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Abstract

The pig is a polyestrous animal in which the ovarian cycle lasts about 21 days and results in ovulation of
10-25 oocytes. Ovum reaches 120-150 um in diameter, with the surrounding corona radiata providing commu-
nication with the environment. The zona pellucida is composed of glycoproteins: ZP1, ZP2, ZP3. In the course
of oogenesis, RNA and protein accumulation for embryonic development occurs. Maternal mRNA is the tem-
plate for protein production. Nuclear, cytoplasmic and genomic maturity condition the ability of the ovum to
undergo fertilization. There are several differences in protein expression profiles observed between in vitro and
in vivo conditions. Oogenesis is the process of differentiating female primary sex cells into gametes. During
development gonocytes migrate from the yolk sac into the primary gonads with TGF-1, fibronectin, and laminin
regulating this process. Cell cycle is blocked in dictyotene. Primary oocyte maturation is resumed before each
ovulation and lasts until the next block in metaphase II. At the moment of penetration of the sperm into
the ovum, the metaphase block is broken. The oocytes, surrounded by a single layer of granular cells, form
the ovarian follicle. The exchange of signals between the oocyte and the cumulus cells done by gap-junctions, as
well as various endo and paracrine signals. The contact between the corona radiata cells provides substances
necessary for growth, through the same gap junctions. Studies on follicular cells can be used to amplify the
knowledge of gene expression in these cells, in order to open way for potential clinical applications.

Running title: ovarian cysts formation

Keywords: mammals, folliculogenesis, ovarian pathophysiology

!Departemnt of Preclinical Sciences and Infectious Diseases, Poznan University of Life Sciences, Poznan, Poland
“Department of Histology and Embryology, Poznan University of Medical Sciences, Poznan, Poland
*Department of Anatomy, Poznan University of Medical Sciences, Poznan, Poland
“Department of Obstetrics and Gynecology, University Hospital and Masaryk University, Czech Republic
Veterinary Center, Nicolaus Copernicus University in Torun, Torun, Poland
®Department of Histology and Embryology, Wroclaw Medical University, Wroclaw, Poland
* Correspondence: rybska@up.poznan.pl
Full list of author information is available at the end of article

DIl DE GRUYTER

. OPEN

G



Rybska et al. Medical Journal of Cell Biology (2018)

Morphology of oocyte in mammals

Domestic swine is one of the polyestrous animals,
females, mature sexually, manifest heat symptoms
and ability to reproduce throughout the year. The
estrous cycle lasts for about 21 days, the appropri-
ate heat phase covers an average of 2-3 days, and
ovulation occurs about 43 hours after the start of
heat. During one cycle, pigs ovulate between 10 and
25 ova. The ovarian follicles, at the time of ovula-
tion, reach a diameter of about 0.5-1 cm. Oocytes,
after leaving the follicle, direct to the ampule of the
fallopian tube in which they are fertilized. After the
formation of zygote, the dividing embryo is trans-
ported by the fallopian tube to the uterus in which
the implantation occurs [1].

Ovum cell belongs to the oldest and largest cells
of the organism. In breeding animals the diame-
ter is from 120 to 150 um. It is filled with reserve
substances, which are the basis for proper embryo
development in the first days of its life. The female
gamete is surrounded with corona radiata, which
is responsible for maintaining the communication
between the oocyte and the somatic cells. The cy-
toplasm of an egg is protected by a zona pellucida,
composed of three glycoproteins ZP1, ZP2, ZP3. The
organelles consist of: Golgi apparatus, mitochon-
dria, microvilli, endoplasmic reticulum, core and
nucleus [2]. The homogeneity of the oocyte, its col-
or, the degree of degeneration and the number of
layers of corona radiata cells, are the morphologi-
cal criteria for the fitness of the cell to IVM (in vitro
maturation) [3], [4].

