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ABSTRACT  Mammalian reproduction hinges upon the timely ovulation of a fully differentiated oo-
cyte. This event is the culmination of a complex and dynamic developmental relationship between 
the oocyte and the antral follicle housing it; the antral follicle constitutes a specialized microenvi-
ronment or niche, uniquely suited to the needs of the oocyte as it approaches ovulation. During 
this time, the oocyte must complete its final growth, capacitation, and nuclear and cytoplasmic 
maturation. Its microenvironment—the antral follicle—is in turn responsible for the integrity of 
these processes and the production of a high quality oocyte. Components of the antral follicle, 
including three distinct somatic cell types (theca, granulosa and cumulus), the basal lamina, and 
follicular fluid, each have active and regulatory roles in oocyte differentiation. Several milestones in 
antral folliculogenesis also have an influence on oocyte development. This review will discuss the 
antral follicle microenvironment with specific attention to its importance in oocyte differentiation. 
As assisted reproductive technologies (ART) often require stages of oocyte differentiation to occur 
in vitro rather than in vivo, current knowledge of the antral follicle microenvironment will also be 
discussed with respect to its clinical applications. 
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Introduction

Mammalian reproduction is a sheltered and highly special-
ized process. Although the importance of a microenvironment 
for reproductive success culminates with fetal development in 
the uterus, it begins with oocyte growth inside a follicle. The 
follicle is an ovarian structure that provides for and influences 
the quality of the oocyte within. Often, however, assisted repro-
ductive technologies (ART) remove the oocyte from its follicular 
microenvironment and ask it to complete the final stages of its 
development in vitro. In order to compensate for the absence 
of a natural milieu, the role of the follicle during final oocyte 
differentiation must be thoroughly understood. Although many 
questions remain, significant progress has thus far been made 
in unravelling this complex system.

The culminating differentiation events of the oocyte—final 
growth, capacitation, and maturation—occur in the days preceed-
ing and surrounding ovulation. At this time, the follicle is comprised 
of a fluid-filled chamber, or antrum, and several distinct somatic 
cell types. Each component of the antral follicle contributes to 
the microenvironment essential for successful oocyte differentia-
tion and subsequent fertilization. In this review, we will present 
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a current profile of oocyte differentiation inside the pre-ovulatory 
antral follicle, with specific focus on the microenvironment and 
its relevancies to ART.

A brief overview of the antral follicle
 Antral follicles are characterized by the presence of an antrum, 

which is filled with follicular fluid derived both from the bloodstream 
and from components secreted by somatic cells inside the follicle. 
It contains a variety of molecules including steroid and protein 
hormones, anticoagulants, enzymes and electrolytes. This rich 
fluid bathes the oocyte as it develops and mediates communi-
cation between various cell types within the follicle. Two types 
of granulosa cells, the mural granulosa cells and a specialized 
cell type called cumulus cells, define the internal structure of 
the follicle. The cumulus cells surround the oocyte, forming a 
cumulus-oocyte complex (COC), while the granulosa cells form 
the inner lining of the follicle. Each follicle is enveloped by a basal 
lamina, a specialized sheet of extracellular matrix that separates 
the internal follicle from the third somatic follicular cell type, the 
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theca cells. Theca cells are a vascularized cell layer that defines 
the outer boundary of the antral follicle (Fig. 1).

An outline of antral folliculogenesis
In mammals such as humans and cows, each estrous or menstrual 

cycle produces a single mature oocyte for ovulation and fertilization. 
However, the oocyte cannot reach this point of development without 
the support of its follicle. Folliculogenesis is an intricate process by 
which one follicle per cycle is selected to develop fully and thereby 
create a mature oocyte. The latter phase of folliculogenesis is termed 
antral folliculogenesis, and its progress is entirely dependent on 
gonadotropic hormones. 

Antral folliculogenesis occurs in waves of growth and regression. 
Circulating levels of follicle stimulating hormone (FSH) support the 
growth of a group of antral follicles until the largest follicle begins 
producing estradiol—an FSH suppressor—and transitions to depen-
dence on luteinizing hormone (LH) (in the bovine this occurs when 
the largest follicle is approximately 8.5 mm). This follicle is termed 
the dominant follicle, and this event is called follicle selection. As 
FSH levels decline, the rest of the antral follicles will regress in a 
process called atresia (discussed later) and the dominant follicle 
will be the only follicle capable of reaching ovulation.

Whether or not a dominant follicle will in fact reach ovulation 
depends on the frequency and amplitude of LH pulses continually 
induced in the pituitary. These LH pulses will increase in intensity 
as more time elapses from the previous cycle’s ovulation event (due 
to luteolysis of the corpus luteum and diminishing progesterone 
levels), and eventually culminate in a surge sufficient to induce 
ovulation. However, within a typical estrous or menstrual cycle, the 
selection of a dominant follicle (following a wave of antral follicle 
growth) can happen two or three times before LH levels facilitate 
ovulation. Dominant follicles that do not encounter the LH surge 
regress through atresia, allowing FSH levels to rise and support the 
growth of a new group of antral follicles (reviewed by Scaramuzzi 
et al., 2011).

Atresia is characterized by cell death within a follicle, and it is 
the process by which all follicles regress if they do not reach ovu-
lation. The underlying mechanism of this condition is apoptosis, 
or programmed cell death. An early atretic follicle may have only 
a handful of dying cells, however, as atresia progresses into its 
latest stages, the granulosa cell and cumulus cell populations die, 
followed by resorption of follicular fluid and oocyte death (reviewed 
by Irving-Rodgers et al., 2001). 

