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ABSTRACT OF DISSERTATION
THE EFFECT OF AGING ON GENE EXPRESSION AND MITOCHONDRIAL DNA

IN THE EQUINE OOCYTE AND FOLLICLE

The decline in fertility of aged mares is linked to declining oocyte quality. Oocyte
viability is dependant on the ability of oocytes to remain in meiotic arrest until the
initiation of maturation and adequate cumulus communication. We hypothesize that
aging is associated with quantitative and temporal differences in meiotic arrest and
resumption in oocytes, decreased oocyte secretion of paracrine factors and lower
mitochondrial numbers, ultimately resulting in a dissociation of oocyte and follicular
maturation. The objectives of this study were to clone and determine quantitative and
temporal differences in mRNA content of the LH receptor (LHR), amphiregulin (AREG)
and epiregulin (EREG) in granulosa cells; PDE4 in cumulus cells; and PDE3A, GPR3,
GDF9, BMP15, and mitochondrial DNA (mtDNA) in oocytes during in vivo maturation
in young (3-12 yr) and old (>20 yr) mares. Oocytes and follicular cells were collected by
transvaginal follicular aspiration. Follicle maturation was induced in estrous mares with a
follicle > 30 mm by injection of 750 ug of recombinant equine LH. Aspirations were
conducted at 0, 6, 9, and 12 h after LH administration. Total RNA was isolated from
single denuded oocytes and associated lysed cumulus and granulosa cells. For each gene,

mean mRNA copy number for each time point and age group were compared by
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ANOVA and Fisher’s LSD. Regression coefficients were generated to compare oocyte
mitochondrial numbers and correlations between gene expression within age groups.
Expression of LHR mRNA in granulosa cells was different (p<0.05) between age groups.
Young mares displayed a significant drop in LHR mRNA between O h and 6, 9, and 12 h;
while the pattern of expression in old mares was similar (p>0.05) among times and higher
(p<0.05) at 6 h than in young mares. Expression of AREG mRNA in granulosa cells
peaked (p<0.05) at 9 h; however, the magnitude of expression at 6 and 9 h was higher
(p<0.05) in old than young mares. Similarly, EREG expression peaked (p<0.05) at 9 h in
young and old mares but was higher (p<0.05) for old mares. Expression of PDE4D
peaked (p<0.05) at 6 and 12 h in old and young mares, respectively. The patterns of
expression of GPR3 for oocytes of young and old mares were different and peaked
(p<0.05) at 9 and 12 h, respectively. Magnitude of expression of PDE3A for oocytes of
old mares at 6 and 9 h was higher (p<0.05) than in young mares. Expression of GDF9
and BMP15 was different (p<0.05) between ages. Mean expression of both genes in the
old group was similar over time; however, in young mare oocytes maximum expression
was at 6 h (p<0.05). Correlation coefficients between GDF9 and BMP15 for old and
young mares were 0.94 and 0.99, respectively. Numbers of copies of oocyte mtDNA did
not vary in young mares; however, there was a temporal decrease (p<0.05) of oocyte
mitochondrial copy numbers in old mares. The main effect for age for mtDNA was

similar for old and young mares.
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These results support the idea that asynchronous oocyte maturation in old mares and

could explain some aspects of age-associated decline in fertility.

Lino Fernando Campos-Chillon
Biomedical Sciences Department
Colorado State University

Fort Collins, CO 80523-1680
Fall 2009
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CHAPTERI1

REVIEW OF LITERATURE

Introduction

The aging process is a complex and multifactorial phenomenon that affects
reproductive efficiency. Human fertility trends in western societies indicate women are
having fewer children and delaying births to a later age (1). The physiological basis for a
decline in fertility in older women involves non-regenerating germ cells, attrition of
oocytes, and the subsequent decrease in the number of oocytes from birth (25-50 x 10%) to
menopause (<1000) (2). In women, the oocyte has been determined to be the primary
factor affecting fertility negatively. The transfer of oocytes from younger women
reversed the age-associated decline in fertility in older women (3, 4).

A number of theories have been proposed in the last 30 years to explain the age
associated decline in fertility in women. One theory is based on changes in endocrine
patterns in relation to the decline of the oocyte pool. Such changes include lower
circulating levels of E, and inhibin B and higher levels of FSH; unfortunately, none of
these measurements directly reflects the quality of the oocyte (5). Another theory

involves the role of mitochondria and reactive oxygen species (ROS) damage in oocytes
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from aged women. This free radical theory proposes that accumulation of ROS over time
induces damage and mutations to mitochondrial DNA (6). Fuﬁhermore, deprivation of
ATP will disrupt mitotic and meiotic spindle formation; most nondisjunction and
aneuploidies occur during meiosis, an event of great energy demand (6). Genetic
abnormalities are another theory; aneuploidy occured in 35% of clinical pregnancies
among women > 40 years compared to 2% in women < 25 years (1). However, the
molecular mechanisms of nondisjuntion and aneuploidy need to be further elucidated (1).
Another potential theory involves the molecular and cellular components of enhanced
apoptosis in aged female germ cells which correlates with the accelerated oocyte
depletion of women at the onset of menopause (7). An additional theory emphasizes the
meiotic and developmental competence of oocytes in regard to asynchrony of oocyte
maturation and ovulation. Delay of ovulation during the menstrual cycle is associated
with abnormal ova in women (8).

The origin of age-related decline in fertility continues to be controversial. The
majority of hypotheses have attempted to explain the effect in terms of cause and effect,
but no single theory is satisfactory. Indeed female fertility is controlled by a series of
events occurring at different stages of oocyte development. Most theories agree that the
poor oocyte developmental capacity in older women is ultimately related to nuclear and

cytoplasmic abnormalities; however, many unanswered questions remain.
Research Animal Models to Study Ovarian Aging

At present, there is no an ideal model to study aging and infertility in women. An

ideal animal model to study oocyte developmental competence of aged women would
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have similar endocrine and follicular dynamics to women. The rhesus monkey has been
used to characterize some of the endocrine and germ cell changes associated with age (9).
However, the cost, complexity in management and ethical considerations hamper non-
human primate research (10). Rodents are the most widely used model to study ovarian
aging. Rodents are recognized for prolific reproduction, uniformity from animal to
animal, transgenic models, gene knock-out models and easy management. These
attributes, combined with molecular biology tools such as siRNA, microarray and qRT-
PCR technology, make rodents a powerful experimental model. However, they are
multiparous and their reproductive and molecular events occur rapidly compared to
women; in addition, some reproductive endocrine patterns are different than those of
women (10) and they have a vastly shorter lifespan. Malhi et al. (11) suggested the cow
as a model. Proposed studies involve prediction of ovarian follicle reserve, nuclear and
cytoplasmic changes, oocyte and granulosa markers of fertility and elucidation of the role
of telomere length. The cow has a short follicular phase and different follicular dynamics
than women. Therefore, making direct comparisons with women is difficult.

Ginther et al. (12) characterized the dynamics of follicular waves in mares and
women. Some of the remarkable ‘similarities based on reference points and relative values
between species were: 1) similar major ovulatory follicular waves, 2) similar major and
minor anovulatory waves, 3) numbers of follicles per wave were 5.9 and 3.9 in mares and
women, respectively, 3) emergence of dominant follicle to deviation was 4 days for both
mares and women, 4) time of dominant follicle deviation to ovulation was 10.1 and 7.4
days in mares and women, respectively, 5) percentage of growth of follicles during the

common growth phase were equal and 6) relative diameter of the dominant follicle from
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the beginning of deviation to ovulation was similar. In a subsequent study (13), hormonal
profiles were analyzed during follicular waves in mares and women, and similar temporal
relationships between follicular events and FSH concentrations were observed. These
commonalities are only shared by non-human primates; consequently, the mare could be
a suitable alternative model.

Reproductive aging in the mare has similar characteristics to humans; fertility
declines and reproductive cycles differ with advancing age. Old mares (> 20 y) had
longer follicular phases and slower growth of the preovulatory follicle (14). In addition,
circulating progesterone increased sooner after ovulation in old than young mares,
suggesting premature luteinization of the follicle (14). Oocytes collected from the
preovulatory follicles of young (6-10 y) and old (20-26 y) pony mares and transferred
into oviducts of young, inseminated recipients resulted in pregnancy rates of 92% and
31%, respectively (15). In addition, embryos collected from the oviducts of old mares (>
20 years) versus young mares (2-9 y) were delayed in development and had abnormal
morphology (16).

Another advantage of the mare for reproductive research is the relative ease of
monitoring the reproductive cycle and manipulating large follicles, including follicular
injections, oocyte collections, and aspiration of follicular fluid and cells. In addition, the
lifespan of the mare is approximately 25 years and exposure to environmental factors is,
in part, the same as women. We believe the mare is a feasible model to pursue studies in
meiotic and developmental competence of aging oocytes in regard to molecular
synchrony of oocyte and follicular maturation due to similarities to women in follicular

dynamics and reproductive aging characteristics.
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Oocyte Maturation

Oocyte developmental competence has been defined as the ability to resume
meiosis, cleave after fertilization, reach the blastocyst stage, establish pregnancy, and
ultimately result in normal offspring (17). Molecular synchrony of oocyte maturation can
be divided into four events: 1) nuclear maturation, 2) epigenetic maturation 3)
cytoplasmic maturation and 4) molecular maturation.

Nuclear maturation includes the reinitiation and completion of meiosis I and
arrest in metaphase II, ultimately reducing the number of chromosomes from diploid to
haploid. Meiosis is initiated early in fetal development in mammals. Primordial germ
cells migrate to the genital ridge and undergo mitotic divisions (18). Then, oogonia enter
the first meiotic division and arrest in prophase I until puberty. Oocytes resume meiosis
in response to the preovulatory rise in LH. Oocytes at prophase I have an intact nuclear
membrane called the germinal vesicle (GV). Resumption of meiosis is characterized by
the breakdown of the GV, chromosomal condensation, assembly of the metaphase I
spindle and extrusion of the first polar body. A second meiotic spindle is formed, and the
oocyte enters meiosis II and arrests at metaphase II until activation by fertilization (19).
In women and mares, oocytes are at MII at the time of ovulation.

Epigenetic maturation is defined as stable and heritable chromatin modifications
that influence gene expression without changing DNA sequence (20). During oogenesis,
germ cells undergo epigenetic modifications that give the genome an imprint that can be
maternal or paternal. An important example is methylation of cytosines. Timing of the

epigenetic processes of imprinting and maintenance of during oogenesis may alter the
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events of oocyte maturation (21). Completion of imprinting is essential for developmental
competence of the oocyte and to ultimately establish a normal pregnancy.

Cytoplasmic maturation occurs when the oocyte has completed RNA and protein
synthesis, including nucleolus condensation and depletion of ribosomes (17). Other
changes involve the redistribution of mitochondria, cortical granules and smooth
endoplasmic reticulum. In preparation for oocyte activation by sperm at fertilization, the
oocyte develops IP3 sensitivity by increasing the number of receptors in preparation for
oocyte activation by sperm at fertilization (21).

Another phase of oocyte maturation has been identified as molecular maturation
(17). This form of maturation is the least understood, though some of the components of
molecular maturation have been defined. These transcriptional and translational events
that occur late in oocyte maturation are likely key factors in producing competent
oocytes. Although very limited, both transcription and translation occur after the oocyte
reaches its full diameter, and in the early embryo before the maternal-zygotic transition.
The mRNA and proteins produced during this time are important components of
successful oocyte maturation and subsequent embryo development. Oocytes removed
from their follicular environment before completion of all aspects of maturation and
placed into an in vitro system had altered expression of mRNA of genes involved in
transcription and translation compared to embryos produced in vivo (19). Without proper
expression of genes involved in regulating transcription and translation, proteins such as
cyclin B1 that are translated from mRNA stores (21) will not be produced when they are

needed or at the levels necessary for efficient maturation. Oocyte competence is clearly a
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synchronous process that requires coordination of nuclear, epigenetic, molecular and

cytoplasmic maturation.

Molecular Events of Oocyte Maturation

The functional unit in the ovary is the follicle. During the preantral stage,
follicular cells divide constantly; when the follicle reaches the antral stage, the cells
surrounding the oocyte are called granulosa cells. Granulosa cells become metabolically
coupled with each other via gap junctions composed of six subunits of connexins.
Granulosa cells are separated by basal laminae from the stromal/theca cells (22). The
cells directly surrounding the oocyte differentiate into cumulus cells. Cumulus cells
communicaté directly with the oocyte via gap junctions, forming a cumulus-oocyte
functional unit (22).