Cytoplasmic maturation of oocytes

The process of oogenesis is most intensive in
the diplotene phase when it comes to collecting the
synthesized RNAs and proteins necessary for the
future development of the embryo. Maternal mRNA
produced during early stages of oogenesis is also a
matrix for a pool of proteins that are expressed at
an early stage of embryonic development. Oocytes
belong to a group of highly specialized cells. Their
differentiation affects the production of both, the
organelles that are common to all eukaryotic cells
and the ones specific to oocytes only. Oocyte cell di-
vision is governed by specific mechanisms of gene
expression regulation [5]-[9].

The primary factor determining the ability to fertil-
ize an egg, the proper development of the embryo and
then the fetus is its maturity. Oocytes with the highest
competence reach nuclear, cytoplasmic and genomic
maturity. The cytoplasmic maturity of the oocyte is in-
fluenced by the development of molecular and struc-
tural maturity, which in subsequent stages determines
proper fertilization and mitotic division of the embryo.
Three main processes are distinguished in cytoplas-
mic maturation, including organelle movement, cy-
toskeleton reorganization and molecular maturation
[10]. Different types of medium are supplemented by
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the addition of fetal calf serum (FCS), follicular fluid
(FF) and other supplements in the form of gonadotro-
pin hormones and growth factors are factors that en-
able maturity [11]. However, the oocytes obtained by
culturing in vitro may not possess full growth poten-
tial, resulting in abnormal development of the embryo,
which would then generate defects in the developing
fetus. Cell culture may lead to disorders in epigenetic
gene modification, protein synthesis, abnormal trans-
port of signals, ions, which, in turn, lead to disorders in
the maturation of ooplasm [7], [12]-[15].

The most competent for fertilization IVF (in vitro
fertilization) is the oocyte derived from large, pre-
ovulatory ovarian follicles. Cells derived from an-
tral follicles exhibit limited developmental capacity,
which often prevents them from attaining MII stage
[12], [16]. However, in many animal species, the high
incidence of embryos that achieve the blastocyst
stage through in vitro cultures remains low (about
40% in cattle and about 20% in pigs) [16], [17]. In
the growth phase, the oocyte synthesizes stores and
maternal mRNA and protein, which are necessary for
the proper development of the early embryonic stag-
es. Oocyte reserve material, plays an important role
in the critical moments of embryo development such
as the activation of the embryonic genome (8-16 cell
stage), and the transition from the morula stage to
the blastocyst during which early embryo mortality
may occur [7]. In vitro, it has been shown, that the
glycoprotein contained in the zona pellucida (ZP1,
ZP2,7P3 and ZP4) with ITGB (integrins) are the main
factor which affects the fertilization of pig oocytes in
vitro [18], [19].

Budna et al,, using microarray analysis and RTq-
PCR, compared immature porcine oocytes in the
GV stage with mature oocytes at the MII stage. The
study showed upregulation of genes affecting oo-
cyte morphology, adhesion, cellular migration and
intracellular communication, accompanied by down
regulation of genes that are related to the regulation
of adhesion, proliferation and migration, reorganiza-
tion of microtubules and cell differentiation process-
es in oocytes. In porcine oocytes, the vast majority of
genes recruited in morphogenesis can affect cell mat-
uration as compared to mature oocytes. This means,
that during morphogenesis, the process of oocyte
maturation and developmental capacity are regulat-
ed by cellular modifications [20].

Comparative analysis of in vivo and in vitro mat-
urated oocytes showed significant differences in the
number and quality of proteins involved in cell cycle
regulation and ensuring the normal development of
the embryo and fetus. Human oocytes that were ma-
tured in laboratory conditions, were proven to lack
9 protein that are otherwise present in in vivo ma-
tured oocytes [21]. The same tendency, with a much
lower levels of protein expression in in vitro matu-
ration as compared to in vivo, was shown in studies
concerning cattle oocytes [21].
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In mammals intense protein synthesis in oocytes
occurs before the resumption of the maturation pro-
cess. In goats, pigs, cows and sheep, cells do not un-
dergo meiosis in the presence of protein synthesis in-
hibitors. The transcription process completely stops
during meiotic maturation, with gene expression
regulated only at the translation level. This process
is regulated by phosphorylation of eukaryotic initi-
ation factors (elFs) and their regulators [22], [23].
It has been demonstrated that the cells in GV stage
(Germinal vesicle stage) have a low level of trans-
lation, while cells in GVBD stage (Germinal vesicle
break down) reported a 3-fold increase in protein
synthesis, after prior phosphorylation of elF4E. At
the MII (metaphase II) stage, inhibition of protein
expression is observed, which may be due to block-
ing of elF4E by its potential inhibitor, the 4E-BPI
binding protein [7].