The final differentiation events of the oocyte
Oogenesis encompasses a protracted growth phase followed by 

capacitation and subsequently an even shorter period of maturation 
(Fig. 2). Together, these events permit the making of an oocyte that 
can support the formation and development of an embryo to term. The 
task is thus grand, and not surprisingly complex and multi-faceted. 

The bulk of oocyte growth occurs prior to antral folliculogenesis, 
yet some final growth still occurs in the early stages of antral fol-
liculogenesis. Indeed, the oocyte continues a small portion of its 
growth after antral formation, and completes it by the time the antral 
follicle reaches 3 mm in size in the bovine (Fair, 2003). Not only 
do many organelles (e.g. mitochondria, Golgi, cortical granules) 
accumulate, but they also undergo changes in their distribution 
and organization (reviewed by (Hyttel et al., 1997). Together, these 
cytoplasmic modifications enable the oocyte to complete its later 

differentiation program and pursue its fate as a developing embryo. 
Nuclear changes also take place during oocyte growth. The oocyte 
is transcriptionally active by the time the antral follicle first forms, and 
stored transcripts are essential to sustain early embryonic develop-
ment until genome activation. However, oocyte transcription is not 
a long-lasting process within the antral follicle, as transcriptional 
repression and nucleolus inactivity take place during late phases 
of oocyte growth (Fair et al., 1997). Penultimate oocyte growth is 
also a time when the imprinting of genes increases (O’Doherty et 
al., 2012). A fully grown oocyte is able to resume meiosis, and, 
depending on the species, it will acquire the capacity to complete 
meiosis shortly thereafter. Regardless of its meiotic competence, 
an oocyte’s developmental competence remains low at this time. 

Upon completion of oocyte growth and prior to oocyte maturation, 
an essential step of pre-maturation, or capacitation, must take place 
within the confines of the antral follicle. More precisely, capacita-
tion will occur in the oocyte of the selected, dominant follicle as it 
completes its growth (Hyttel et al., 1997; Fair, 2003). Capacitation 
is a pre-requisite for the oocyte to acquire complete developmental 
competence; in fact, the failure to undergo a normal capacitation 
program may underlie many instances of developmental arrest and/
or compromised embryo quality. The specifics of oocyte capacitation 
remain undefined. Broadly, it encompasses molecular (with further 
stockpiling of proteins), as well as structural changes (with reduction 
in the size of the Golgi, increase in lipid droplets, and relocation 
of cortical granules) (Hyttel et al., 1997; Dieleman et al., 2002).

The last differentiation event that the developing oocyte will 
undergo within the antral follicle is oocyte maturation. During matu-
ration, the oocyte progresses from prophase-I through meiosis-I 
until it arrests at metaphase-II, at which point the oocyte is released 
from the full-grown dominant follicle. Oocyte maturation occurs in 
response to the pre-ovulatory LH surge, and it encompasses a 
complex set of nuclear and cytoplasmic changes, not all of which 
are yet described. Nuclear events involve meiotic progression (e.g. 
nuclear envelope breakdown and chromosome condensation), 
while cytoplasmic maturation refers to all accompanying events 
that are necessary to support not only normal maturation but also 
subsequent development. Beyond changes in organelles and 

Fig. 1. Schematic representation of an antral follicle.
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their distributions (e.g. smooth endoplasmic reticulum and cortical 
granules), a post-transcriptional control of polyadenylation is criti-
cal to the long-term storage and reactivation of mRNA transcripts 
(Gandolfi and Gandolfi, 2001). Proteins also continue to accumulate 
during oocyte maturation (Sirard et al., 1989). The exact orchestra-
tion of nuclear and cytoplasmic events is another important area 
of research given reported instances of asynchrony and resulting 
developmental arrests. While the oocyte is maturing, changes also 
occur in the surrounding cumulus cells, with cumulus expansion 
and modifications in the communication conduits between the two 
cell types (reviewed by Russell and Salustri, 2006). 

The oocytes thus experiences preparatory steps (over a pro-
tracted and progressive phase) followed by culminating steps in its 
development, which together permit the differentiation of an oocyte 
capable of completing development to term (Fig. 2). Overall, the 
oocyte undergoes a particularly complex program of events while 
housed in the ever-changing microenvironment of the antral fol-
licle. In the course of its differentiation, the oocyte is influenced by 
non-cellular and cellular components of the follicular milieu (Fig. 
3); the nature of some of these influences will be presented next. 

Oocyte differentiation: support from components of the 
antral follicle

Follicular fluid
The composition of follicular fluid is distinct from that of serum, 

suggesting that it may be uniquely tailored to suit the needs of 
developing oocytes. Although much remains unknown or unclear 
regarding the complex compositional profile of follicular fluid, we 
can define several distinct ways in which its various contents in-
fluence the penultimate differentiation of the oocyte. This review 
focuses on three components of follicular fluid that have a significant 
influence on oocyte differentiation: reactive oxygen species and 
antioxidants, hormones, and metabolites.

Reactive oxygen species (ROS) and antioxidants
The balance between reactive oxygen species (ROS) and anti-

oxidants in follicular fluid is critical to the production of a competent 
oocyte. ROS are unstable and highly reactive oxygen-containing 
molecules with one or two unpaired electrons in the outer orbit. To 
become stable, they oxidize or reduce other stable molecules such 
as nucleic acids, lipids, proteins and carbohydrates, leading to a 
chain reaction of electron-stealing and the formation of free radicals. 