In response to the preovulatory LH surge, the oocyte resumes meiois. However,
the molecular pathway of LH signaling to the oocyte needs to be elucidated. Currently,
the literature contains contradictory data concerning the role of LH itself. Eppig et al.
(23) reported no mRNA for the LH receptor in cumulus cells and oocytes. Yet, in a recent
study (24), human oocyte and cumulus cell microarray analyses revealed LH and
chorionic gonadotropin receptor overexpression in cumulus cells; however, the presence
of the protein was not evaluated. Evidence suggests that the action of LH is on the mural
granulosa cells, not the cumulus granulosa cells. Binding of LH to its receptor on mural
granulosa cells induces translation of signaling molecules that bind to the granulosa cells,

initiating a sequential set of events that eventually lead to oocyte maturation (19).
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Although the exact sequence of events occurring in cumulus and granulosa cells is
not known, it is clear that signals are transmitted through the gap junctions into the
oocyte, which eventually leads to changes in cyclic adenosine monophosphate (cAMP).
Meiotic arrest is regulated by cAMP; cAMP is synthesized from ATP by adenyl cyclase
and acts as a second messenger in intracellular signal transduction (25). Spontaneous
maturation occurs when the oocyte is removed from the follicular environment. In the
mouse, the rate of meiotic resumption decreased in experiments using cAMP and/or
kinase inhibitors or deletion of phosphodiesterase 3A (25, 26).

In the oocyte, cAMP regulates the activity of maturation promoter factor (MPF)
Which is a protein complex of CDK/cyclin B (Fig.1). High levels of cAMP result in the
phosphorylation of CDK1 on the Thr 14 and Tyr 15 residues leading to inactivity of MPF
(27). A decrease of cAMP leads to the dephosphorylation of CDK1 by protein kinase A
(PKA), and MPF becomes active. Protein kinase A regulates the activity of the dual
specific phosphatase cdc25 (dephosphorylation of CDK1) and the kinase WEE1/MYT1
(phosphorylation of CDK1) (25).

Figure 1. Cell signaling involved in meiotic arrest
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cAMP?T
PKA
v
o ~Na
WEE/MYT1 CD(C25b-P

T

Meiotic Arrest

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



After meiosis I is completed, the oocyte arrests in MII until fertilization.
Metaphase II is maintained by cytostatic factor (CSF) via the mos/MAPK pathway (27)
in spite of aligned chromosomes. CSF component Emi2 inhibitor renders anaphase
promoting complex (APC/C) inactive. Fertilization leads to the release of intracellular
calcium; CSF is destroyed by a calcium activation of Ca>* -dependent calmodulin kinase
II by phosphorylation of Emi2 that is further phosphorylated by Plk1 for subsequent
destruction by the proteosome (27, 28). The degradation of Emi2 liberates and activates
APC/C with subsequent degradation of cyclin B (29). However, a number of pathways
have been postulated for the function of CSF in the frog (Fig. 2). Tunquist et al. (28)
proposed that CSF is composed of Mos protein in M1, and cyclin E and Cdk2 protein in
MII. Mos activity is required for the activation of the MAPK pathway, leading to the
Bubl-dependent establishment of CSF arrest. Cyclin E/Cdk2 activity also inhibits APC/C
independent of the MAPK pathway. Also, the Cdc20-interacting protein is present in

immature oocytes and is necessary for the maintenance of CSF arrest in the oocyte.

Figure 2. Maintenance of CSF
Mos/MAPK/p90Rsk/Bubl —»

CyclinE/Cdk2 Cdc20 —» APC/C

Oocyte mRNA Regulation
Ovarian follicular development is a highly regulated process. Oocytes display
post-transcriptional regulatory mechanisms that control mRNA stability and translation.

In the nucleus, mRNAs are first transcribed as precursor mRNA (pre-mRNA) and then,
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modified by capping, polyadenylation and splicing (30). During oogenesis, the oocyte
accumulates mRNA; fully grown oocyte mRNA corresponds to 20-45 % of all mouse
genes (31). During oocyte meiotic maturation and the initial stages of embryonic
development, the transcriptional machinery is silent. Changes in mRNA abundance in
immature and mature oocytes depend on the stability, utilization and degradation of the
transcripts involved (32). Maternal mRNA translation is regulated by changes in the 3’
poly-A tail length; at the time of meiotic maturation, mRNA polyadenylation is
temporally regulated. Polyadenylation involves addition of up to 250 adenosine residues
by the poly-A polymerase (33). The cytoplasmic polyadenylation element (CPE) and the
hexanucleotide AAUAAA and their interactions with specific CPE binding proteins are
necessary to achieve adequate poly-A additions in the cytoplasm (34). A long poly-A
allows mRNA to acquire a circular shape prior to translation initiation. Such structure of
mRNA is essential for translation efficiency (31).

The half-life of individual mRNA depends on the degradation by exonucleases.
Messenger RNA is protected by the methylguanosine cap structure which interacts with
the poly-A tail; therefore, shortening of the poly-A at the 3’ end leads to mRNA
degradation (34). Oocyte mRNAs with short poly-A tails are translational inactive;
however, they can be activated by polyadenylation and or inactivated by deadenylation.
Cytoplasmic deadenylation mechanisms targeting specific mRNA in mammalian oocytes
and the mediators are not know (35). Messenger RNA localization further regulates
meiosis; the cytoskeleton is actively involved in transport of mRNA to the site of
translation and degradation in the cytoplasm (34). Localization of RNA is involved with

spatial restriction in the production of the proteins in the oocyte (35). Maternal mRNA
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masking or nonspecific interaction of Y-box proteins involves mRNAs associated with
maternal ribonucleoproteins, which prevent binding of mRNA to polyribosomes, and
consequently, represses traﬁslation (36).

The embryonic genome is activated at later cell cycles. The event is known as the
maternal-zygotic transition. This event occurs in the mouse and the cow at the 2-cell and
8-cell stages respectively (36). Mechanisms involved in the maternal-zygotic transition
involve degradation of maternal RNA (chromatin mediated repression, deficiency in
transcription, and transcription repression or abortion by rapid cell cycles) and increase
expression of embryonic genes (37). After fertilization, a rise in calcium oscillations
mobilizes maternal mRNAs for translation. The proposed mechanism may involve
calcium activation of certain kinases/phosphatases which post-translationally modify
RNA binding proteins, releasing the maternal mRNA from repression (32). Micro RNAs
have also been involved in maternal-zygotic transition by repressing translation and
accelerating mRNA decay (38). The mechanism of action seems to be binding of the
short RNAs to the 3° UTR of target mRNA (38).

Oocyte mRNA storage and regulation during oocyte maturation and early embryo
development are fundamental for embryonic development potential. Gene expression and
subsequent translation in oocytes have mRNA specific regulation, and should be studied

in individual basis.

Candidate Mechanisms Involved in Resumption of Meiosis
The presence of redundant systems makes it difficult to dissect events in oocyte

maturation. A possible pathway for the resumption of meiosis is via LH action on

11
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granulosa cells; the signal is then transmitted to the oocyte, either removing an inhibitory
maturation arresting element or providing a positive maturation promoting substance.
The model (Fig. 3) involves the following proposed pathway: stimulation of LH on
granulosa cells via the LH receptor (LHR), causes release of amphiregulin (AREG),
epiregulin (EREQG) and betacellulin. Amphiregulin and EREG bind receptors in cumulus
cells and mediate phophodiasterase (PDE) gene expression. Reduction of cAMP in the
oocyte may occur because of reduced influx of cAMP via gap juntions from cumulus
cells. Indirectly LH activates oocyte-specific PDE3A, resulting in hydrolysis of cAMP.
Stimulation of LH may affect indirectly the activity of the ligand that activates the orphan

G protein coupled receptor 3 (GPR3) which maintains high levels of cAMP.

Figure 3. Resumption of meiosis model
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Luteinizing Hormone Receptor (LHR)

The LHR is a single polypeptide chain classified as a member of the rhodopsin/p,
adrenergic receptor subfamily of G protein-coupled receptors (39). The structure includes
an extracellular domain (340 amino acid residues), seven transmembrane intracellular
and extracellular loops, and a short intracellular C terminus (39). Upon ligand binding,
Gs protein is coupled and activates adenyl cyclase to elevate intracellular cAMP;
subsequently, several signaling pathways are activated including protein kinase A, cAMP
activated guanine nucleotide exchange factors, and phospholipase C (40). The LHR
undergoes broad post-translational modifications; for example, N-linked glycosylation
plays a role in the maturation of the receptor, while palmitoylation is invoived in receptor
endocytosis and post-endocytic trafficking (41). Expression of the LHR not only has been
documented in granulosa, luteal and leydig cells, but also, in the oviduct, myometrium,
endometrium, vascular smooth muscle of the broad ligament, breast, and ovarian and
prostate cancer to name a few (42).

Numbers of receptérs in the follicle increase with follicle size and appear at later
stages of follicular development, With evidence of a permissive FSH and estrédiol action
(43). Numbers of LHRs have been associated with follicular deviation; granulosa cells of
the dominant follicle ilad a differential acquisition of LHR mRNA just before diameter
deviation (44). In the horse, LHR protein content in granulosa cells was greater when
follicles were 15—19 mm than in smaller follicles. Similarly, in cattle LHRs were found in
granulosa cells from follicles >8mm with no changes in FSH receptors (45).

The preovulatory LH surge or exogenous stimulation with hCG or recombinant

LH causes a transient and rapid decline in LHR expression and uncoupling of the LHR

13
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from the G proteins followed by an increase of LHR population as the CL develops (43).
Desensitization (transient loss of responsiveness) to LH is due to Gs uncoupling with
subsequent decrease of cAMP production, rapid endocytosis of the LHR complex and
decrease transcription or degradation of mRNA (39). Recently, down regulation of the
LHR was proposed to be caused by a mRNA degradation mechanism (46). In a series of
experiments with rat and human grahulosa cells, a mRNA binding protein was identified
and purified (mevalonate kinase); the protein recognized the open reading frame of the
Lhr mRNA regulating its stability (46, 47).

At the level of the follicle, LHRs are confined to mural granulosa cells and
‘extemal theca cells in spite of the profound effects of LH on cumulus cells and the
oocyte. Cumulus cells and oocytes failed to respond when exposed to LH in vitro (48,
49). It appears that mural granulosa cells function in an autocrine and paracrine manner
after LH stimulation to activate a signaling network of EGF-related ligands (48). Ligand
binding of G-protein coupled receptors and subsequent signaling via cAMP has been
described to initiate metalloprotease-dependent shedding of EGF-like growth factors and
receptors (50). However, the molecular pathway of LH’s effect on the oocyte remains

unknown.

Amphiregulin and Epiregulin
Epidermal growth factors (EGF) have extensive and important roles in the
regulation of cell growth, proliferation, and differentiation. Amphiregulin and EREG are
EGF-related proteins that act as mitogens or inhibitors depending on the cell type.

Amphiregulin and EREG share a motif of six conserved cysteine residues and an EGF-

14
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like domain (51). They are produced as transmembrane precursors and are cleaved at the
cell surface by metalloprotease or disintegrin and metalloprotease families (52). The
EGF receptors (EGFR) belong to the tyrosine kinase family. Upon binding, the receptor
dimerizes and activates downstream pathways (ERK 1/2). The p38MAPK aﬁd ERK1/2
pathways have synergistic and sequential actions in cumulus cells (53). In addition,
phosphorylation of the EGFR was indispensable for LH-stimulated oocyte maturation
indicating transactivation of the EGF network by LH in preovulatory follicles and
amplification of the LH signal (52).

In the mouse, an ovulatory dose of hCG caused expression of Areg and Ereg
mRNAs within 1-3 h after injection (48). In the same study, in situ hybridization revealed
expression of these genes restricted to granulosa cells of preovulatory follicles, and no
signal was detected in cumulus cells. Amphiregulin and EREG induced cumulus
expansion, GV breakdown and nuclear maturation when added to the intact follicle in
culture. Furthermore, microarray studies in the mouse indicated maximum levels of Areg
and Ereg at 2 h after administration of hCG in vivo, while in primates, AREG and EREG
increased by 6 and 12 h respectively suggesting a mediatory role in LH action (51). In the
mouse and the rat, 4reg and Ereg increased cytoplasmic maturation of in-vitro matured
oocytes; however, the effect was not observed with denuded oocytes (54). In the horse,
preliminary data indicated maximum mRNA expression of AREG and EREG at 9 h after
exogenous injection of recombinant equine LH (55).