Correct termination of epigenetic processes and
the acquisition of imprinting of the maternal genome
are synonymous with the achievement of genomic
maturity. However, knowledge of the transcriptional
profile of oocytes and the mechanisms of their regu-
lation is still insufficient.

Nuclear maturation of oocytes

Oogenesis is the process of female primary sex
cells differentiation into mature gametes. Primary
germ cells (gonocytes) are localised in the wall of the
embryo yolk sac, and the allantois. Due to the ability
to relocate, as a result of morphogenetic movements,
they migrate along with the somatic cells of the in-
testinal mesentery, resulting in creation of primary,
non-differentiated gonads. Migrating in the direc-
tion of gonads, primordial sex cells adopt irregular
shapes, developing cytoplasmic extensions (up to 40
microns in length), pseudopodia and filopodia. These
structures allow them to maintain constant con-
tact during their movement. Primordial germ cells’
(gonocytes’) directed traffic towards gonads has che-
motactic basis, with factors like TGF-B1 (Transform-
ing Growth Factor Beta) and extracellular matrix
proteins - fibronectin and lamin, taking part in the
process. Additionally, surface embryonic proteins
(SSEA-1), surface adhesion proteins (NCAM) and
cadherins, are responsible for maintaining the com-
munication between groups of migratory primary
cells [24]. After entering the cortex part of the gonad,
primary sex cells transform into oogonia and initiate
ovarian differentiation. Oogonia maintain high mitot-
ic activity, which allows for a significant increase in
their numbers. At the end of the fetal period, the last
generation of oogonia after DNA autoreplication (4C)
begins the meiotic division. They proceed through
the stages of prophase of the first meiotic division
from leptotene, through zygotene, pachytene and
diplotene. In diplotene a halt in meiotic division oc-
curs, with the resulting primary oocytes maintained
at this stage until the ovulation. The oogenesis begins
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during fetal development, and lasts throughout the
life of the female. However, only a small number of
oocytes matures and undergos ovulation, whereas
the remaining ovarian follicles undergo atresia [1].

The extended diplotene stage in vertebrates is
called dictyotene. It is characterized by scattering
of nuclear chromatin, previously condensed in the
prophase. Blocking of the cell cycle in the dictyotene
phase does not impede the process of oocyte differ-
entiation. At this stage the oocytes are much larger
than the oogonia and have more cellular organelles.
It is also then, where we observe recombination of
the genetic material of the parents. During this peri-
od intense cell growth occurs, which repeatedly in-
creases its volume. Multiplication of the gamete mass
is possible with the use necessary metabolites from
the surrounding cumulus oophorus, together with
proteins, lipids, and RNAs synthesized by the oocyte
itself, necessary for proper fertilization and mainte-
nance of the embryo during the first stages of life.
The mechanism of stopping meiotic divisions is not
fully explained. It is believed that it is regulated by
oocyte maturations inhibitors secreted by follicular
cells: OMI (oocyte maturations inhibitors) and cy-
clic AMP [9]. The completion of the first stage of nu-
clear maturation is resumed prior to each ovulation,
resulting in the formation of secondary oocytes. The
first meiotic division is asymmetric. As a result, the
polar body which is subject to degeneration pro-
cesses is separated from the oocyte. After comple-
tion of the divisions, the oocytes passes to meta-
phase II of the meiotic division, where it is again
blocked. At this stage, the process of egg differen-
tiation is complete. In addition, the meiosis results
in a state in which haploid number of chromosomes
is present in the oocyte during fertilization. During
the sperm-oocyte reaction the metaphase block is
broken. Therefore, the condition necessary for the
completion of oocyte’s meiosis, in all species, is the
fertilization of the oocyte [1].