At low levels, ROS are essential for some cell functions and 
signaling pathways. Indeed, there is some evidence that their pres-
ence in follicular fluid may modulate oocyte maturation, meiotic 
arrest, and meiotic resumption. For instance, blocking or suppress-
ing ROS with antioxidants reversibly inhibited the resumption of 
meiosis in rat oocytes in vitro (Takami et al., 1999), although the 
mechanism by which this occurred was not fully investigated. At 
high levels, however, ROS can cause serious damage to cellular 
function. Excessive levels of ROS have been shown to cause 
aberrations to the microtubule organization and chromosomal align-
ment of metaphase II meiotic spindles in mouse oocytes in vitro 
(Choi et al., 2007), and to inhibit oocyte maturation in the mouse 
(Tamura et al., 2008). Other features of the oocyte, such as the 
fluidity of its plasma membrane (necessary for fusing with sperm 
at fertilization), are also vulnerable to attack by ROS. There does 
not appear to be a consensus in the literature regarding the precise 
concentrations of ROS that are required for “healthy” oogenesis 
and folliculogenesis.

Maintaining appropriate levels of ROS within the follicular fluid re-
quires the presence of antioxidants—enzymatic and non-enzymatic 
molecules that neutralize the ROS that they encounter. Interestingly, 
several studies report that levels of antioxidants in follicular fluid 
fluctuate with follicle size, suggesting that antioxidants—and by 
extension ROS—might be produced or maintained in response to 
the developing needs of the antral follicle and oocyte. For instance, 
levels of superoxide dismutase (SOD), an enzymatic antioxidant, 

Acquisition of 
oocyte 
competencies 
 
 Meiotic 
competence 
 
 Developmental 
competence 

 

Oocyte growth 
(continues from pre-
antral development) 

Oocyte capacitation 
(begins at establishment of follicle dominance, 
continues to pre-ovulatory phase) 

Oocyte 
maturation 
(peri-ovulatory) 

Phases of oocyte 
development 
 
 

Antral follicle 
development 
 
 
 Timeline 
(days count from 
primordial follicle 
activation (p.f.a)) 
 
 
 

Antrum is formed; 
follicle becomes 
FSH dependent 

110µm 

    ~186-192 p.f.a 

 
 ~1 mm 

Oocyte growth ends 

  3 mm 

    200 p.f.a 

 

 8 mm 

Follicle dominance 
established Ovulation 

   120µm 

 15-20 mm 

Fig. 2. The acquisition of oocyte competencies, and phases of oocyte development, in relation to antral folliculogenesis in the bovine. Although 
small differences exist between the human and bovine models, the bovine is currently a more completely characterized model for antral folliculogenesis. 
Check marks over oocytes indicate full acquisition of competency. 
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in bovine follicular fluid decrease with increasing follicle size 
(Combelles et al., 2010), although total antioxidant capacity (TAC) 
was reported to be highest in the follicular fluid of larger follicles 
(Gupta et al., 2011). These trends suggest that the antioxidant/
ROS balance in follicular fluid is actively and specifically adapted 
as folliculogenesis and oogenesis progress. Other antioxidants in 
follicular fluid include melatonin, glutathione peroxidases, catalase, 
and vitamin E (reviewed by Revelli et al., 2009). 

Hormones
Follicular fluid hormone concentrations influence oocyte dif-

ferentiation both directly (via genomic and non-genomic action) 
and indirectly (via somatic cells within the follicle). The response 
of somatic cells within the follicle to intra-follicular concentrations 
of hormones is a vital part of pre-ovulatory folliculogenesis and 
oogenesis. The hormones found in follicular fluid include FSH, 
LH, growth hormone (GH), human chorionic gonadotropin (hCG), 

progesterone, and estradiol. In general, high follicular fluid con-
centrations of FSH, hCG, and LH seem to promote oocyte matura-
tion and are correlated with a high probability of fertilization. High 
estradiol levels, especially in relation to androgen levels are also 
associated with high-quality oocytes and healthy follicles (reviewed 
by Revelli et al., 2009). In response to some of these hormones, 
somatic cells secrete a variety of important factors and steroids 
that participate in nuclear and cytoplasmic maturation; this indirect 
aspect of hormonal influence on oocyte differentiation is discussed 
in the subsequent section that addresses “somatic cells”.

The direct genomic action of steroids on oocytes occurs via 
the binding of a nuclear steroid receptor with a steroid ligand, 
which then acts as a transcription factor. Oocytes express mRNA 
for estradiol receptors, indicating that direct genomic action of 
steroids is possible in oocytes (Beker-van Woudenberg et al., 
2004). The effect of estradiol on oocyte development, however, is 
controversial. In one study, direct non-genomic enhancement of 
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Fig. 3. The direct contributions of antral follicle components to oocyte differentia-
tion. Color-coded arrows define contribution category (“contributions” include products, 
signals, and other influences). Absence of a circle at the base of an arrow indicates that 
the contributions necessarily travel through the compartment but do not originate in it. 
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points of origin do not stop the path of contributions that originate earlier in the flowchart. 
Dashed line represents current uncertainty regarding theca cell involvement in meiotic 
regulation. Oocyte feedback and control of the follicular environment exists for every 
contribution category but is not shown here; it is discussed in the text.

cytoplasmic maturation by estradiol was described. A 
membrane-impermeable estradiol conjugate induced 
a rapid rise in free intracellular Ca2+ concentration, fol-
lowed by a specific pattern of Ca2+ oscillations. Oocytes 
matured under this estradiol treatment also showed 
better fertilization and cleavage rates in vitro, while the 
progress of their nuclear maturation was unaffected 
(Tesarik and Mendoza, 1997). Together, the results of 
this study suggest that estradiol in the follicular fluid may 
exert a beneficial influence on cytoplasmic maturation 
by inducing calcium influx and oscillations via action at 
the level of the oocyte plasma membrane. Other stud-
ies, however, report that exposure of bovine oocytes to 
a membrane-impermeable estradiol conjugate during 
IVM had no effect on nuclear maturation, blastocyst 
formation, or embryo quality. Furthermore, exposure 
of bovine oocytes to estradiol (membrane-permeable) 
during IVM negatively impacts nuclear maturation and 
spindle organization (Beker-van Woudenberg et al., 
2004). Interestingly, when estradiol was present dur-
ing pre-maturation but absent during IVM, Beker-van 
Woudenberg et al., (2006) found that that nuclear and 
cytoplasmic maturation were unaffected compared to 
non-estradiol controls.

