected (CT) and infected (x31) lung at 7 dpi. A1&B1: enlarged lung from boxed
area in A&B respectively. C-D1: Immunohistochemistry of CD45 in uninfected (CT) and
infected (x31) lung at 7 dpi. C1&D1: enlarged lung from boxed area in C&D respectively. E:
Relative level of CD45 immunohistochemistry staining of 5x images. N=8-9/group. **p<0.001
from two-tail unequal variance t-test; error bar: standard deviation. Scale bar: 400um for A-D;
100pum for A1-D1. CT: vehicle-treated control mice; x31: mouse-adapted H3N2 influenza-
infected female mice. Brown staining: immunostaining of CD45; purple-blue staining: counter
nuclei staining with hematoxylin. No specific immunostaining in negative controls (data not

shown).
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4.4.4 Comparable ovarian histology but increased follicles in preantral stages after AV infection
To eliminate hormone as a contributing factor for regulating female reproductive system,
we need to compare the uninfected and infected females from the same estrous stage with relatively
comparable P4 and E2 levels. Since all the x31-infected females stayed in the diestrus stage, we
collected another set of control mice in diestrus after vehicle control treatment (PBS, N=6, mice
collected from 2-7 dpi).
We compared the ovarian histology, and the numbers of corpora lutea (CLs) and follicles

from different development stages in x31-infected and uninfected diestrus ovaries (Fig. 4.4A-C).
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Figure 4.4. Comparable ovarian histology after IAV infection. A. A representative image of
ovarian histology from control (CT) female in diestrus. Scale bar: 200um. B. A representative
image of ovarian histology from x31-infected female in diestrus from 7 dpi. C. Number of
follicles and corpora lutea in control (CT) and infected (x31) diestrus ovaries. N=6-7/group. F:
follicles; CL: corpus luteum. *p<0.05 compared to CT from two-tail unequal variance t-test;

error bar: standard deviation.
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The overall histology from diestrus ovaries of two treatment groups were comparable (Fig 4.4
A&B). To further analyze the ovarian activity, we counted the numbers of follicles and CLs, as
they are the major developing units in the ovary, from ovarian histology and
immunohistochemistry images (Fig. 4.4C, N=6-7/group). The x31-infected diestrus ovaries had
more follicles in primordial, primary, and secondary developmental stages compared to the non-
infected diestrus ovaries (Fig. 4.4C). However, due to the limited sections we collected per ovarian
sample (N=2-10/sample), this increased number of follicles in infected group maybe biased by the
small sample sizes. In order to get accurate numbers of follicles and CLs in each ovary, we need
to collect serial sections of the entire ovary in future studies.
4.4.5 No significant adverse effects in ovaries from [AV infection

To further confirmed the ovarian status after IAV infection, we examined the cell
proliferation (PCNA staining), cell death (cleaved caspase 3 staining), and immune cell population
(CD45 staining) in the infected diestrus ovaries (Fig. 4.5A-G, N=4-6/group). The overall staining
pattern for the three cell markers we examined looked comparable between the two treatments,
and we also quantified the percentage of follicles with positive staining of each marker which also
seemed to be comparable (Fig. 4.5G). Due to limited number of CLs we found, the staining in the
CL was not quantified. The results suggested that cell proliferation, cell death, and the distribution
of immune cells in the infected ovaries was not disrupted. Collectively, the immunohistochemistry
data in the ovary indicated a normal ovarian activity after [AV infection.
4.4.6 Comparable uterine histology after AV infection

We also examined the histology and immunohistochemistry staining of PCNA, cleaved
caspase 3, and CD45 in infected and uninfected diestrus uterus, and both groups seemed to have

comparable morphology and staining (Fig. 4.6 A-H1, N=6-9/group) which indicate no significant
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Figure 4.5. Immunohistochemistry staining of PCNA, Cleaved Caspase 3, and CD45 in diestrus
ovary after IAV infection at 7 dpi. N=4-6/group. A-B1: PCNA staining as cell proliferation
marker. C-D1: Cleaved Caspase 3 staining as cell death marker. E-F1: CD45 staining for
immune cells distribution. G: Quantification of percentage of follicles with positive staining of
the three cell markers. Error bar: standard deviation. A1-F1 are enlarged from boxed area in A-
F respectively. Scale bar: 200pum for A- F; 50um for A1-F1. CT: vehicle-treated control mice;
x31: mouse-adapted H3N2 influenza-infected female mice at 7 dpi. Brown staining: positive
staining of indicated cell markers; purple-blue staining: counter nuclei staining with