In addition, cumulus cell functions involved neuronal and immune-related up-

regulation of genes after LH/EGF stimulation (56). Therefore, cumulus cells may also
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provide factors that have the potential to immunoprotect the oocyte and control innate
immune responses in the oviduct.

One of the pathways of meiotic resumption appears to be by action of LH on
granulosa cells by binding to the LHR followed by rapid production of AREG and
EREQG, then, transactivation of the EGFR present on cumulus cells and expression of

PDEA4D and PDE3A in the cumulus cells and oocyte, respectively.

. Phosphodiesterases

Regulation and homeostasis of cAMP can occur via extracellular and intracellular
mechanisms. Intracellular concentration of cAMP is a balance of synthesis and
degradation, and it is regulated by adenyl cyclase and cyclic nucleotide
phosphodiesterases (PDE) (57, 58, 59). There are 11 PDE families, and each isoenzyme
serve specific roles, and its expression is fundamental for the specificity of cAMP
signaling and compartmentalization (60). The majority of PDE families have more than
one gene and generate more than one protein, dependent on different promoters and
transcription initiation sites and alternative mRNA splicing; however, the regulation is
mostly conserved among species (57). The specificity of the protein is related to the
determinants located at the N-terminal portion of the PDE.

Compartmentalization in the cumulus oocyte complexes of PDEs has been
established. Cumulus cells and oocytes contain the PDE4D and PDE3A isoforms,
respectively (61). The knock-out Pde4d mouse model displayed reduced female fertility
with 50% decreased litter size; also, the cAMP response to gonadotropins, estrogen

production, and ovulation rate decreased (60). Park et al. (62) demonstrated that Pde4d is
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a gonadotropin regulated gene, and protein accumulation follows activation of
transcription, altering intensity and duration of cAMP in follicular cells in vivo and in
vitro. The authors concluded that the Pde4d gene is epistatic to the progesterone receptor
and Cox-2 genes in upregulation of genes by LH. In the bovid, the type 3 PDE but not the
type 4 PDE inhibitors prevented spontaneous maturation of denuded oocytes in vitro,
suggesting compartmentalization of PDEs in the follicle (63). In another study, involving
bovine intact and denuded oocytes (64), an additive effect of PDE3A but not PDE4D was
found on the inhibitory action of theca cell monolayers on oocyte maturation. Also, it was
concluded that the factors produced by the theca cell monolayers act upstream from the
site of action of PDE3A.

The role of PDE3A in oocyte maturation has been well characterized. In rat
oocytes, Pde3a was activated prior to resumption of méiosis in both spontaneous and LH-
induced maturation in vitro (65). In addition, Pde3a activity was only detectable when
interactions between oocytes and cumulus cells were maintained. The authors suggested a
mechanism in the oocyte involving cAMP degradation, possibly by PKB/Akt
phosphorylation of Pde3a together with a decrease in permeability of the gap junctions
(65, 66, 67). Genetic deletion of Pde3a in mice lead to high levels of cAMP in oocytes,
persistent activation of PKA and inhibition of MPF/MAPK signaling (68). Further more,
Pde3a ™" females had oocytes that were not able to resume meiosis. Oocytes remained in
prophase I despite normal follicular dynamics and ovulation; in addition, spontaneous
maturation did not occur when oocytes were taken out of the follicular environment. In
the same study, meiosis was restored by inhibiting protein kinase A (PKA) with

adenosine-3',5'-cyclic monophosphorothioate, Rp-isomer (Rp-cAMPS) or by injection of
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protein kinase inhibitor peptide (PKI) or mRNA coding for phosphatase CDC25. In
swine, PDE3A was found also to be the major cAMP degradating PDE in the oocyte;
furthermore, it regulated the resumption of meiosis until 3 h prior to GVBD in vitro (69).
In the horse, PDE3A mRNA was detected 6-9 h in individual oocytes after administration
of recombinant equine LH in vivo (55). Microinjection of Pde3a into oocytes, arrested
with the non-specific inhibitor 3-isobutyl-methylxanthine (IBMX), resulted in GV
breélkdown (70) demonstrating the specific role of PDEs in resumption of meiois.

Oocyte maturation stﬁdies have shown a beneficial effect of PDE3A inhibitors on
cytoplasmic maturation. In the mouse, in vitro exposure of follicle enclosed oocytes to
Pde3a specific inhibitors for 12 d did not alter follicular cell function, differentiation or
oocyte viability (71). Addition of PDE inhibitors delayed GV breakdown and maintained
gap junction communications between bovine oocytes and cumulus cells in vitro (72). In
the same study, blastocyst rate after in vitro embryo production was significantly
increased after 16 h of meiotic arrest with PDE3A and 4D inhibitors. Experimentally in
humans, exposure of compact cumulus-oocytes complexes to PDE3A inhibitors during in
vitro culture resulted in higher maturation rates and better oocyte morphology; however,
fertilization and cleavage rates were the same as controls (73).

Recently, it has been proposed that the effect of LH in cumulus cells and oocytes
is mediated by EGF-like factors with subsequent regulation of PDEs (phosphorylation by

PKB/AKT); however, further investigation is required.
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G-Protein Coupled Receptor 3

The classical model of GPR function involves coupling of the G protein and
receptor after ligand stimulation of the receptor. The orphan GPR3 confers constitutive
signaling via Gas and generation of cAMP in numerous tissue culture cell lines (74).
Structurally, GPR3 is similar to the lysophosphatidic acid receptors and sphingosine-1-
phosphate receptors. These groups of receptors are lipid mediators generated from
membrane phospholipids and act as intracellular second messengers and extracellular
activators of a family of GPCRs(75).

In rodents, Gpr3 has been found in several tissues; however, in situ hybridization
of mouse ovarian sections showed strong Gpr3 localization in the oocyte. Quantitative
RT-PCR resulted in expression of Gpr3 at 14 times higher levels in the oocyte than in
cumulus cells. Most (89%) antral follicles of knock-out mice with deleted Gpr3 had
oocytes that resumed meiosis. In addition, meiotic arrest in Gpr3” mouse follicle-
enclosed oocytes was rescued by injection of RNA encoding Gpr3 and its Gs subunit (76,
77). In another study (78), Gpr3 was deleted within the oocyte by microinjecting follicle-
enclosed mouse oocytes with siRNA. Oocytes injected with GPR3 siRNA, but not with
control siRNA, lost their ability to maintain meiotic arrest. In the rat, microarray analysis
and RT-PCR of germinal vesicle oocyte mRNA revealed Gpr/2 and not Gpr3 to be in
control of cAMP levels in oocytes (79).

Regulation of GPRs can be via Gs or Gi, stimulatory or inhibitory subunits,
respectively. Localization of the GasGFP in the plasma membrane versus cytoplasm was
smaller in Gpr3** than in Gpr3” mouse oocytes as determined with immunofluorescence

technology. In addition, injection of Gpr3 mRNA into Gpr3” mouse oocytes restored the
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cellular localization of GasGFP, indicating that Gpr3 activated the Gs signaling pathway
(80). In hﬁmans, GPR3 mRNA and Gs protein from immature oocytes was isolated by
RT-PCR and western blotting, respectively. Furthermore, injection of immature oocytes
with Gs antibodies overcame meiotic inhibition of oocytes cultured with cilostamide
(PDE inhibitor) (81). The effect of LH on Gs signaling pathway was studied by
monitoring the relative distribution of Gs in mouse oocyte membrane and ooplasm (82);
no changes were detected in cellular localization of Gs, suggesting that LH has no effect
on the Gs pathway. The effect of LH on the Gi pathway was also evaluated by injection
of follicle-enclosed mouse oocytes with pertussis toxin or ethylene diamine tetraacetic
acid which inhibits Gi and chelates Ca®" respectively. Both failed to inhibit LH
stimulation of oocyte nuclear maturation, suggesting that oocytes lack LH receptors in
the membrane that are linked to cAMP via Gi or Ca** (83). In a genetic approach by
mating Gpr3'/ “ with Pde3a " mice, female infertility was partially rescued (84). It was
concluded that Gpr3 functions upstream of Pde3a in regulation of cAMP in oocytes; in
addition, cAMP diffusion via gap junctions from follicular cells is not sufficient to
maintain meiotic arrest.

Premature ovarian aging has been evaluated in mice deficient in Gpr3. Decreased
fertility was found in terms of reduced number of zygotes produced by spontaneous
ovulation, decreased development to the two-cell and blastocysts stages, and reduced
numbers of embryos implanted and litter size (85). In addition, increased levels of FSH
and shorter estrous cycles with increased abnormal morphology and fragmentation of
oocytes and embryos were observed. These changes mimic some of the characteristics

associated with age-related decline of fertility in women (86). However, in an
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epidemiological study involving 82 American Caucasian women with premature ovarian
failure, no mutations were found in the GPR3 coding region (87). In the horse, qRT-PCR
of individual oocytes from young and old mares revealed a different pattern and
magnitude of GPR3 mRNA expression among ages 0, 6 and 9 h after LH administration
(55).

The role of GPR3 in the maintenance of meiotic arrest has been established;
hpwev'er, the link between LH, LHR, AREG, EREG, PDE3A, PDE4D, GPR3 and the

levels of cAMP in the oocyte remain to be elucidated.

Cumulus-Oocyte Communication

The intimate association between the oocyte and its surrounding cells is
established early in follicular development. Paracrine signals, between the oocyte and
follicular cells, are being investigated as regulators of follicular function and fertility.
The dogma that follicular and endocrine signals control ovarian activity is being
augmented with the concept that the oocyte plays a key role for the coordination of
oocyte maturation with follicular development and ovulation. Paracrine factors secreted
by oocytes during follicular development are important regulators of granulosa and
cumulus cell differentiation (88). In cumulus cells, these factors stimulate cell growth and
prevent apoptosis while inhibiting luteinization, LHR expression and inhibin synthesis
(88). Fertility can be lost after disruption of oocyte-cumulus communication during early
follicular development, follicular growth, preovulation or postovulation (89, 90). The

oocyte depends on follicular cells to support its development, regulate meiosis and
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modulate gene expression. The cumulus cells undergo expansion while attached to the
oocyte; cumulus cells have regulatory effects during ovulation and fertilization (91).

Cumulus oocyte communication is required for normal ovarian folliculogenesis,
and oocyte nuclear and cytoplasmic meiotic competence. Gap junctions between the
oocyte and surrounding follicular cells are the functional intercellular communication
unit (92). Gap junctions are sites of close cell apposition that act as channels, permitting
passage of inorganic ions, second messangers and metabolites < 1000 Da. The
fundamental unit is the connexon, made of protein subunits termed connexins (93).
Connexins (Cx) are composed of four membrane-spanning domains, two extracellular
loops, a cytoplasmic loop and cytoplasmic N- and C- terminal (94). In the mouse, Cx37
are contributed by the oocyte, while Cx43 are contributed by transzonal projections from
cumulus cells docking with Cx37, thus forming heterotypic junctions (94). Genetically
deficient mice for Cx37 had impaired oocyte growth (92); while, Cx43 mutant mice had
poorly developed zona pellucidae, vaculated ooplasms and absence of cortical granules
(93).

In the bovid, the onset of germinal vesicle break down occurred when the gap
junction communications had dropped to 40%, supporting the idea that gap junction
disruption in part induced the nuclear maturation cascade (63). Culture of murine follicle-
enclosed oocytes with an inhibitor of Cx43 caused nuclear maturation after 2 h of
exposure (95). Furthermore, LH-induced inhibition of Cx translation was not observed
before 3 h after injection, while phosphorylation of Cx43 occurred within 10 min of LH
injection (96). The molecular basis of gap junction disruption after the LH surge is

phosphorylation of Cx43, mediated by the MAPK pathway (95). A later response
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involves inhibition of Cx43 transcription and translation, ultimately eliminating the gap
junction channels (96). Further studies are needed to conclude that cAMP produced in
somatic cells diffuses into oocytes via gap junctions and could help maintain meiotic

arrest.

GDF9 and BMP15

Reproductive aging could change oocyte function, resulting in altered secretion of
paracrine factors. These changes could profoundly affect ovarian function and fertility in
the old animal or woman. Growth and differentiation factor 9 (GDF9) and bone
morphogenetic protein 15 (BMP15) are oocyte specific factors that recently have been
studied extensively and possibly interact with the molecular synchrony of oocyte
maturation and pass to the cumulus cells vi‘a gap junctions.