Metabolites
Follicular fluid contains metabolites that will accu-

mulate within the oocyte and provide the necessary 
intra-cellular materials for oocyte differentiation. These 
metabolites include amino acids, lipids, nucleotides, 
and other small molecules, and are derived both from 
serum and from the metabolic activity of somatic fol-
licular cells. In the bovine, metabolite levels in follicular 
fluid fluctuate with follicle dominance (Orsi et al., 2005), 
suggesting that subordinate follicles undergo different 
metabolic processes from dominant follicles containing 
pre-ovulatory oocytes.

At least 37 fatty acids have been identified in bovine 
follicular fluid. The most abundant are linoleic acid, 
oleic acid, stearic acid, and palmitic acid (Bender et 
al., 2010). During oocyte growth and maturation, the 
lipids in follicular fluid accumulate within the oocyte 
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to form a cytoplasmic lipid reserve for future embryonic develop-
ment. Evidence suggests that competent human oocytes gener-
ally contain relatively low levels of saturated fatty acids such as 
palmitic acid and stearic acid (Haggarty et al., 2006). Further, 
saturated fatty acid levels in the follicular fluid of a high-fertility 
bovine model (heifers) are lower than those of a low-fertility model 
(cows) (Bender et al., 2010). 

Concentrations of linoleic acid, an n-6 polyusaturated acid and 
the most abundant fatty acid in bovine follicular fluid, decrease as 
follicular size increases. Indeed, this trend seems to be necessary 
for successful oocyte differentiation, as experimental exposure of 
COC’s to linoleic acid inhibited cumulus cell expansion and de-
creased the number of oocytes reaching metaphase-II. Its effects 
were dose-dependent and altered discrete molecular mechanisms 
that regulate oocyte maturation (Marei et al., 2010).

All essential amino acids and most non-essential amino acids 
have lower concentrations in pre-ovulatory follicular fluid than in 
plasma, with the exception of glutamate, which exists in follicular 
fluid at a concentration three times higher than in plasma (Joz-
wik et al., 2006). The metabolic reaction converting glutamine to 
glutamate and ammonia in the oocyte is thought to be important 
in the synthesis of nucleic acid bases, which are required for the 
completion of meiosis. Indeed, Rieger and Loskutoff, 1994 showed 
that glutamine metabolism in bovine oocytes sharply increases after 
18 hours of IVM, a phenomenon that may explain why glutamate 
levels are so high in preovulatory follicular fluid, as reported by 
Jozwik et al., (2006). Other metabolic substrates used by oocytes 
during maturation, such as glucose, pyruvate, and glycine, are 
also present in follicular fluid (Rieger and Loskutoff, 1994; Pinero-
Sagredo et al., 2010).

Granulosa cells, cumulus cells, and theca cells
The supportive role of somatic follicular cells in oocyte differen-

tiation takes several forms. Each cell type is specialized to meet 
a discrete list of requirements for oocyte maturation and compe-
tence. Cumulus cells are intimately connected with the oocyte in 
the cumulus-oocyte complex and provide essential metabolic aid. 
Additionally, they participate in paracrine signaling that involves all 
cell types, including granulosa cells and theca cells, in the follicle. 
This signaling is key to regulating the progression of meiosis in the 
oocyte. Cumulus cells also modulate the transcriptional activity in 
the oocyte genome, and both granulosa cells and theca cells have 
important steroidogenic roles in the follicle. Much of their function is 
in turn guided by the oocyte, and consequently many studies have 
suggested that the health and functionality of somatic follicular cells 
is a reflection of oocyte health and competence, and vice-versa.

Steroidogenesis
Hormones govern the antral phase of folliculogenesis, and as 

such they are a pervasive influence in almost every aspect of so-
matic cell support to the oocyte. Although some hormones, such 
as FSH and LH, are produced externally, others such as estradiol 
and androgens are produced within the follicle by granulosa and 
theca cells. The regulation of intrafollicular hormone levels is, in 
and of itself, a critical aspect of the antral follicle microenvironment. 
For instance, GH in follicular fluid enhances the FSH-dependent 
estradiol production by granulosa cells. Estradiol, in turn, upregu-
lates androgen secretion by theca cells, a product that provides 
granulosa cells with the substrate necessary for further estradiol 

production. Androgen production by theca cells is also stimulated 
by GH and dependent on LH levels. Granulosa cells can synthesize 
inhibins that sensitize theca cells to LH, thus facilitating further 
estradiol synthesis through the supply of androgens until the LH 
surge (reviewed by Knight and Glister, 2001; Kwintkiewicz and 
Giudice, 2009). As mentioned in a previous section, a dominantly 
estrogenic environment is correlated with oocyte competence. The 
hormones produced locally within the follicle, such as progesterone, 
anti-Mullerian hormone, and estradiol, will be involved in a variety 
of follicular modifications, signaling cascades, and metabolite 
production; this is further discussed below.