hematoxylin. No specific immunostaining in negative controls (data not shown).
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Figure 4.6. Histology and immunohistochemistry staining of PCNA, Cleaved Caspase 3, and
CD45 in diestrus uterus after [AV infection at 7 dpi. N=6-9/group. A-B1: H&E staining of
diestrus uterus from vehicle control and x3 1-infected mice at 7 dpi. C-D1: Cleaved Caspase 3
staining as cell death marker. E-F1: PCNA staining as cell proliferation marker. G-H1: CD45
staining for immune cells distribution. A1-H1 are enlarged from boxed area in A-H
respectively. Scale bar: 200pm for A- H; 50um for A1-HI1. CT: vehicle-treated control mice;
x31: mouse-adapted H3N2 influenza-infected female mice at 7 dpi. Brown staining in C-H1:
positive staining of indicated cell markers; purple-blue staining: counter nuclei staining with

hematoxylin. No specific immunostaining in negative controls (data not shown).
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adverse effects in uterus after IAV infection. Together, the data from diestrus ovary and uterus

suggested an overall normal reproductive morphology and cellular activities after IAV infection.

4.5 Discussion

This study investigated the effects of mouse-adapted H3N2 IAV (x31) infection on the
female reproductive system of cycling female C57BL/6J mice. Nasal infection of 10* pfu of x31
significantly induced the body weight loss and lung injury with arrested estrous cycle in female
mice, while the general histology and cellular activity in ovary and uterus remains comparable to
the uninfected female in the same diestrus stage.

Body weight loss is a typical result from IAV infection and can be used as an indicator to
reflect the severity of AV infection. For x31 infection in mice, the body weight loss peaked at 7
dpi, and then started to recover (Fig. 4.2B) [291, 296-301]. The changes on mouse body weight
confirmed our efficiency of nasal IAV infection, and suggested the trend of recovery started from
7 dpi followed with a full recovery at ~2 weeks after, which is similar to the trend of IAV
progression in human [271]. The trend of weight loss is also associated with the severity of lung
damage and immune responses [291, 295, 302, 303]. Indeed, at 7 dpi when the weight loss peaked,
we observed lung injury with intensive immune cell infiltration (Fig. 4.3). Since lung is the primary
target of IAV infection and the site for IAV replication, the lung injury is an expected result from
IAV infection. As the first line of defense against IAV, the epithelial cells in the airway and alveola
initiate innate responses by recruiting immune cells like macrophages, neutrophils, natural killer
cells, and dendric cells, as well as secreting the inflammatory cytokines and interferons [132-134].
While in the later time points, the adaptive immune responses will be activated and help with the

clearance of [AV [132, 135, 136], which responses to the body weight recovery we have seen after
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7 dpi [291, 295, 300]. Together the pulmonary cell damage resulted from IAV infection and the
immune responses caused the lung injury we seen and the pulmonary infiltration of CD45-positive
immune cells.

The effects of IAV infection in female reproduction have been mostly focusing on the
infection during pregnancy. Epidemiology data collected from seasonal and pandemic flu suggests
that IAV infection can cause adverse maternal outcomes which put pregnancy women at higher
risks to develop severe consequences like acute respiratory disease and death; it can also cause
neonatal complications like miscarriage, preterm birth, stillbirths, and several birth defects [162-
168]. Studies from rodents’ models are mostly about the IAV infection during mid-late pregnancy
and their associated complications. They recapitalized the findings in women which most IAV
infections can cause higher mortality and morbidity in pregnancy mice than non-pregnant females,
which related to the up-regulated inflammatory responses against IAV [169, 170, 173]. The mouse
studies also found adverse effects of IAV infection in the placenta, fetus, and overall pregnancy
outcomes which confirmed the data in pregnant women [171, 174, 175, 178].