Growth differentiation factor 9 and BMP15 belong to the transforming growth
factor-B (TGF-P) superfamily. Messenger RNA of GDF9 and BMP15 are primarily
found in the oocyte of most species (97). Cellular signaling occurs via a receptor complex
involving type I and II of membrane bound serine/threonine kinases on granulosa cells
(91, 98). The GDF?9 signals through an ALKS type-I receptor, and the downstream
signaling is mediated by phosphorylation of Smads 2 and 3 (R-Smads). The receptor for
BMP15 is an ALK6 type-Ib receptor, and the intracellular signaling is mediated by
phosphorylation of Smads 1, 5 and 8 (R-Smads) (91). In both genes, the R-Smads
associate with the co-Smads (Smad 4); this heterodimeric complex translocates from the

cytoplasm to the nucleus and regulates transcription of target genes (98)
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Mouse knock-out models for Gdf9 indicated infertility in the female with arrested

- follicular growth at the primary stage; oocytes had accelerated growth and increased
defects (99). Female Bmp15 knock-out mice were subfertile. Follicular growth was
normal but ovulation rates were decreased, and fertilization failure occurred (99). Ewes
that had a single copy of a mutation on GDF9 were fertile and had an increased ovulation
rate; in addition, heterozygous for mutations in both BMP]5 and GDF9 resulted in an
additive ovulatory rate (91). Immunization of ewes against BMP15 or GDF9 resulted in
impaired fertility; therefore, both are essential for normal follicular development and
ovulation rate (97). Furthermore, multioocyte follicles have been reported in mice with
single gene mutations in Gdf9 and Bmp15 (99).

In mice, knock-out and RNAIi experiments suggested Bmp 15 regulation of the
preovulatory pattern which involved cumulus expansion and EGF-like molecule
expression in cumulus cells (100). Oocyte Bmp15 was upregulated by gonadotropins and
activation of Smad 2 and 3 signaling initiated cumulus expansion by signaling the MAPK
pathway that allows FSH/EGF to activate MAPK (98). In another experiment in mice,
Bmp15 promoted glycolysis in cumulus cells and upregulated mRNA encoding glycolytic
enzymes (101). Oocytes utilize glucose poorly as energy source, and surrounding
cumulus cells provide pyruvate for the oocyte oxidative phosphorylation pathways;
therefore, the oocyte directs its somatic cells with metabolites for its own development.
Similarly, cholesterol biosynthesis in cumulus cells of mice was regulated by Bmp15 and
Gdf9 (102). Transcripts encoding enzymes required for cholesterol synthesis were down
regulated as well as synthesis of cholesterol from acetate in cumulus cells of mutant

mice (Bmpl5” and Bmpl5™ Gdf9'/ ™). Since oocytes are inefficient at producing
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endogenous cholesterol (102), it can be hypothesized that oocytes acquire cholesterol
from its micro environment and surrounding cumulus cells. In cattle, GDF9 increased
theca cell proliferation and inhibited steroidogeneis in vitro controlling theca interna cell
differentiation during follicle growth (103). Also, BMP15 significantly decreased bovine
cumulus cell apoptosis in-vitro in a dose dependent manner (104); Bcl-2 (antiapoptotic)
was up regulated while Bax expression was down regulated.

Expression of BMP15 and GDF9 mRNA during follicular growth varies among
species, GDF9 was expressed in primordial follicles in cattle, sheep and hamster and in
primary follicles in humans and rodents; whereas, BMP15 was expressed in primary
follicles (97). Expression of the mature form of BMP15 protein in mice Was detected
prior to ovulation after LH treatment and not before, while GDF9 mature protein was
detected before the LH surge (105). Messenger RNA of GDF9 was abundant in bovine
oocytes at 55,000 copies per oocyte and was upregulated in competent oocytes. While
BMP]5 transcripts were more than 20 fold higher than GDF9, expression of BMP15 was
not associated with oocyte competency (106). In the horse, GDF9 and BMP15 mRNA
were detected at 6 h in individual oocytes after administration of recombinant equine LH
in vivo (55). In an epidemiological study involving 38 Caucasian women, mutations of
these genes were not linked with premature ovarian failure (107).

Growth differentiation factor 9 and BMP15 pro-proteins are detectable in
follicular fluid; however, their direct role in the follicle is not conclusive (106). Close
relationships were found between FSH, GDF9, BMP15 and the tyrosine kinase receptor
Kit and its ligand, KitL, expressed on oocytes and granulosa cells, respectively (108).

The model shows that GDF9 and BMP15 promote proliferation of granulosa cells from
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small antral follicles, and BMP15 inhibits FSH-stimulated progesterone production and
luteinization. Also, GDF9 suppresses expression of KitL, and BMP15 promotes KitL.
Expression of BMP15 is regulated by FSH in a dose-dependent manner via Kit signaling,

and Kit signaling promotes both oocyte growth and cell survival (Fig. 4).

Figure 4. FSH, GDF9, BMP15 and KitL communication [Adapted from Thomas et al. (108)]
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Both GDF9 and BMP15 have been used successfully during bovine embryo
production in vitro (88). Cumulus-oocyte complexes were in vitro matured in serum-free
conditions with denuded oocytes for 24 h or for the last 15 h of maturation; blastocyst
rates were 51 and 61% per oocyte, respectively, compared to 39% for controls. In the
same study, in vitro maturation of oocytes supplemented with recombinant mouse GDF9
and BMP15 resulted in 50 and 58% blastocysts per oocyte, compared to 41% for
controls. Similarly, supplementation of murine oocytes with GDF9 increased blastocyts
cell numbers in the ICM and most importantly, fetal viability (109). Paracrine
communications between the oocyte and its surrounding cumulus and granulosa cells

clearly regulate oocyte developmental competence and appear to have profound effects
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on developmental programming; however, differences among species exist, and the use
of recombinant proteins require caution since the mature form of the protein is the one

that has a biological effect.

Oocyte Mitochondrial DNA

Mitochondria play major functions in cell energy, metabolism, homeostasis and
death. Mitochondria provide the cell with ATP by oxidative phosphorylation. The
respiratory chain involves four complexes located on the inner mitochondrial membrane.
The final product is exergonic hydrolysis of ATP to ADP+Pi which provides energy for
most energy dependent cell process essential for survival, growth and division (110).

Mitochondria also play a role in several critical cellular pathways leading to
synthesis of heme, iron-sulfur proteins, nucleotides, amino acids and calcium
homeostasis to name a few (111). In addition, mitochondria produce reactive oxygen
species (ROS) and at the same time maintain a ROS-detoxifiying enzymatic pathway
(reduction of NADPH) (112).

Mitochondrial regulation of apoptosis includes oogenesis and embryonic
development; therefore, altered mitochondrial activity has been associated with oocyte
and embryo demise. Small numbers of mitochondria (5x10°) from non a‘poptotic
follicular cells were injected into mouse oocytes and prevented those oocytes from

undergoing apoptosis after 24 h of in vitro culture when compared to controls (113).
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Mitochondrial DNA

Mitochondria maintain a specific genome, thé genome is double-stranded and
circular producing ~1% of the 1,500 mitochondrial proteins (114). Mitochondrial DNA
(mtDNA) is organized in nucleoids and lacks histones; in addition, the genome is
compact without intronic sequences and 5°- 3’ untranslated regions (112). The control
region is known as the D-loop, which includes most regulatory sequences for replication
and transcription (114). replication of the mitochondrial genome occurs independently of
the cell cycle, and maintenance and repair are done by the same enzymes as in the
nucleus; however, mtDNA is more susceptible to damage. Production of reactive oxygen
species and lack of histone proteins make mtDNA prone to a high rate of mutations
(115).

The mitochondrial genome is maternally transmitted by the oocyte with little or
no paternal contribution. Proteasomes in oocytes recognize mitochondria present in the
sperm midpiece that was previously ubiquitinated during spermatogenesis. The
ubiquitinated epitopes are masked by disulfide bond cross-linking during epididymal
passage, and exposed to oocyte induced disulfide bond reduction after fertilization (116).

A genetic bottleneck for the transmission of mtDNA takes place in the primordial
germ cells. During oogenesis, mitochondria originate from a small founder population
(less than 10 founder mitochondria) and are amplified during oocyte maturation and then
reduced. Such restriction and amplification mechanisms seem to reduce the rate of point
mutations allowing clonal expansion of a hdmogeneous set of mtDNA (117). In the
mouse, transcripts of replication factors are abundant at the morula and blastocyst stage;

however, mtDNA replication occurs at the blastocyst stage, suggesting that the inhibition
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of mtDNA replication is controlled at the post-transcriptional level during early
embryogenesis (118). It has been suggested that there is one copy of mtDNA per
organelle (117). In humans, differentiated oogonia carry ~200 copies; ~6000 copies by
prophase-1, and 2 x 10° copies of mtDNA by metaphase II, (118). Mitochondrial numbers
among and within oocytes of individuals undergoing assisted reproduction are highly
variable with repofted 80-fold variation; possibly, the variation is related to the high rate
of cytoplasmic growth (119).

Oocyte mitochondrial numbers have been related to developmental competence.
In one study using real-time PCR and blocking for male infertility, mtDNA content was
lower in cohorts of oocytes from women suffering fertilization failure compared to
cohorts with normal fertilization rate after in-vitro fertilization (119). Similarly, mtDNA
copies of oocytes from 42 women undergoing ICSI were different between oocytes that
failed to fertilize than those that presented with two pronuclei (120).

In the pig, mtDNA copy number, glucose-6-phosphate dehydroggnase content
assessed with cresol blue and cytoplasmic transfer demonstrated a significant positive
correlation with fertilization outcome (121). In the horse by using real-time PCR,
maturation in vitro was associated with mitochondrial degeneration of oocytes from aged
mares; in addition, electron microscopy of those oocytes revealed swollen mitochondria
with damage cristae (122). In another study, mitochondrial aggregation and metabolic
activity were influenced by initial cumulus morphology and stage of in vitro maturation
of equine oocytes. Higher metabolic activity was found in oocytes with initial expanded
cumulus at the MII stage (123); perhaps higher number of mitochondria is liked with

higher metabolic activity and oocyte competence.
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Oocyte mitochondrial damage inhibiting GV breakdown, meiotic spindle
formation, chromosomal segregation, and polar body extrusion were reversed by
germinal vesicle transplantation, and rescued oocytes were able to undergo embryonic
development (124). These experiments suggest that mtDNA content could be related to
abnormal cytoplasmic maturation that alters fertilization and developmental capacity of
oocytes. Furthermore, transfer of ooplasm or mitochondria could improve the fertility of
compromised oocytes.

In most mammals, mitochondria of MII oocytes are small, with few cristae
distributed throughout the ooplasm and maintain relatively weak energetic activity (110).
After fertilization, mitochondria undergo peripronuclear localization in response to
increased energy demand; inadequate distribution of mitochondria results in poor
fertilization and embryonic development (114). It is controversial whether ATP content
in oocytes correlates with developmental potential; nonetheless, production of ATP and
aerobic use of glucose increase with the first embryonic divisions (111). It has been
suggested that constant levels of mtDNA from the MII oocyte to the early embryo reflect
a balance between degradation and neosynthesis of the mtDNA (125). Perhaps
mitochondrial quality and localization are closely related to developmental competence
and ATP content.

Accumulation of mtDNA mutations could be responsible for irreversible cell
damage. Lack of histones and limited DNA repair mechanisms may lead to reactive
oxygen species damage. Increased mtDNA mutations have been associated with an aging

phenotype and an increased rate of apoptosis (126). In a study involving 155 unfertilized
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oocytes from young and old women, a significant incidence of a mtDNA mutation (4977
bp deletion) was found in oocytes from women >35 y of age (127).