Supporting the growth, capacitation, and maturation of the oocyte
All three somatic cell types—granulosa cells, theca cells, and 

cumulus cells—secrete a variety of molecules that include pro-
teins and growth factors, which have effects on the accumulation 
of necessary materials in the oocyte as well as the regulation of 
meiosis. The synthesis of many of these molecules is in response 
to hormonal triggers or instructions from the oocyte (see “The 
COC: a microenvironment within the follicle”). Cumulus cells, for 
example, can synthesize inhibin, activin, and follistatin—proteins 
that participate in multiple cell functions and signaling pathways. 
Transforming growth factor b isoforms, and their receptors, are 
expressed by granulosa cells and theca cells at different times in 
folliculogenesis. While there is some controversy over their precise 
effects, they do appear to influence local hormone production, as 
well as theca and granulosa cell proliferation. Bone morphoge-
netic proteins (BMP) -4 and -7 are produced by theca cells in the 
rat and bovine, and influence cell proliferation, steroidogenesis, 
peptide hormone secretion, and FSH sensitivity in theca cells and 
granulosa cells (Knight and Glister, 2003). Finally, in response to 
cues from the oocyte, granulosa cells will secrete molecules such 
as hyaluronan (for the construction of the COC matrix).

In the course of development, oocytes need to acquire the 
molecular and cytoplasmic components that will support embryo 
development. To this end, it maintains an intimate and cooperative 
relationship with the cumulus cells surrounding it. Cumulus cells 
form gap junctions with the oocyte, traversing the zona pellucida 
barrier with structures called trans-zonal projections (TZP). Gap 
junctions allow small molecular weight molecules to be passed 
from cumulus cell to oocyte, such as ions, metabolites, amino 
acids, and signaling molecules. 

Via these gap junctions and other modes of communication such 
as paracrine signaling, cumulus cells provide developmental as-
sistance to the oocyte in several ways. Paracrine signaling between 
oocytes and the cells of the follicle is bidirectional and essential 
to development. In general terms, it has been demonstrated that 
the disruption of paracrine signaling between mouse oocytes and 
their cumulus cells in vitro reduces oocyte competence (Yeo et al., 
2009). The details of paracrine signaling and its significance will be 
discussed in the section entitled, “The COC: a microenvironment 
within the follicle”.

Through gap junctions, cumulus cells supply nutrients and en-
ergy substrates to the oocyte, including amino acids, glucose, and 
ribonucleosides (reviewed by Gilchrist et al., 2008). Oocytes are 
unable to metabolize glucose (Biggers et al., 1967), and can only 
generate ATP through oxidative phosphorylation. However, cumulus 
cells can consume glucose via aerobic glycolysis, then send the 
product—pyruvate—to the oocyte for oxidative phosphorylation 
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(reviewed by Gilchrist et al., 2008; Su et al., 2009). This may be 
particularly important during pre-ovulatory development, as the 
rate of pyruvate consumption in maturing metaphase-I oocytes is 
significantly higher than that in immature oocytes. Cumulus cells 
also help the oocyte take in amino acids. In the mouse, oocytes 
cannot efficiently take in all amino acids, meaning that cumulus 
cells must transfer them through gap junctions. Finally, cumulus 
cells cooperate with oocytes in cholesterol biosynthesis. As mouse 
oocytes do not express receptors for cholesterol, and studies 
suggest they lack the complete enzyme profile to synthesize 
cholesterol, cumulus cells must be the source of cholesterol for 
mouse oocytes (reviewed by Su et al., 2009). Although cumulus 
cells may synthesize cholesterol themselves, it is also possible that 
they take up cholesterol from follicular fluid with the help of apoli-
poprotein (apo) B-containing lipoproteins secreted by granulosa 
cells (recently reported by Gautier et al., 2010). Apolipoproteins 
help transport cholesterol into cells of various tissues. Indeed, 
apoB-containing lipoprotein content of follicular fluid is positively 
related to fertility parameters in women undergoing IVF (Gautier 
et al., 2010).

In addition to the metabolic support that they provide, cumulus 
cells are enormously important to oocyte cytoplasmic maturation 
and capacitation, although the exact nature of their influence is 
incompletely understood. Two events of cytoplasmic maturation—
the stockpiling of proteins and transcripts, and the modification and 
rearrangement of organelles—have been linked to cumulus cell 
support. Pre-ovulatory oocyte development in vivo is accompanied 
by differential expressions of proteins in the COC, particularly 
around germinal vesicle breakdown (Dieleman et al., 2002). This 
is believed to contribute to the protein stores of the oocyte in an-
ticipation of embryonic development. Experiments comparing the 
development of denuded oocytes with that of intact COCs have 
reported that spindle formation, mitochondrial congregation, and 
cortical granule distribution are impaired in denuded oocytes (Liu 
et al., 2005; Ge et al., 2008b). Furthermore, this defect can be 
partially corrected if denuded oocytes are matured with a cumulus 
cell monolayer in co-culture (Ge et al., 2008b).

Interestingly, cumulus cells appear to play their supportive roles 
through both direct and indirect contact with the oocyte. As de-
scribed above, co-culture of denuded mouse oocytes with cumulus 
cells compensates at least in part for the absence of a COC and 
improves maturation or subsequent development, compared to 
denuded oocytes with no co-culture. However, physical contact 
with the oocyte is also indispensable for normal maturation. In a 
similar cumulus cell co-culture experiment with denuded mouse 
oocytes, a significant difference existed between the fates of 
corona-enclosed denuded oocytes and denuded oocytes with 
no corona cells. The competence of corona-enclosed denuded 
oocytes co-cultured with a cumulus cell monolayer was signifi-
cantly superior according to parameters of oocyte activation and 
embryo development (Ge et al., 2008a). Furthermore, cumulus 
cell contact with the oocyte via TZPs was shown to regulate the 
cortical positioning of the germinal vesicle and meiotic spindle 
through an actin-dependent mechanism in the mouse (Barrett 
and Albertini, 2010).