Oocyte - somatic cells , cross-talk”

The cytoplasmic maturity of the oocytes condi-
tions the communication between the gametes and
the surrounding follicular cells. The cells of the gran-
ular follicle layer move towards the oocyte, enclos-
ing it with a single layer, forming the primary follicle.
Growth of the oocyte occurs is also accompanied by
proliferation of cells of the corona radiata, which is
surrounding the oocyte to become the cumulus oo-
phorus [13], [24], [25]. Two-way exchange of signals
is performed by the projections of granulosa cells
which reach through the zona pellucida to the plas-
ma membrane of the ovum [26]-[29].

Normal oocyte growth during folliculogenesis
and oogenesis, as well as gamete maturation, is as-
sociated with communication between the oocyte
and cumulus cells (CCs). The molecular connection
between these cells, called connexons, enables the
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transfer of small molecules between oocytes and
CCs [30]. The corona radiata cells form a unique mi-
cro-environment for the proper development of the
oocyte. These cells, by numerous gap-junctions, and
by auto- and paracrine interactions communicate
with each other, oocytes and granular cells of the
follicle [31], [32]. Low molecular weight nutrients,
nucleotides, amino acids and energy compounds,
necessary for oocyte’s growth phase, are also sup-
plied through the gap-junctions. Interruption of
those junctions inhibits the resumption of meiosis
in oocyte, leading to chromatin de-condensation,
transcriptional blockage, and lack of protein ex-
pression. It has been shown that gap-junction con-
nections play a vital role in the achievement of nu-
clear and cytoplasmic maturation [33], [34].

Maturation of mammalian oocytes is associated
with nuclear and cytoplasmic modifications, and
these are tied to the proliferation and differentiation
of cumulus oophorus cells. Regulation is achieved at
the molecular level by the expression of genes asso-
ciated with signal transduction pathways that are
important for folliculogenesis and oogenesis. Many
proteins, including BMP (bone morphogenetic pro-
tein), are involved in the regulation of oogenesis and
the growth of the embryo [35].

Oocyte affects the expression of genes in the
granulosa cells. KL factor (Kit ligand) secreted by
the follicle cells regulates the oocyte’s development
[36]. This ligand binds to the c-kit receptor in the
cell membrane of the oocyte, activating cell growth.
Yoshinga et al. showed that the increase in expres-
sion of mRNA for KL in follicular cells cultured in vi-
tro was influenced the presence of oocytes [37].

Research perspectives

Nowadays, when the growing demand for breed-
ing of pigs, access to research material derived from
these animals is significantly eased. Additionally,
repeated estrous cycles and the number of ovulat-
ed oocytes in one cycle, allows for easily obtaining a
large amount of those cells [6].

Studies on oocytes, mainly porcine, bring many
possibilities for broadening the already considerable
knowledge about them. The experiments usually re-
late to the whole ova and the respective cells co-ex-
isting with oocytes, for example: cells of the corona
radiata [38]. Improving knowledge of cell culture
would avoid disturbances in the epigenetic modifica-
tion of genes, which are often present in in vitro cul-
tures. In contrast, examining the exact mechanisms
that influence the maturity of the ovum in vivo, could
improve the results of in vitro maturation. It would
be especially important for human reproduction and
in vitro fertilization. The development of increasingly
better methods of biological molecular analysis may
allow to identify the expression of genes which have
not yet been observed in an ovum. Recent studies in
microarrays have allowed us to examine the expres-
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sion profiles of various genes, such as those involved
in the formation of blood vessels and blood circula-
tion in oocytes before and after maturation in vitro
[39]. This gives hope for the future breakthroughs
and broadens the overall knowledge about the mech-
anisms that govern the function of the ova.
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