What remain to be addressed is the effect of AV infection in the non-pregnant status-- the
female reproductive cycle. One study infected C57BL/6J female mice with mouse-adapted HIN1
IAV and also found increased duration of diestrus associated with a slight trend of decreasing E2
level after 3 dpi [286]. However, only the E2 level from 7 dpi showed a slight decrease compared
to 0 dpi, and the E2 level fluctuates during the estrous cycles, therefore, the accuracy of their serum
E2 measurement cannot be guaranteed [286]. Due to the same issue with our hormonal
measurement accuracy, when we try to compare the serum E2 and P4 level from infected and
uninfected females from diestrus stage using ELISA, we also cannot find consistent changes,

which makes it hard to explain the arrested estrous cyclicity from [AV-infected females. One
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explanation is the decreased the body weight, which seems to be correlated with the estrous
cyclicity. Although we didn’t monitor the changes of food and water intake in this IAV study, one
recent study showed the correlation of body weight losses after IAV infection with decreased
appetite regulated in brain [304]. And studies from food-restricted mice showed the decreased boy
weight is associated with the cessation of estrous cycle and preserved follicles numbers, which can
be restored after the lift of food restriction and regained body weight [294, 305]. Even though we
did not find significant changes in histology or cellular activity of ovaries and uteri from [AV-
infected females, there’s a similar trend of increased number of follicles in the pre-antral stages
from infected ovary. Although our follicular counts may not be accurate due to the limited sections
per ovary we counted, the aberrant follicular development after IAV infection indicated a potential
disruption of the fluctuate gonadotropins levels from the brain [306].
In summary, the mouse-adapted H3N2 infection have decreased body weights, lung

injury, and disrupted mouse estrous cyclicity with a trend of arrested follicular development. The

overall histology and cellular responses in ovary and uterus are not disrupted after AV infection.
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CHAPTER 5
CONCLUSION AND FUTURE DIRECTIONS

Human reproduction is not only designed for the continuance of human species, but also
a form of life-long happiness. With the fertility rate in women have been declining in most
countries over the past decades, infertility, which accounts for about 13% in women and 10%
among man, is a growing concern in the modern world [307, 308]. Infertility in women is a
complicated problem and can be caused by multiple factors like genetic, age, body weight,
environmental exposures, endocrine, immunology, psychology, local disorders in the female
reproductive system and so on [308-310]. The ultimate goal of our study is to explore these
factors and their underlying mechanisms contributing to the increased infertility and impaired
fecundity in women.

For women who made to successful conception, pregnancy loss is still a common
problem that can affect up to 26% of pregnant women with 80% of them occurring during the
first trimester (early pregnancy) [311-313]. Our focus of study is the embryo implantation, a
critical step during early pregnancy, in which the delayed timing of implantation is highly
associated with early pregnancy loss [314]. It is also the decisive step for patients undergoing in
vitro fertilization and embryo transfer as only ~30% of the transferred embryos can successfully
implant to the uterus [315]. The etiology of implantation failure is also complex and
multifactorial, in which the proper P4 level and signaling is one of the crucial factors for the
establishment of uterine receptivity for embryo implantation [31, 308, 310, 316-320]. Our topics

in Chapter 2 and Chapter 3 are all related to the P4, with Chapter 2 focusing on lysosomal
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functions in P4 production in the ovary during early pregnancy, and Chapter 3 studying
regulatory effects of P4 in uterine preparation for embryo implantation.

The idea of the our study in Chapter 2 originated from our microarray analysis in uterine
LE during embryo implantation time, which led us to study the function of Ap6v0d?2 (encoding
VO0D?2 subunit of V-ATPase) in female reproduction and found its correlation to the acidification
of LE and GE during implantation time [37, 42]. To further study the molecular mechanisms
behind uterine acidification, which is most likely from the lysosomal acidification in the uterus,
we further analyzed the expressions of lysosomal ion channels and found the Mcoln1 has the
highest mRNA expression during peri-implantation LE [37]. When we studied the functions of
Mcolnl in female reproduction, we found the impaired fertility in Mcolnl1”~ females was actually
from the complications in the ovary, which led us to switch our study from uterine lysosomes to
the lysosomes in the ovary with a special focus on the CL and P4 steroidogenesis [196]. The
proper lysosomal function relies on its acidic luminal pH maintained by V-ATPase pumping H*
into the lysosomal lumen and counter ion channels like TRPML1 (encodes by Mcolnl) to
dissipate the transmembrane potential built up by V-ATPase via pumping cations out of
lysosomal lumen [41, 85, 182, 183]. Chapter 2 is aiming to study the functions of these two ion
channels on lysosomes and thus further the lysosomal functions in the ovary and P4
steroidogenesis. By using the Ap6v0d2”-Mcolnl”- double knockout female mice and comparing
their fertility and ovarian phenotypes in the Mcolnl” females, we summarized the interplay of
these two genes on the female reproductive scale: 1) both genes are expressed in CLs during
early pregnancy; 2) the knockout of both genes can partially rescue the female fertility and CL
morphology and steroidogenesis deficiencies in Mcolnl” females. The conclusions drawn from