Capacitation remains the most obscure step in oocyte differentia-
tion. However, the importance of the follicular microenvironment to 
this specific event is well accepted. Although many oocytes from 
antral follicles can complete nuclear and cytoplasmic maturation 

in vitro, only a fraction will reach the blastocyst stage. Their ability 
to proceed in embryonic development is directly related to when 
they were removed from their follicle environment. For instance, 
one study reports that oocytes collected from dominant follicles 
prior to the LH surge had a 50% blastocyst rate in vitro, while 
those from smaller antral follicles had a 30% blastocyst rate (Hyttel 
et al., 1997). Evidently, the follicular microenvironment actively 
participates in oocyte development up to ovulation, contributing to 
oocyte stores at discrete intervals in folliculogenesis and oogenesis. 
This participation certainly involves cumulus cells.

Modulating transcriptional activity in the oocyte genome
Transcriptional activity in oocytes occurs throughout oocyte 

growth, but is repressed in fully grown oocytes prior to ovulation. 
These oocytes will rely on their accumulated mRNA stores to 
complete meiotic maturation and initial cleavage after fertilization. 
A 2001 study demonstrated that cumulus cells play an active role 
in the transcriptional activity of the oocyte genome in the mouse. 
In vitro, the presence of cumulus cells was necessary for normal 
repression of transcriptional activity, and for chromatin condensa-
tion and redistribution around the nucleolus (De La Fuente and 
Eppig, 2001). 

More recently, Lee et al., (2008) reported a small number of 
transcriptional differences between rhesus monkey oocytes ma-
tured in vitro and in vivo. Interestingly, approximately 90% of the 
identified transcripts were upregulated or overexpressed in IVM 
oocytes. Many of these altered transcripts correspond to products 
regulated by interactions between the oocyte and somatic follicular 
cells, such as cell-cell adhesion and signaling. The results also imply 
functional alterations in steroid biosynthesis and metabolism, ion 
transport, cellular homeostasis, cell growth, stress response, and 
RNA binding and translation. Similar findings regarding upregulation 
of transcripts in IVM or incompetent oocytes have been reported 
in rhesus monkeys and humans (Zheng et al., 2005; Jones et 
al., 2008). It seems likely that both the oocyte and its supportive 
somatic cells are sensitive to the maturation environment and that 
a disruption of that environment can, by upsetting oocyte-somatic 
cell interactions, affect the transcriptional activity of the oocyte.

Regulating and facilitating the progression of meiosis
Nuclear maturation automatically resumes in oocytes removed 

from their antral follicles. This phenomenon led to a number of 
studies, which unanimously conclude that the somatic cells of the 
follicle inhibit nuclear maturation in developing oocytes. This role 
of somatic cells is crucial to oocyte competence, as nuclear and 
cytoplasmic maturation must be synchronized before ovulation. 

The inhibition of meiotic resumption in oocytes is caused by 
at least one pathway, mediated by cumulus cell, granulosa cell, 
and perhaps also theca cell communication. It is well established 
that intracellular concentrations of cAMP maintain meiotic arrest 
in oocytes, and that it is the fall of oocyte cAMP that leads to a 
resumption of meiosis. cAMP is generated in the oocyte by oocyte 
adenylyl cyclase, and it is consumed via hydrolysis due to oocyte 
cAMP-phosphodiesterase activity. Therefore, the inhibition of this 
enzyme is crucial to maintaining meiotic arrest. Recently, stud-
ies have shown that cyclic GMP (cGMP), which inhibits cAMP-
phosphodiesterase activity, is sent to oocytes by cumulus cells 
via gap junctions. In turn, cGMP is thought to be produced in 
cumulus cells in response to a factor secreted by granulosa cells 
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into follicular fluid (reviewed by Conti et al., 2012). Therefore, the 
maintenance of meiotic arrest is an undertaking that involves the 
entire follicle. Interestingly, Richard and Sirard (1996) identified 
theca cells, rather than granulosa cells, as the somatic cell type 
ultimately responsible for the maintenance of meiotic arrest. 

In vivo, the resumption of meiosis occurs in response to a 
surge in LH. Oocytes do not have LH receptors, and thus it is the 
somatic cells of the follicle (primarily granulosa cells, which have 
relatively more LH receptors than do cumulus cells) that must 
respond to the signal and initiate oocyte meiotic resumption. 
Currently, it seems that LH triggers a decrease in intra-cellular 
cGMP in somatic cells, and a MAP kinase-dependent disruption 
of the gap junctions linking granulosa cells with cumulus cells, 
which restricts the flow of cGMP into the oocyte (Norris et al., 
2009). The activity of oocyte cAMP-phophodiesterase increases 
by five-fold and significantly lowers oocyte cAMP concentration, 
allowing meiosis to resume.

Extracellular matrices

The basal lamina
The basal lamina that encloses every follicle has an active role 

in folliculogenesis. As an extracellular matrix, it affects aspects of 
cell proliferation, fluid dynamics, structural and mechanical support 
of follicular and ovarian tissue, and extracellular signalling. It is 
believed to influence granulosa cell proliferation and differentiation, 
to exclude capillaries and white blood cells until ovulation, and 
to filter the molecules entering and exiting the follicle. Evidence 
suggests that granulosa cells produce many of the components 
of the follicular basal lamina (reviewed by Rodgers and Irving 
Rodgers, 2002).