Mitochondria play a central role in gamete maturation, fertilization and embryo
development. Dysfunctions of mitochondria reflect infertility at multiple levels of
reproductive processes. The large number of mitochondria in the oocyte may be a genetic
rather than a metabolic entity, reassuring the passage of adequate mitochondria to the

next generations of primordial germ cells.
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CHAPTERII

VALIDATION OF QUANTITATIVE RT-PCR AND QUANTIFICATION OF

FOLLICULAR CELLS

Introduction
Methods for gene expression analysis have been widely used to study qualitative

and quantitative aspects of gene transcription in somatic and germ cells (oocytes) and
developing embryos. Methodologies to quantify mRNA include northern blotting, in-situ
hybridization and quantitative real time polymerase chain reaction (QRT-PCR) (128). In
northern blotting, the specimen is analyzed by electrophoresis and detection occurs with a
hybridization probe. Northern blots provide reliable information on size and integrity of
mRNA; however, relative large amounts of tissue are needed. In situ hybridization uses a
labeled complementary DNA strand (probe) to localize a specific RNA sequence in a
portion or section of tissue, but with low sensitivity. Quantitative RT-PCR offers a big
advantage since it detects initial concentrations of mRNA, and its sensitivity permits
single-cell mRNA quantification.

" Quality control and validation of the gRT-PCR assay are necessary to confirm the

sensitivity, specificity and repeatability of the test. The objectives of this series of
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experiments were to validate the qRT-PCR assay in single oocytes and follicular cells
(<50,000). Initially, the equine sequences for LHR, AREG, EREG, PDE4D, PDE3A,
GPR3, GDF9 and BMP15 were cloned, followed by GDF9 and BMP15 cRNA and
plamid DNA g-RT PCR analysis and genomic quantification of follicular cells using the

equine CGp gene to asses copy number of CGp per cell.

Materials and Methods
Gene Cloning
Sequences for LHR, AREG, EREG, PDE4D, PDE3A, GPR3, GDF9 and BMP15

were examined from data bases of other mammalian species (e.g., cow, mouse, human).
Conserved regions among species were determined by alignment of genes using the
multiple alignment program (http://align.genome.jp). Primers against a conserved region
were designed. If the gene has more than one exon, two conserved regions at least 100
base pairs (bp) apart, in one exon and two more of the same in an adjacent exon were
selected. Therefore, two polymerase chain reaction (PCR) target sequences were selected
100-150 bp apart, omitting the intron. If the gene only has one exon, primers were design
to target two conserved regions within the exon and 100-150 bp apart. Primer design was
accomplished using the Oligoperfect program (http://Invitrogen.com). The nucleotide-
nucleotide BLAST program in the NCBI database, was used to confirm that the primers
do not have any homology to any other gene.

Genomic DNA was isolated from equine blood using the Wizard® Genomic
DNA Purification Kit (Promega, Madison WI). Polymerase chain reactions were set with

500 ng of genomic DNA using the Expanded High Fidelity PCR System (Roche Applied
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Science, Indianapolis IN) and the Robocycler® Gradient 40 (Stratagene, La Jolla CA).
Resulting PCR reactions were run on 1% agarose gel with ethidium bromide
electrophoresis; if the resulting bands were the correct size, DNA product was purified
from the cut bands using QIAEX II Extraction Kit (Qiagen Inc, Valencia CA). The
purified DNA was then ligated into pGEM-T Easy Vector (Promega, Madison WI). The
ligation reaction and a control ligation were inserted with DH5a cells (Invitrogen,
Carlsbad CA) on ampicillin plates overnight. If a good growth resulted from the
incubation, 2-4 colonies were placed in culture medium containing ampicillin and shaken
overnight at 37°C. Next, the plasmid was purified using the Qiaprep Spin Miniprep Kit
(Qiagen Inc, Valencia CA); the presence of the insert was determined by restricted digest,
and the purified product was sent for sequencing (UC Davis Sequencing, Davis CA).
Equine specific primers were designed with the same criteria as previously mentioned. In

addition, partial cDNA obtained was submitted for sequencing.

Quantitative RT-PCR Validation

The qRT-PCR sensitivity was evaluated by analyzing standard curves, build from
cRNA. Plasmid containing equine GDF9 and BMP15 was utilized as a template. The
plasmids for GDF9 and BMP15 were cut and linearized with NCO1 and SAL]1 restriction
enzymes, respectively. The product was run on 1% agarose gel with ethidium bromide,
and DNA was purified from the cut bands of gel using the QIAEX II Extraction Kit.
Complementary RNA was obtained using the RiboMax™ Large Scale RNA Production
System kit. Concentration and quality (260/280 ratio) of cRNA was obtained using

spectophotometry (NanoDrop, Thermo Scientific, Wilmington DE). Standard dilutions in
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duplicates were made to build a standard curve corresponding to 107 to 10> moles for
each gene. Then, cDNA was obtained for each dilution using the Sensiscript® Reverse
Transcription Kit (Qiagen Inc, Valencia CA). Quantitative RT-PCR was performed using
the plasmid standard curves (10" to 102 moles) previously obtained. Finally, PCR
products from the cRNA reactions were run on a 1% agarose gel with ethidium bromide
to validate specificity of amplification. Also, amplification curves and cycle threshold
values were obtained.

To evaluate the repeatability of the qRT-PCR assay, total RNA was isolated from
in vitro matured and denuded bovine oocytes in groups of 1, 50, 75 and 100 using the
PicoPure™ RNA Isolation Kit. Each lysate solution was spiked with ~4x10* copies of
foreign RNA (DsRed) and served as an exogenous standard to normalize QqRT-PCR data.
In addition, DNAse treatment was performed to improve purity of RNA. Then, cDNA
was obtained in replicates for each reaction using the Sensiscript® Reverse Transcription
Kit (Qiagen Inc, Valencia CA) with random primers. Quantitative RT-PCR was
performed for bovine histone H2a.o variant (129) in duplicates using plasmid standard
curves (10™® to 10 moles) as previously described. Eight-point standard curves (107'° to
102 moles) were generated for the exogenous control and the genes of interest by serial
dilutions of the calculated molarity of the plasmids. The LightCycler™ 480 Real-Time
PCR System and the LightCycler® 480 SYBR Green I Master detection reagents (Roche
Applied Science, Indianapolis IN) were used. Each gene and corresponding standard
curves including the spiked gene (DsRed), were run for all samples at the same time in
duplicates and with a negative control. The PCR cycle conditions included dissociation

for 10 min at 95°C, 45 PCR cycles, dissociation for 5 sec at 95°C, annealing for 5 sec at
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58°C, and elongation for 20 sec at 72°C. Data were analyzed by the The LightCycler®
480 Relative Quantification Software (Roche Applied Science, Indianapolis IN), and the
correlation coefficients and PCR efficiency for the standard curve were obtained. Melting
curves were measured per each sample to validate specificity of amplification. Real-time
PCR products were analyzed on a 1% agarose gel with ethidium bromide to confirm

specificity.

Granulosa and Cumulus Cell Quantification

Cell quantification after follicular aspirations using a hemocytometer method is
time consuming and unreliable. Alternatively, cell quantifications can be accomplished
by having several readings (n=7) in the hemocytometer per data point, and then isolating
total DNA for each count and plotting total DNA (number of copies of CGf) against a
plasmid standard curve (CGp).

Primers for the equine chorionic gonadotropin  (CG/) subunit were designed
using the criteria previously discussed. The PCR products were ligated into pGEM-T
Easy Vector; then plasmid DNA was purified and sequenced. Total genomic DNA was
purified in duplicates using the QIAmp DNA Micro Kit (Qiagen Inc, Valencia CA). Nine
data points (1x10° to 3 cells) were run in duplicates in the LightCycler® 480 Real-Time
PCR System with eight known CGp plasmid standards (10™'® to 10 moles). An equation
from the RT-PCR software was generated with a correlation coefficient of >0.98 and a
PCR efficiency of >95%.

From a 10 ul sample from the cell lysate from the RNA isolation step, total

genomic DNA was purified using the QAmp DNA Micro Kit. Then, samples of purified
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DNA were run in the LightCycler® 480 Real-Time PCR System with the appropriate
plasmid standard curves for CGB. The PCR cycles were the same as for the other genes
with an annealing temperature of 60°C. The copy numbers were plotted on the standard
curve obtained. Standard curves were generated for granulosa and cumulus cells. Briefly,
for a given gene expression data point in moles, it was divided by its corresponding
DsRed in moles; then, the result was divided by its corresponding CGf copy number
(POWER(10,logmoles)*6.02*POWER(10,23). The obtained value corresponds to
corrected value of gene expression over exogenous control in moles per copy number of

CGp of cumulus or granulosa cells.

Results
Gene Cloning
The sequenced clones for the horse were successfully obtained and confirmed by
sequencing; primers are presented in Table 1. In addition, partial DNA sequences were

compared to other species using the BLAST program (Tables 2a and b).

qRT-PCR Validation

GDF9 and BMP15 cRNA and plasmid DNA amplification curves and cycle
thresholds are presented in Figure 4. The coefficients of variation within dilutions were <
8%. The specificity of the PCR products was confirmed with an agarose gel. Band sizes

were 150 and 175 bp for GDF9 and BMP15 respectively (Fig 5).
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Table 1. Primer information for gqRT-PCR experiments

Genes Oligos sequences Product Annealing Intron
size (bp)  Temp (°C) Spanning

LHR Forward 5’-tctcccccggttaaaatace-3° 271 59 Yes
Reverse 5’-cagetgggcattttecttta-3°

AREG Forward 5°-gctgatgggitigaggtcac-3’ 132 58 No
Reverse 5’°-ggatatttgtggttcgttgtcat-3°

EREG Forward 5’-aataacgaagtgcagctctga-3’ 53 58 No
Reverse 5’-gacttgtccatgcaaacagt-3°

PDE4D Forward 5’-gtcccatgtgtgacaagcac-3’ 269 59 Yes
Reverse 5’-atcaggatggacgaggtctg-3’

PDE3A Forward 5’-caggccictcaactgtggtt-3° 130 58 Yes
Reverse 5°-ggcagggatatttccagaca-3’

GPR3 Forward 5’-cctgccacctacaactecat-3° 154 60 No
Reverse 5’-caccaggatgcgactagaca-3°

BMPI5 Forward 5°-gtgaagcccttgaccaatgt-3’ 175 62 Yes
Reverse 5’-aggtgaagttgatggcggta-3°

GDF9 Forward 5’-gacttgagtaagtgttccacagca-3’ 150 62 Yes
Reverse 5’-cagaggccacctctacaacac-3’

DsRed Forward 5’-gaacgtcatcaccgagttca-3’ 137 58-62 Yes
Reverse 5’-ccttggtcaccttcagcette-3’

CG ﬂ Forward -cagtgtgcacctaccgtgag- 221 60 ———-
Reverse -ggatgtgagaggttgggatg-

mtDNA Forward -gggcccactttacaagaagc- 100 60 ————
Reverse - agaacagggctcgttagggt-

Bovine H2a.0 Forward 5° —gaggagctgaacaagctgttg-3° 104 54 Yes

Reverse 5° — ttgtggtgctctcagtetic-3°

Table 2a. Equine DNA sequences and percent homology to other species

Gene Accesion # Homology (%) |
Homo sapiens  Bos Taurus Rattus norvegicus ~ Mus musculus

LHR GQ183560 99 94 92 89
AREG DQ238589 87 84 96 92
EREG DQ238588 93 91 90 79
PDE4D DQ238590 92 95 92 93
PDE3A4 DQ238591 95 88 85 87
GPR3 GQ183561 92 93 87 88
BMPI5 GQ183562 89 90 88 84
mtDNA GQ183565 n/a n/a n/a n/a
GDF9 GQ183563 90 92 82 82
CGpB GQ183564 78,82 LHB 86 LHP 88 LHP 82 LHP
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Table 2b. Gene sequences obtained from equine genomic DNA

LHR

TCTCC CCCGGTTAAA ATACCTAAGC ATCTGTAACACAGGCATCCG AAAGCTTCCAGATGTTA
CCAAGATCTTCTCCTCTGAAATTAATTTCATTC TGGAAATTTG CGATAACTTACACATAACCA
CCATACCAGGAAATGCTTTTCAAGGGATGA ATAACGAATCCATAACACTCAAACTATATGGA
'AATGGACTTGAAGAAAT