Chapter 2 suggest that proteins ATP6V0OD2 and TRPMLI1 have opposite roles in regulating
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lysosomes, while the VOD2 subunit of V-ATPase alone is not powerful enough to counterplay
the deficiency from the loss of function of TRPMLI in CLs and female fertility. The molecular
mechanisms and lysosomal activity in the ovaries of these two mouse models remain to be
investigated. With the global deletion of Mcolnl in mouse, to what extent the lysosomal pH and
transmembrane potential are disrupted, what lysosomal enzymes and functions are affected in the
cellular level, and to what extent they can be restored after the double deletion of Ap6v0d2 and
Mecolnl, need further examination. Beyond the effects we have seen in the ovary, the high
expression levels of Atp6v0d2 and Mcolnl in the uterine LE during implantation indicates their
critical functions in the uterus and embryo implantation, in which they may have stronger
interconnection and are possibly related to the process of uterine epithelial acidification and so
much more. In order to study their functions in the uterus, further studies with exogenous P4
treatment are needed to compensate the P4 deficiencies in these two mouse models, thereby
allowing us to fill in additional knowledge gaps related to lysosomal functions in embryo
implantation. Besides the interesting findings in female reproductive system, our novel
Atp6v0d2”-Mcoln1”- mouse model, along with other mouse models with lysosomal deficiencies,
are also valuable tools to study the functions of lysosomal ion channels in other critical organs
and systems where these two genes are highly expressed like kidney, lung, and liver. Despite the
fact that lysosomes are ubiquitously expressed organelles with household functions, there remain
unknowns regarding their functions from molecular level to systemic level. Furthermore,
lysosomal storage diseases (LSDs) in human, which cumulatively happen in 1 in 5000-8000
births, even though mostly related to single-gene mutation, has tremendous effects in multiple
organs and systems of patients [321]. With the late onset of some LSDs, like Fabry disease, and

the promise in improving lifespan and quality of LSDs patients advanced by modern therapies,
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reproduction will be a pressing need for patients with good quality of life [321, 322]. Our
research in Chapter 2 offers novel evidence of the functions and interactions of two lysosomal
ion channels in the CL during early pregnancy, which provides vital insights into potential
therapeutic strategies for the female fertility in LSDs patients in the future.

Chapter 3 focuses on the regulation of P4 in uterine fluid absorption during early
pregnancy. Uterine fluid supports multiple early pregnancy events including semen liquefaction
for fertilization, uterine lumen closure, and embryo-maternal communications for embryo
implantation [29, 45, 56, 57, 212, 213]. Although the importance of uterine fluid absorption in
implantation has not been confirmed in natural pregnancies, for patients undergoing in vitro
fertilization and embryo transfer, the excess uterine fluid significantly reduces the successful rate
of implantation for transferred embryos [43]. Studies from ovariectomized rats found that
exogenous P4 can induce uterine fluid absorption through amiloride-sensitive channels (most
likely ENaC) on uterine LE, while the detailed mechanisms during early pregnancy remain to be
studied [46, 51, 207, 224]. By injecting a fluorescent dye (Alexa Hydrazide 488, AH) into mouse
preimplantation uterus, we traced the uterine fluid absorption in the P4-deficient mouse model
(RhoA""Pgr<™™) and control mice with the combination of exogenous P4 and PR-antagonist
(RU486) treatments. We made two main conclusions regarding the P4 regulation in uterine fluid
absorption during preimplantation: 1) P4 is critical for the bulk absorption of uterine fluid, which
decreases from D0.5 to D3.5 preimplantation times; 2) autofluorescent dots on apical LE are
most likely endocytosis of uterine fluid, which increases from D0.5 to D3.5 with minimal
association with P4 regulation. Due to the lack of functional antibodies we’ve tested, we didn’t
have the chance to study the functions of apical LE ion channels (like ENaC) and water channels