There is some evidence that oocyte competence is linked to 
the physical profile of the basal lamina. In both the human and 
the bovine, antral follicles may have either a single layer of basal 
lamina aligned to the cell surface, or they may have additional 
layers of basal lamina. A multi-layered basal lamina is associated 
with columnar—rather than rounded—basal granulosa cells, and 
is hypothesized to represent older follicles (Irving-Rodgers et al., 
2009). Recently, Irving-Rodgers et al., (2009) documented that 
healthy bovine antral follicles with a single layer of basal lamina 
have oocytes with significantly higher developmental competence 
(based on blastocyst yield), than healthy antral follicles with a 
multi-layered basal lamina do. Whether the phenotype of the basal 
lamina has a causal relationship with oocyte quality, or whether it 
simply reflects oocyte or follicle health, is unknown. In either case, 
the presence and role of the basal lamina is important for many 
aspects of follicle function. It is possible that the two phenotypes 
of basal lamina function differently and thus influence the follicular 
microenvironment.

The permeability of the basal lamina may increase as ovula-
tion approaches. Changes in the structure of basal laminae from 
preantral follicles and antral follicles (Rodgers and Irving Rodgers, 
2002), and the increased concentration of serum-derived proteins 
in the follicular fluid (Russell and Salustri, 2006)—necessary for 
COC expansion (see below)—suggest that this is the case. 

The extracellular matrix of the cumulus-oocyte complex
In response to the pre-ovulatory surge of LH, the COC begins 

rapid expansion and construction of an extracellular matrix. This 

unique matrix consists of long hyaluronan oligosaccharide chains, 
cross-linked with proteins and proteoglycans. The proper and 
timely assembly of the COC matrix is essential for ovulation, and 
several subsequent events that comprise the final steps in oocyte 
differentiation. 

The components of the COC matrix are derived both from serum, 
and from somatic cell secretions within the follicle. Molecules from 
serum must pass through the basal lamina and reside in follicular 
fluid until utilized, and both cumulus cells and granulosa cells 
synthesize essential matrix components (reviewed by Russell 
and Salustri, 2006). Thus, the expansion of the COC matrix is yet 
another event that requires the participation of the entire follicle.

Studies in knockout mice have shown that the COC matrix is 
critical for ovulation and fertilization. It is through fertilization that 
the oocyte can complete its maturation, and therefore we will 
briefly discuss the COC matrix in that respect. Mice lacking the 
expression of certain matrix proteins had a 50% reduced rate of 
ovulation, suggesting that the physical characteristics of a normal 
matrix enable the COC to deform and pass through the ruptured 
follicle wall. Subsequently, the COC matrix also heavily influences 
fertilization success. Sperm will come into contact with the ma-
trix before the oocyte, and molecules in the matrix contribute to 
sperm capacitation. Other roles, such as a chemoattractant for 
sperm, and a “sperm quality filter,” have been hypothesized for 
the COC matrix. Once again, knockout studies in mice testify to 
the indispensability of the COC matrix for fertilization (reviewed 
by Russell and Salustri, 2006).

The construction of the COC matrix depends on guiding signals 
from the oocyte, and represents one of the final chapters in a 
lifetime of cross-talk between the oocyte and its follicle. The next 
section will briefly review the oocyte-driven dynamics of the COC 
and antral folliculogenesis.

The cumulus-oocyte complex: a microenvironment within 
the follicle

Thus far, this review has presented many ways in which the 
antral follicle contributes to oocyte differentiation. However, the 
follicular microenvironment upon which the oocyte depends is 
cultivated and directed by the oocyte itself. This cyclic relation-
ship, in which the oocyte shapes the developmental milieu that is 
ultimately responsible for its competence, is mediated through gap 
junctional communication and secreted factors within the COC. 
As such, the COC creates a microenvironment within the follicle 
in which intimate bidirectional cross-talk, signal transduction, and 
cell-cell contact occur.

The previous sections detail the ways in which various com-
ponents of the antral follicle support oocyte development, such 
as cumulus cells providing metabolic aid to the oocyte. Many of 
these contributions are coordinated or stimulated by the oocyte. 
For instance, the control of metabolic activity in cumulus cells, such 
as glycolysis, amino acid uptake, and cholesterol synthesis, are 
under paracrine control by the oocyte (reviewed by Su et al., 2009). 
Through secreted factors the oocyte also regulates the production 
of steroids and other factors in follicular cells, LH receptors on 
cumulus and granulosa cells, hyaluronic acid for the COC matrix, 
cumulus expansion, and cumulus survival (reviewed by Hutt and 
Albertini, 2007). For a more comprehensive list of oocyte-secreted 
factors and their effects, see Gilchrist et al., (2008).

Among the myriad oocyte-secreted factors that target somatic 
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growth factor-binding proteins) (Austin et al., 2001; Fortune et al., 
2004). Of particular relevance will be follicular differences that are 
mechanistically linked with oocyte competence.

Often the characterization of the dominant follicle milieu is 
conducted shortly after the establishment of dominance; this is 
indeed a critical transition to define. However, further insight can 
be gained from the evaluation of the follicular milieu during the 
maintenance of follicle dominance, as the follicle augments its 
growth dramatically (from ~ 8 mm up to 20 mm in the bovine), 
and as it attains pre-ovulatory status. Only a few studies have 
focused on this phase. Yet in that time, the oocyte undergoes the 
complex processes of capacitation and maturation in a changing 
environment, notably with respect to steroids and growth factors. 