AREG
AGTGCTGATGGGTTTGAGGTGACCTCAGGAAGTGAGATCTCCCCTGTGAGTGAAATGCCT

TCTAGTAGCGAACTGCCCTTGGGTCTCGACTATGACTATGAAGAAGAGTATGACAACGAA
CCACAAATATCC

EREG
CAATAACGAAGTGCAGCTCTGACATGAATGGCTACTGTTTGCATGGACAATGC
GPR3

CCTGCCACCTACAACTCCATGATCAACCCCATCATCTATGCCTTCCGCAACCAGGACGTGCAG
AAGGTGTTGTGGGCTGTCTGCTGCGGCTGTTCTT

BMPI15

GCTGATGCACATGGACATCCTAGAGAGAACCGCACCATTGGCGCCACCATGGTGAGGCTGGT
GAAGCCCTTGACCAATGTAGCAAGGCCTCTCAGAGGCCCCTGGCATATACAGACCCTGGACTT
TCCTCTGAGATCCAACCGGGTAAAATACCAACTAGTCAGAGCCACTGTGGTTTACCGCCATCA
ACTTCACCTATCTCACTTCAACCTCTCCTGCTA

GDF9
AGTTGTTGAATGTGTATAACAAGACTGACTTGAGTAAGTGTTCCACAGCAGTAACACAATCCA
GGTTAAACAGCAGGTCCACTGACGGAAGGGTTCCTGCCACCTGGTCCCCAGGAGCCTGCTTGT
GCTGGGCACAGGGGGTGAAGAGCCGGACAGTGTTGTAGAGGTGGCCTCTG

CGB
CAGTGTGCACCTACCGTGAGCTGCGCTTTGCTTCCATCCGGCTCCCCGGCTGCCCGCCTGGTGT
GGACCCCATGGTCTCCTTCCCCGTGGCCCTCAGTTGTCACTGCGGGCCCTGCCAGATCAAGAC

CACTGACTGCGGGGTTTTCAGAGACCAGCCCTTGGCCTGTGCCCCCCAGGCCTCCTCTTCCTCT
AAGGATCCCCCATCCCAACCTCTCACATCC

mtDNA

GGGCCCACTTTACAAGAAGCGCCCTCAAACTAATAGATGACATAATCTAAATCTAACTAATTT
ATAACTTCTACCGCCCTAGAACAGGGCTCGTTAGGGT
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The correlation coefficients for the standard curve was 0.996, and PCR efficiency

was 1.95. A sensitive assay, as calculated from the plasmid DNA and cRNA of GDF9

and BMP15 standard curves was successfully accomplished. Approximately one copy

number (10" moles) was detected at cycles 37 and 39 for BMP15 and GDF9,

respectively.

Figure 4. Cycle threshold values of cRNA and plasmid DNA of GDF9 and BMP15
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Repeatability of the gRT-PCR assay was confirmed with the Bovine H2a.o gene
using matured and denuded bovine oocytes in groups of 1, 50, 75 and 100. Quantifiable
message of H2a.0 was detected in duplicates, and the fluorescent signal was proportional
to the oocyte number (Fig. 6). The correlation coefficient for the standard curve was
0.997 and PCR efficiency was 1.97 (Fig. 7). Melting peaks (Fig. 8) were similar for PCR

products of oocytes and standard curves.

Figure 6. Quantitative RT-PCR of H2a.0 mRNA isolated from 1, 50, 75 and 100 in vitro

matured bovine oocyte
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Figure 7. Bovine H2a.0 qRT-PCR standard curve amplification
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The fluorescent acquisition was 84°C. The sizes of PCR products as analyzed on
agarose gel further confirmed the specificity of the reaction for genomic DNA, plasmid
DNA (107'¢ and 10> moles) and oocytes (n=1, 50, 75, 100), (Fig. 9).
Figure 8. Melting peaks for bovine H2a.0 qRT-PCR products of oocytes and plasmid

standard curves.
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Figure 9. Reaction products of H2a.0 qRT-PCR from genomic DNA (G), plamid
standard curve (10'® and 10" moles) and in vitro matured bovine oocytes (n= 100, 75,

50 and 1).

Plasmid (moles) oocytes (n)
Marker G 10"° 107 100 75

104bp

Granulosa and Cumulus Cell Quantification

The efficiencies of the QRT-PCR for genomic CGf of cumulus and granulosa
cells were 1.94 and 1.92, respectively. The correlation coefficients for the standard curves
made with cell numbers (1.04x10° to 3) were 0.998 and 0.997 for cumulus and granulosa
cells, respectively. Melting peaks and curves for both types of cells were generated to
ascertain specificity of the amplification (Fig. 10). The fluorescence acquisition
temperature for CGf was 90°C. Reaction pfoducts from the cumulus- and granulosa-cells
gRT-PCR when run on a 1% agarose gel with ethidium bromide validated the specificity
of the amplification (221 bp) (Fig. 11). Cumulus cell CGS copy number present after

removal from oocyte mechanically were 116.52 + 8.69 SEM.
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Figure 10. Melting peaks and curves for CGS of equine granulosa and cumulus cells
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Figure 11. Reaction products of CGf from cumulus and granulosa cells qRT-PCR

1.04x10% to 3 1.04x10° to 3
Cumulus cells Granulosa cells

44

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Concluding Remarks

The data presented indicate that the LightCycler® 480 Real-Time PCR System
conditions in our laboratory were reliable and repeatable. Sensitivity was 10”* moles
when using GDF9 and BMP15 cRNA and plasmid DNA. Furthermore, detection of
bovine H2a.0 mRNA of single oocyte mRNA was accomplished with high sensitivity
(10" moles), specificity and repeatability.

Genomic cell correction was also accomplished when using the CG /S gene since
only two copies per cell are present in the horse prior to the S phase of the cell cycle.
Granulosa and cumulus cells (1.04x10° to 3) were used to generate standard curves for
later cell number (copies of CGf) correction of QRT-PCR of few (<50,000) follicular
cells. However, another reliable method warranted would be the use of a house keeping
gene such as GADPH or a histone variant for cell number and relative gene expression

corrections.
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CHAPTER III

THE EFFECT OF AGING ON GENE EXPRESSION AND MITOCHONDRIAL

DNA IN THE EQUINE OOCYTE AND FOLLICLE

Introduction

Maternal aging is associated with reduced reproductive efficiency; however, the
factors affecting reproduction have not been clearly defined. The physiological basis for a
decline in fertility in older women involves nonregenerating germ cells, attrition of
oocytes, and a decrease in the number of oocytes from 25 to 50 x 10* at birth to <1000 at
menopause (1). In women, oocyte quality is implicated as the primary factor negatively
affecting fertility, with this negative effect beginning long before menopause. Transfer of
oocytes from younger women reverses the decline in fertility in older women (3,4).

With the exception of the mare, maternal aging has been characterized in few
domestic animal species. Reproductive aging in the mare has similar characteristics to
humans, with declining fertility and changes in reproductive cycles. Mares >20 yr are
considered old and have longer follicular phases and slower growth of the dominant
follicle (14). An earlier increase in circulating progesterone concentrations after

ovulation in old than young mares suggests premature luteinization of the follicle (14).
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Reduced fertility is observed early after ovulation in the mare, with embryos collected
from the oviducts of old mares (>20 yr) versus young mares (2 to 9 yr) being delayed in
development and having abnormal morphology (16). As in the woman, maternal aging in
the mare appears to affect oocyte quality. When oocytes were collected from the
preovulatory follicles of young (6 to 10 yr) and old (20 to 26 yr) pony mares and
transferred into oviducts of young, inseminated recipients, pregnancy rates were
significantly higher after the transfer of oocytes from young than old mares (92% and
31%, respectively) (15). Therefore, in the woman and mare, oocyte quality appears to be
a primary cause of reduced fertility associated with maternal aging; however, distinction
between inherent oocyte defects and environmental impacts have yet to be determined.
Oocyte developmental competence is dependent on the ability of oocytes to
remain in a state of meiotic arrest until initiation of maturation. The synchrony of oocyte
maturation involves nuclear, epigenetic, cytoplasmic and molecular aspects. Se\}eral
pathways have been proposed for the molecular maturation cascade; however, events
between the preovulatory LH surge and reduction of cAMP in the oocyte are still being
studied. The orphan G protein-coupled receptor 3 (GPR3) appears to function in
maintenance of meiotic arrest. In different genetic mouse models, GPR3 maintained
meiotic arrest by elevating intra-oocyte levels of cAMP (76,77). After binding of LH to
the LHR, AREG and EREG are released from mural granulosa cells and mediate LH
actions in the cumulus-oocyte complex (48,49,51-54). The balance of synthesis and
degradation of cAMP is regulated by AC and cyclic nucleotide PDEs, respectively

(59,60). Compartmentalization of PDEs in cumulus-oocyte complexes has been
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established, with cumulus cells and oocytes containing the PDE4D and PDE3A isoforms,
respectively (61).

Cumulus-oocyte communication is required for normal ovan'aI; folliculogenesis
and oocyte nuclear and cytoplasmic meiotic competence (92). Two oocyte specific
proteins, GDF9 and BMP15, have been linked with follicular development (97). Growth
and differentiation factor 9 and BMP15 are detectable in follicular fluid and are involved
in events associated with coordination of oocyte maturation and ovulation, including
regulation of follicular cell proliferation and viability, increased amino acid transport,
decreased numbers of LHRs, decreased luteinization and promotion of glycolysis in
cumulus cells (99-102).

Another fundamental factor in oocyte developmental competence is mitochondrial
function. Mitochondria play a central role in gamete maturation, fertilization and embryo
development (110). Deprivation of ATP could disrupt meiotic arrest and spindle
formation. Most nondisjunction and aneuploidies occur during meiosis, an event of great
energy demand (110). Genetic abnormalities such as aneuploidy occurred in 35% of
pregnancies in women >40 yr compared to 2% in women <25 yr (1). Mitochondrial
function has been linked to mitochondrial DNA (mtDNA), with a global decrease in
mitochondrial gene expression resulting in compromised oocytes and embryos in women
(119).

Reproductive aging could change the expression of key regulatory genes and
cumulus-oocyte paracrine factors in the maturation cascade. In addition, mitochondrial
dysfunction could result in infertility at multiple levels of reproductive processes. These

changes could profoundly affect ovarian function and fertility. Defining the temporal
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relationship between LH administration and changes in expression of key transcripts in a
monovular species would contribute to our understanding of the oocyte maturation
cascade. Aging may result in temporal or quantitative alterations in cellular responses
that ultimately affect oocyte quality.

We hypothesized that the quantifative and temporal expression of mRNA for LHR,
AREG, EREG in granulosa cells; PDE4D in cumulus cells; aﬁd PDE3A, GPR3, GDF9,
BMP15 and mtDNA in oocytes are altered in old versus young mares. The primary aims
of this study were to characterize gene expression profiles after stimulation with eLH in
the mare. and to determine if aging affects timing or level of expression of specific genes.
Objectives of this experiment were to analyze potential age related differences in the
expression profiles of key regulatory genes involved in resumption of meiosis and
cumulus-oocyte communications and compare oocyte mitochondrial numbers between

young and old mares

Materials and Methods
Gene Cloning
Gene sequences for LHR, AREG, EREG, PDE4D, PDE3A, GPR3, GDF9 and
BMP15 were searched from other mammalian species (e.g., cow, mouse, human).
Conserved regions among species were determined by alignment of genes using

CLUSTALW Multiple Sequence Alignment (http://align.genome.jp). Primers against

conserved regions were designed using the Oligoperfect Program (http://Invitrogen.com).

Genomic DNA was isolated from equine blood using the Wizard® Genomic DNA

Purification Kit (Promega, Madison WI). Polymerase chain reactions were conducted
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using 500 ng of genomic DNA and the Expanded High Fidelity PCR System (Roche
Applied Science, Indianapolis IN), and performed on the Robocycler® Gradient 40
(Stratagene, La Jolla CA). Following electrophoresis, DNA products were gel purified
(QIAEX II Extraction Kit (Qiagen Inc, Valencia CA) and sub-cloned into pPGEM-T Easy
(Promega, Madison WI). Plasmids were purified using the Qiaprep Spin Miniprep Kit
(Qiagen Inc, Valencia CA), and inserts were sequenced (UC Davis Sequencing, Davis
CA). After sequencing, equine specific primers for the real-time assays. When possible,

~ primers were designed to span an intron.