(aquaporins) in uterine fluid absorption, while the expression of ATP1A1 (major subunit of
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Na'/K*" ATPase) on the basolateral LE suggests the release of Na* from LE to sub-LE spaces
after it’s been taken up by apical ion channels (like ENaC). However, we plan to try and test
more antibodies targeting those LE channels, and with the help of them, we can further study the
detailed mechanisms of P4 regulation in bulk absorption of uterine fluid during preimplantation.
We’ve also collected preliminary data from Amiloride-treated mice with the intrauterine
injection of AH, and the results we gathered so far indicated that intensive bulk absorption on
DO0.5 is Amiloride-sensitive, which suggests the involvements of Amiloride-sensitive channel,
ENaC, in uterine fluid absorption. In order to have direct evidence of the mechanisms behind
uterine fluid absorption, further studies using electrophysiology to trace the ion and water
transport from uterine lumen to LE during early pregnancy are needed. We’ve also been
planning to use cultured organoids of LE to study the hormonal regulation and mechanisms in
uterine fluid movements in vitro, in which this simplified model should be easier to be monitored
for molecular movements across the LE. Collectively, our published research in Chapter 3 was
the first of its kind to visualize uterine fluid absorption in vivo and confirmed the P4 regulation in
uterine fluid during early pregnancy. With the decreasing fertility in women over the past
decades, the pressing demands for fertility support and assisted reproductive technology are
increasing [307, 308]. Our research in Chapter 3 emphasizes the importance of P4 in early
pregnancy, supports the demand of P4 supplementation in patients undergoing embryo transfer
[323-325], and highlights the uterine fluid retention as a risk factor for implantation failure.

In order to have successful pregnancy, a regular menstrual cyclicity is required for
women who wish to have natural conceptions [281-283]. In Chapter 4, we studied the exogenous
disruption from IAV infection in female reproductive cyclicity, which is another contributing

factor to female fertility. The present studies from human meta-analysis and mouse IAV
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infection models are mostly focusing on the aspect of AV infection in mid-late gestation, which
is associated with increased risks of severe diseases and adverse pregnancy outcomes [162-175],
while little is known about how IAV affects female cycles [286]. By infecting cycling mice with
mouse-adapted H3N2 [IAV (x31) and vehicle control, we targeted effects of [AV infection on
female cyclicity and the reproductive system. Several conclusions are drawn from Chapter 4: 1)
IAV infection causes body weight decrease and lung injury as expected; 2) arrested estrous cycle
in quiescent diestrus stage after AV infection may be a side effect from body weight loss; 3)
ovarian and uterine histology and cellular activities are not disrupted by IAV infection, but there
is a trend of increased ovarian follicles in early developmental stages. The reproductive
phenotypes we collected from AV infection are all expected results from severe body weight
loss. Due to our study model used here, we cannot differentiate the direct reproductive effects of
IAV infection from the side effects of body weight losses. Future studies comparing mice with
IAV infection to those with only body weight losses are needed in order to study the direct
effects from the infection only. However, a recent study from IAV infection revealed the cross-
talk between respiratory system and the brain [304], which suggests another possibility of the
communication network among respiratory system-central nervous system-reproductive system,
since the female reproductive system is highly regulated by the brain through HPO axis [10]. To
address this idea, further studies on these three systems after IAV infection, together with their
potential communication carriers like chemokines, cytokines, hormones, and immune responses
are needed. Although there is still a lot unknown regarding IAV infection in female fertility, this
study expands our knowledge on IAV disruption in female cyclicity. Especially during our post-
pandemic time, there’s an increasing concern of the side-effects of viral infection outside the

targeted organ, and our study in Chapter 4 provides novel findings of the effects from respiratory
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viruses in the reproductive health of non-pregnant women, and emphasizes the need of choosing
the conceiving time free from viral infections for successful natural conceptions.

In summary, the research in the present dissertation investigated how endogenous factors
like ion channels on lysosomes and LE, and exogenous factors like IAV infection, can influence
female fertility during early pregnancy and the female reproductive cycle. Our studies contribute
to the reproductive field to have better understandings of lysosomal functions in the CL, P4
regulations in uterine fluid absorption during preimplantation, and IAV disruptions in cycling
female mice. We continue to investigate the contributing factors involved in female fertility and
provide advancements to improve clinical solutions for women suffering from reproductive

problems.
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