Follicular Cells and Oocyte Collection

Oocytes and follicular cells were collected from young mares (3 to 12 yr, n=15)
and old mares (>20 yr, n=15). Follicular and oocyte maturation were induced during the
follicular phases of mares with a dominant follicle >30 mm in diameter and uterine
edema. Granulosa cells, cumulus cells, and oocytes were collected as previously
described (130), from dominant follicles of mares at 0, 6, 9 and 12 h after administration
of a recombinant equine LH (eLH, 750 pg, i.v., Aspen Biopharm, Loveland, CO). Briefly
a linear ultrasound transducer hdused in a plastic casing was placed into the mare’s
vagina. A 12-gauge, double-lumen needle was placed through the guide in the plastic
casing to puncture the vaginal and follicular walls. The follicular contents were aspirated
as the follicle was flushed vigorously with 180 ml of medium (EmCare Complete
Embryo Flush Solution; ICP, Auckland, New Zealand) supplemented with 10 IU/ml of
heparin (Calbiochem; La Jolla, CA) at 37°C. Upon recovery, 5 pl of medium containing

granulosa cells was collected and washed five times in PBS supplemented with 0.02%
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polyvinyl alcohol and stored in 20 pl of Extraction Buffer (PicoPure™ RNA Isolation
Kit, Arcturus, Sunnyvale, CA). Cumulus cells were removed mechanically under a
stereomicroscope, and 5 pl of medium containing cumulus cells was processed as
described for granulosa cells. The partially denuded oocyte was isolated, washed five

" times, and placed in 10 pl of Extraction Buffer. Samples were stored at -80°C until RNA

isolation.

Total RNA Extraction

Total RNA isolations from individual oocytes, granulosa cells, and cumulus cells
were performed using the PicoPure™ RNA Isolation Kit (Arcturus, Sunnyvale, CA).
Samples were thawed at 42°C and processed for RNA isolation. Each lysate solution was
spiked with ~4x10* copies of DsRed ¢cRNA (131) which served as an exogenous standard
to normalize QRT-PCR data. In addition, 5-pl from each cell lysate was saved to calculate
mitochondrial DNA in oocytes, and to estimate equine chorionic gonadotropin B (CGB)
gendmic DNA copy number in cumulus and granulosa cells. RNA samples were treated
with DNAse (Qiagen Inc, Valencia, CA) and stored at -80°C. Complementary DNA
(cDNA) was generated from each RNA sample using the Sensiscript® Reversed

Transcription Kit (Qiagen Inc, Valencia, CA) with random primers.

Quantitative Real-Time PCR
Eight-point standard curves (107 to 10> moles) were generated for DsRed and
the genes of interest by serial dilutions of the plasmids based on their calculated molarity.

Real-time PCR was performed with the Li ghtCycler® 480 Real-Time PCR System and
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the LightCycler® 480 SYBR Green I Master detection reagent (Roche Applied Science,
Indianapolis, IN). Each gene, and corresponding standard curves including DsRed, was
analyzed in all samples in duplicates, including a —RT negative control. PCR
amplification cycle conditions include dissociation for 10 min at 95°C, and 45 cycles at 5
sec at 95°C, annealing for 5 sec at gene specific temperatures (Table 1), and 20 sec at
72°C. PCR products were analyzed on a 1% agarose gel with ethidium bromide to
confirm specificity. Data were analyzed by the Li ghtCycler® 480 Basic Software (Roché
Applied Science, Indianapolis IN) and normalized to DsRed and number of copies of
CGf in cumulus and granulosa cells. Primer specificity was further confirmed using

dissociation curve analysis for each primer pair.

Follicular Cells and Oocyte Mitochondrial DNA Quantification

Primers for the CGJ} subunit (expressed in cumulus and cells) and mtDNA were
designed (Table 1). PCR products were ligated into pPGEM-T Easy Vector, and plasmid
DNAs were purified and sequenced. Genomic DNA was purified from 5-ul cell lysate
(Total RNA Extraction) using the QIAmp DNA Micro Kit (Qiagen Inc, Valencia CA).
Samples were run in triplicates on the LightCycler® 480 Real-Time PCR System with
eight CG and mitochondrial plasmid standard points (107'° to 10 moles). The
mitochondria copy number in oocytes was corrected for mitochondria in cumulus and
granulosa cells that are attached to oocytes using the average of mitochondrial copies per

CGp gene copy.
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Statistical Analysis

A factorial experimental design was used with two mare ages (old and young),
and four times (0, 6, 9 and 12 h after administration of eLH). Six to ten samples per age
and time for oocytes and cumulus cells and 15 samples per age and time for granulosa
cells were analyzed. Resulting moles from qRT-PCR were normalized for DsRed, theﬂ
for CGp copy number. Residual versus predicted value plots were used to evaluate
normality of data and homogeneity of variance, respectively. Data were analyzed with
SAS (Statistical Analysis System, Cary NC); normalized data were log transformed and
evaluated by ANOVA and Fisher LSD. Linear regression coefficients were generated to
compare oocyte mitochondrial copy numbers and correlation coefficients among gene

expression within age groups.

Results
Gene identity

Sequenced fragments obtained after PCR cloning had >99% homology when

compared with the recently published equine genome (www.uky.eduw/Ag/Horsemap)

(Table 2a and 2b).

Follicular cells

Expression of LHR mRNA in granulosa cells varied between young and old mares
after administration of eLH. Young mares displayed a significant decline in the LHR
mRNA between 0 and 6, 9 and 12 h, while the pattern of expression in old mares was not

different over time and was higher (P<0.05) at 6 h compared to young mares (Figure 1).
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Granulosa cell LHR mRNA
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Figure 1. Quantitative expression (means + SEM) of LHR mRNA in granulosa cells
before (0 h) and 6, 9 and 12 h after administration of eLH. *® Values with different
superscript are different (P<0.05) over time for young mares. Values were not different
over time for old mares. * P<(.05 young and old mares. Data normalized to DsRed and

number of CGJ copies.

Expression of mRNA for AREG in the granulosa cells of young and old mares
was increased (P0.05) at 6 and 9 h, with higher (P<0.05) expression for old mares than
young mares (Fig. 2). Expression of EREG in granulosa cells increased (P<0.05) at 9 h in
young and old mares but was higher (P<0.05) for old mares (Fig. 2). Correlation
coefficients within age between AREG and EREG for old and young mares were 0.04 and
0.4, respectively.

Expression of PDE4D mRNA in cumulus cells was different (P<0.05) between
young and old mares at 6, 9 and 12 h, with increased (P<0.05) expression by 6 h in old
mares and 12 h in young mares, respectively (Fig. 3). There was an interaction (P<0.05)

of age by time in the expression of PDE4D from 9 to 12 h (Fig. 3).
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Granulosa cell AREG mRNA
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Figure 2. Quantitative expression (means + SEM) of AREG and EREG mRNA in
granulosa cells before (0 h) and 6, 9 and 12 h after administration of eLH. *® Values with
different superscripts are different (P<0.05) over time for old mares. *® Values with
different superscript are different (P<0.05) over time for young mares. * P<0.05 young
and old mares. Data normalized to DsRed and number of CG copies.
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Cumulus cell PDE4D mRNA
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Figure 3. Quantitative expression (means + SEM) of PDE4D mRNA in cumulus cells
before (0 h) and 6, 9 and 12 h after administration of eLH. *8 Values with different
superscripts are different (P<0.05) over time for old mares. *° Values with different
superscript are different (P<0.05) over time for young mares. * P<0.05 young and old

mares. Data normalized to DsRed and number of CGp copies.
Oocytes

Patterns of expression of GPR3 mRNA in oocytes of young and old mares were
different and elevated (P<0.05) at 9 and 12 h, respectively (Fig. 4). An interaction
(P<0.05) in the expression of GPR3 was observed for age by time at 9 and 12 h. The
pattern of expression of PDE3A4 mRNA was similar for oocytes from young and old
mares with an increase (P<0.05) at 6 and 9 h. The magnitude of expfession for PDE3A4 at

6 and 9 h was higher (P<0.05) for old than young mares (Fig. 4).
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Figure 4. Quantitative expression (means + SEM) of PDE4D mRNA in cumulus cells
before (0 h) and 6, 9 and 12 h after administration of eLH. *® Values with different
superscripts are different (P<0.05) over time for old mares. % Values with different
superscript are different (P<0.05) over time for young mares. * P<0.05 young and old
mares. Data normalized to DsRed and number of CGp copies.
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Expression of GDF9 and BMP15 mRNA varied for oocytes from young and old
mares (Fig. 5). Although both genes aﬁpeared to have a similar pattern of expression over
time, no significant differences over time were observed for old mares; however, for

young mares, expression was higher at 6 h than for the other time points (P<0.05).
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Figure 5. Quantitative expression (means + SEM) of GDF9 and BMP15 mRNA in
oocytes before (0 h) and 6, 9 and 12 h after administration of eLH. ® Values with
different superscript are different (P<0.05) over time for young mares. Values were not

different over time for old mares. * P<0.05 young and old mares. Data normalized to
DsRed.

Main effects of age were higher (P<0.05) for GDF9 and BMP15 in young than
old mares. Correlation coefficients between GDF9 and BMP15 for old and young mares

were 0.94 and 0.99, respectively (Fig. 6).
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Figure 6. Results from the regression analyses between GDF9 and BMP15 for old (0)
R?=0.94 and young (1) R*=0.99 mares

The number of copies of oocyte mtDNA did not vary with time after eLH
induction of maturation in young mares; however, there was a temporal decrease in
oocyte mtDNA copy numbers in old mares (Fig. 7). Corrected mtDNA copy numbers in

oocytes tended (P=0.1) to be lower in old mares (7 x10°) versus young mares (7.8 x10°).

59

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Oocyte Mitochondrial DNA

120 - A
§‘ 100
3 80
% 6 | —e—Old
2 ---8--- Young
E 40
=
2 20
(=]
o
0 T T T 1
0 6 9 12
Time (h)

Figure 7. Changes in adjusted copy number (means £ SEM) of oocyte mitochondrial
DNA before (0 h) and 6, 9 and 12 h after administration of eLH. *® Values with different
superscript are different (P<0.05) over time for old mares. Values were not different over
time for young mares. Data normalized to mitochondria copies per CGJ copies.
Discussion

A number of theories have been proposed to explain the age-associated decline in
fertility in women (1,5-8); however, much of the data support the notion that impaired
oocyte quality plays a prominent role. The mare could be a valuable nonprimate model to
study molecular synchrony of oocyte and follicle maturation as it pertains to the woman,
as the species have similarities in follicular dynamics, interval from hCG to ovulation
(approximately 36 h) and reproductive aging (12,13,15,16). Thus, in these studies, we
used the mare as a model for reproductive ageing and characterized expression of key

regulatory genes in the follicular maturation cascade, oocyte-cumulus communications

and to quantify oocyte mitochondrial DNA.
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The single-chain recombinant eLH used in the present experiment is a chimera
constructed with the carboxy terminal end of the eLHf} subunit genetically fused to the
amino end of the o subunit (132). The half-life of eLLH is longer (24 to 48 h) than equine
LH (2 to 5 h) in the mare (133). Recombinant eLH is effective at inducing ovulation,
without altering endogenous hormone profiles in mares (133).

Follicular maturation is initiated by LH binding to LHRs. The LHRs are confined
to mural granulosa cells and external theca cells, although LH ultimately affects cumulus
cells and the oocyte (39,48,49). In the horse, numbers of LHRs in the follicle are
associated with follicular deviation. Granulosa cells of the dominant follicle have a
differential acquisition of LHR mRNA just before diameter deviation with evidence of a
permissive FSH and estradiol action (44). In the present study, the LHR expression
profile in granulosa cells was different between young and old mares. Reduced
expression of LHR was observed in young mares after administration of exogenous eLH;
however, no changes in mRNA occurred in the old group, suggesting dysregulation of
follicular LHR expression. The profile of LHR expression in young mares was expected
based on studies in other species. In primary cultures of rodent and human granulosa
cells, the preovulatory LH surge or exogenous stimulation with hCG or recombinant LH
caused a transient and rapid decline in LHR expression, uncoupling of the LHR from its
cognate G protein complex (desensitization), and later an increase in LHR as the corpus
luteum developed or cells luteinized in culture (43). Desensitization to LH was described
as a Gs uncoupling and loss of hormone stimulated cAMP production, rapid endocytosis
of the LHR complex and decreased transcription or degradation of LHR mRNA

(39,46,47).
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Several investigators have shown that, upon LH stimulation, mural granulosa cells
function in an autocrine and paracrine fashion to activate a signaling network of EGF-
related ligands (AREG and EREQG) that induce cumulus expansion, germinal vesicle
breakdown and nuclear maturation (48,49,51-54). In the mouse, an ovulatory dose of
hCG led to increased expression of Areg and Ereg mRNAs within 1 to 3 h after injection
(48). Furthermore, microarray studies in the mouse indicate maximum levels of Areg and
Ereg are achieved at 2 h after administration of hCG in vivo (51). In our experiment, the
expression profile for AREG and EREG was identical between young and old mares;
however, the magnitude of expression was higher in old mares at 6 and 9 h for AREG and
at 9 h for EREG. The findings suggest a higher sensitivity of granulosa cells of older
mares to exogenous LH — a finding consistent with higher levels of LHR expression in
aged mares. Finally, in these studies we do not find any correlation between AREG and
EREG within age groups suggesting that these genes may be independently regulated in
the mare..

Phosphodiesterases are essential for oocyte maturation (64-68). Female knock-out
Pde4d mice had reduced fertility, with a 50% decrease in litter size and decreased cAMP
response to gonadotropins, estrogen production, and ovulation rates (60). Expression of
PDE4D mRNA in cumulus cells increased earlier (6 h) after eLH administration in old
mares than in young mares (12 h). This suggests premature upregulation of the PDE4D
gene in old mares and reduced cAMP for maintenance of oocyte meiotic arrest. If Pde4d
is a gonadotropin-regulated gene as suggested by Park et al. (62) then this may also

reflect an altered time course in LH sensitivity of follicles from aged mares.
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The pattern of expression of oocyte-specific PDE34 mRNA was similar between
young and old mares and equal at 0 and 12 h after injection of eLH. However, the
magnitude of expression was higher at 6 and 9 h for old than young mares. In rat oocytes,
Pde3a is activated before resumption of meiosis in spontaneous and LH-induced
maturation in vitro (65). Other oocyte maturation studies have demonstrated a beneficial
effect of PDE3A inhibitors on cytoplasmic maturation and blastocyst rate after embryo
production in vitro after 16 h of meiotic arrest with PDE3A and 4D inhibitors (72). In
humans, exposure of compact oocytes to PDE3A inhibitors during in vitro culture
resulted in higher maturation rates and better oocyte morphology; however, fertilization
and cleavage rates were the same as controls (73). In the present experiment, the
expression profile suggests premature upregulation of PDE34 mRNA and, potentially, a
prerhature decrease in oocyte cAMP for old mares and subsequent compromised oocyte
developmental competence.

Several investigations have contributed to the understanding of GPR3 function in
oocytes of mice and humans. Meiotic arrest in Gpr3-/- mouse follicle-enclosed oocytes
was rescued by injection of RNA encoding Gpr3 and its cognate Gs subunit (76,77).
Similarly, follicle enclosed mouse oocytes injected with Gpr3 siRNA, but not with
control siRNA, lost their ability to maintain meiotic arrest (78). In humans, GPR3 mRNA
and Gs protein has been detected in immature oocytes. Furthermore, injection of
immature human oocytes with Gs antibodies overcame meiotic inhibition of ococytes
cultured with cilostamide, a PDE inhibitor (81). In addition, GPR3 is an orphan receptor

that acts independently of LH and functions upstream of PDE3A (82,84).
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The GPR3 mRNA expression pattern after induction of maturation was different
between young and old mares with peak expression evident at 6 and 12 h post-eLH,
respectively. These data further support the notion of age-associated alterations in intra-
oocyte levels of cAMP. However, interpretation of this result is difficult, since the ligand
of GPR3 is not known. Premature ovarian aging has been documented in mice deficient
in Gpr3. Decreased fertility was evidenced by reduced numbers of zygotes produced after
spontaneous ovulation, increased levels of FSH, shorter estrous cycles, and increased
abnormal morphology and fragmentation of oocytes and embryos. Furthermore,
development to the two-cell and blastocyst stages was decréased with reductions in
implanted embryos and litter size (85). These changes mimic some characteristics
associated aging in women (86) and horses (16).

GDF9 and BMP15 belong to the transforming growth factor-p superfamily. Gene
expression of GDF9 and BMP15 is primarily confined to oocytes (97). Cellular signaling
occurs via a receptor complex involving type [ and II of membrane-bound
serine/threonine kinases on granulosa cells (91,98). Mouse knock-out models for GDF9
are infertile and show arrested follicular growth at the primary follicle stage. Female
Bmp15 knock-out mice are subfertile, with normal follicular growth but decreased
ovulation rates and fertilization failure (99). In cattle, GDF9 mRNA was abundant in
bovine oocytes at 55,000 copies per oocyte and was upregulated in competent oocytes;
BMP15 transcripts were more than 20-fold higher than GDF9, and expression of BMP15
was not associated with oocyte competence (106). Both GDF9 and BMP15 have been
used successfully as an additive for bovine in vitro oocyte maturation and embryo

production, with blastocyst rates of 51 and 61% per oocyte, respectively, compared to
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39% for controls (88). Similarly, supplementation of murine oocytes with GDF9
increased blastocyt cell numbers in the inner cell mass and fetal viability (109). In the
present study, the gene expression profiles of GDF9 and BMP15 were nearly identical
between old and young mares with elevations at 6 h after eLH administration; however,
overall expression was higher for both genes in young compared to old mares. The data
suggest that lower expression of GDF9 and BMP15 in old mares could contribute to poor
developmental competence observed clinically in oocytes from old mares (134).
Expression of GDF9 and BMP15 were significantly correlated in oocytes of both
old and young mares suggesting that there more be convergent gene regulatory pathways
for these 2 proteins. GDF9 is expressed in oocytes of primordial follicles in cattle, sheep
and hamsters and in primary follicles of humans and rodents whereas BMP15 expression
was confined to oocytes of primary follicles (97). Expression of the mature form of
BMP15 protein in mice was detected before ovulation but after LH treatment, while
GDF9 mature protein was detected before the LH surge (105). Collectively, these data
suggest that species differences in timing of GDF9 and BMP15 expression are likely.
The mitochondrial genome is maternally transmitted by the oocyte with little or
no paternal contribution (116). A genetic bottleneck for the transmission of mtDNA may
take place in primordial germ cells (117,125). During oogenesis, mitochondria originate
from a small founder population of less than ten mitochondria. These are amplified
during oocyte maturation and then reduced. Such restriction and amplification
mechanisms seem to reduce the rate of point mutations allowing clonal expansion of a
homogeneous set of mtDNA (117). It is thought that one copy of mtDNA exists per

mitochondrion (118). In humans, differentiated oogonia carry ~200 copies; ~6000 copies
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are present by prophase-1, with 2 x 10° copies of mtDNA by metaphase. I (119). In the
present experiment, corrected mitochondrial DNA copy numbers in oocytes tended
(p=0.1) to be lower for old (7.0 x 10°) than young (7.8 x 10°) mares. Mitochondrial
genome copy numbers among and within oocytes of individuals are highly variable.
Possibly, the variation is related to the rapid rate of cytoplasmic growth (119) or the
pleiomorphic nature of mitochondria, making accurate counting problematic.
Nonetheless, oocyte mitochondrial numbers have been related to developmental
competence. In studies using real-time PCR and statistically blocking for male infertility,
mtDNA content was lower in cohorts of oocytes from women suffering fertilization
failure compared to cohorts with a normal fertilization rate after either in vitro
fertilization or intracytoplasmic sperm injection (119,120). In the pig, mtDNA copy
number, glucose-6-phosphate dehydrogenase content and cytoplasmic transfer was
positively correlated with fertilization outcome (121). In horses, mean numbers of
mtDNA copies were reported to be similar between germinal vesicle oocytes from young
or aged mares and in vitro matured oocytes from young mares. However, mtDNA copy
number of in vitro matured oocytes from aged mares were significantly lower (123).
Also, the mitochondria were swollen with extensively damaged cristae.

We find a significant temporal decrease in the number of mitochondrial genome
copies in old mares. Constant levels of mtDNA from the MII oocyte to the early embryo
have been suggested to reflect a balance between degradation and neosynthesis of
mtDNA (125). Potentially, in aged mares, the degradation of oocyte mtDNA is
accelerated as compared to young mares, resulting in subfertility at multiple levels during

oocyte maturation and subsequent embryo development.
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These are the first studies characterizing molecular changes in the follicle and
oocyte associated with aging in the horse. Differing expression profiles of AREG and
EREG in granulosa cells, PDE4D in cumulus cells, and PDE3A4 and GPR3 in oocytes
support the notion that premature oocyte maturation may be occurring in aged mares.
Furthermore, the expression of LHR in old mares differs frorh the profile for young mares
suggesting asynchrony of initiation of oocyte and follicle maturation. Total expression
levels of GDF9 and BMP15 were lower in aged vs. young mare, and aged mare displayed

a temporal reduction in mtDNA copy numbers.
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CHAPTER 1V

GENERAL CONCLUSIONS

The mare is a potential animal model for studying oocyte-follicle physiology and
aging in women. Results of this study gave us important insights for the first time in
oocyte function and aging in the mare, a monovulatory species. Information in this area is
important for our understanding of normal and abnormal equine ovarian function.

We characterized the effects of LH in key regulatory genes involved with the
maturation cascade in granulosa and cumulus cells and cumulus-oocyte paracrine
communication, as well as quantifying mitochondrial numbers of oocytes obtained from
intact follicles before and after recombinant LH treatment. Clinically relevant protocols
to improve in vitro equine oocyte maturation may be pertinent to pursue based on the
gene expression pattern found in this experiment. Studies including in vitro meiotic arrest
with oocyte-specific phosphodiesterase inhibitors and formulations of in vitro maturation
media supplemented with GDF9 and BMP15 may be useful. In addition, the LHR
potentially can be used as a marker of fertility. The LHR mRNA expression in old mares
was aberrant when compared to young mares and in-vivo and in-vitro studies done in

other species.
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Clinical impressions from our assisted reproduction program suggest that oocytes
and follicular cells from old mares are morphologically aged when compared to young
counterparts following the same treatments. Expression of AREG, EREG and PDE3A
mRNA were > 3 fold increased in old mares compared to young mares. In addition,
PDFE4D increased -earlier cumulus cells of old mares, suggesting a premature decrease of
cAMP and possibly premature aging post LH. Developmental potential of the oocyte is
influenced by GDF9, BMP15 and mtDNA. In the present experiment overall gene
expression of GDF9 and BMP15 from old mares was lower when compared to young
mares; also, a linear decrease of mtDNA copy number was found in oocytes from old
mares, supporting the idea of poor oocyte competence associated with aging.

More work is hecessary in the area of protein expression. The proteins of the
candidate genes may not be expressed concomitant with their mRNAs; measuring protein
activity would be ideal. However, the number of equine oocytes and follicular cells
needed to perform experiments, including western blot analysis and
inmmunocytochemistry can be prohibited by cost.

The key regulator in oocyte maturation is cAMP. Monitoring changes in cAMP of
oocytes obtained from each time point and age group could be testable and would
corroborate the result of the present experiment. Numbers of oocytes and replications of
this experiment may limit the confidence of results. However, single oocyte mRNA
quantification provided information without masking individual variability when pools of
oocytes are assayed. There is limited information in the literature of monovular animal

models with this unique in vivo single cell approach.
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CHAPTER VI

APPENDIX

Gene cell type specificity
1. LHR PCR of cDNA of oocyte (A), genomic DNA (B), cDNA of cumulus (C) and

granulosa (D) cells. Product size 271 bp

Lader A B C D
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2. AREG PCR of genomic DNA (A), cDNA of oocyte (B) , cumulus (C) and

granuiosa (D) cells. Product size 132 bp

Lader A B C D

3. EREG PCR of genomic DNA (A), cDNA of granulosa (B) , cumulus (C) cells and
cDNA of oocyte (D). Product size 53 bp

A B C D Lader
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4. PDEA4D PCR of ¢cDNA of cumulus cells (A), genomic DNA (B), and cDNA of

oocyte (C). Product size 269 bp

Ladder A B C

5. GPR3 PCR of cDNA of granulosa cells (A), genomic DNA (B), cDNA of
cumulus (C) and oocyte (D). Product size 154 bp

Ladder A B C B D
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6. PDE3A PCR of cDNA of oocyte (A), cDNA of granulosa (B), cumulus (C) cells

and genomic DNA (D). Product size 173 bp

Ladder A B C D

7. GDF9 PCR of ¢cDNA of oocyte (A), genomic DNA (B), cDNA of granulosa (C)
and cumulus (D) cells. Product size 150 bp

Ladder A B A C D
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8. BMP15 PCR of cDNA of oocyte (A), cDNA of granulosa (B), cumulus (C) cells

and genomic DNA(D). Product size 175 bp

Ladder A B C A D
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