Once dominance is established, non-selected follicles contain 
oocytes of inferior developmental competence, compared to simi-
larly sized follicles obtained when the dominant follicle has not 
yet been selected (Hagemann, 1999). Such a difference may be 
explained in part by the fact that subordinate follicles will follow a 
very different fate from the dominant follicle, namely regression 
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Fig. 4. Changes in oocyte competence with respect to milestones in antral folliculogen-
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start of the wave. 

cell function in the oocyte, two heavily studied 
factors, growth differentiation factor 9 (GDF9) 
and bone morphogenetic protein 15 (BMP15), 
are secreted by most mammalian oocytes. These 
members of the TGFb superfamily are not yet 
thoroughly understood, but they are thought to 
be involved in cumulus cells/granulosa cells dif-
ferentiation and prevention of apoptosis, cumulus 
cell metabolic activity, COC matrix expansion, 
and overall normal follicular development and 
ovulation (reviewed by Gilchrist et al., 2008; Su 
et al., 2009). As mentioned earlier, cumulus and 
granulosa cells secrete inhibin, activin, and fol-
listatin. Oocytes express activin receptors, which 
could constitute one of the signaling pathways 
within the COC (Knight and Glister, 2003). Bi-
directional communication in the COC may be a 
way for the oocyte to ensure that its deficiencies 
are compensated for, and its needs met, by the 
antral follicle. 

Based on the information summarized above, 
the actions of the oocyte itself are crucial to oo-
cyte differentiation. Therefore, it and the COC 
deserve mention as components of the antral 
follicle that contribute to oocyte differentiation. In 
the next section, the impact of discrete events in 
antral folliculogenesis on oocyte differentiation 
will be discussed.

Oocyte differentiation: developmental mile-
stones in folliculogenesis

Growing in size
There exists a positive relationship between 

the diameter of the antral follicle and the in vitro 
developmental competence of the enclosed 
oocyte (Hyttel et al., 1997). However, the size 
of the antral follicle alone does not reveal the 
full spectrum of follicular stages that modulate 
the developmental competence of the enclosed 
oocyte. Indeed, while the proportion of developmentally competent 
oocytes rise with growth of antral follicles, small antral follicles can 
still contain such oocytes. Other differences in follicle character-
istics (e.g. follicle dominance and atresia) can influence oocyte 
competence, and as such they merit consideration. 

Achieving and maintaining dominance
The decisive transitions that antral follicles undergo most likely 

influence the oocyte. The follicle selected for dominance harbors 
the oocyte that will become ovulated, and as such it must provide 
the ideal microenvironment to support complete developmental 
acquisition by the oocyte. It is thus of utmost importance to iden-
tify features unique to the dominant follicle and interpret them 
through the lens of oocyte development. Candidate genes include 
those found in dominant but not subordinate follicles (Zielak et 
al., 2007), or only in granulosa cells surrounding a developmen-
tally competent oocyte (Robert et al., 2001). The follicular fluid 
also differs significantly during the selection phase, notably with 
respect to the hormonal milieu (for estradiol, inhibin, insulin-like 
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and eventual atresia. Relationships between follicle atresia and 
oocyte competence must thus be considered, especially since 
atresia is a probable destiny of most antral follicles. 

Undergoing atresia
With the exception of the dominant follicle, all other antral follicles 

in the cohort undergo atresia. When atretic, the follicle microen-
vironment differs significantly from the one in a healthy follicle, 
including marked changes in steroids, growth factors, and granu-
losa cell apoptosis (reviewed by Irving-Rodgers et al., 2001). The 
influence of atresia on oocyte competence is dynamic. Advanced 
stages of atresia are associated with oocyte of poor quality (Sirard 
et al., 1999; Hendriksen et al., 2004), while early atretic follicles 
reportedly contain oocytes of increased developmental potential 
when compared to non-atretic follicles (Blondin and Sirard, 1995; 
Salamone et al., 1999). Mechanistically, similar morphological and 
biochemical changes characterize the follicular microenvironments 
of pre-ovulatory and early atretic follicles (Kruip and Dieleman, 
1989; Assey et al., 1994; Blondin and Sirard, 1995). As a result, 
the oocytes from early atretic follicles may be able to undergo final 
capacitation steps in a follicular milieu comparable to pre-ovulation.

Beyond dominance
The timing of follicular dominance as a temporal window during 

which the oocyte is of maximal potential also merits investigation. 
In instances when the period of dominance of the ovulatory follicle 
is extended experimentally, decreased pregnancy rates (Mihm et 
al., 1994) or conversely, retention of developmental competence 
(Oussaid et al., 2000) were reported. Interestingly, the use of 
a gonadotropin releasing hormone antagonist for manipulating 
the duration of follicle dominance resulted in atresia (early or 
advanced) in large preovulatory follicles with the oocyte retain-
ing their competencies, suggesting the potential existence of a 
“point of no return” for the acquisition of developmental potential 
(Oussaid et al., 2000). In contrast, the use of progestins to extend 
follicle dominance yielded oocytes showing signs of aging, thereby 
explaining their reduced fertility after ovulation (Mihm et al., 1999). 
Future studies remain to elucidate the ability of oocytes from pre-
ovulatory follicles to maintain their developmental potential, ideally 
under non-stimulated conditions. 

Following its growth, the dominant follicle reaches a plateau 
phase at which point further biochemical differentiation takes place 
prior to the ovulatory surge. The peri-ovulatory period must also 
be considered when examining the follicular microenvironment 
since it is the time during which the oocyte undergoes matura-
tion. Upon the LH surge, the dominant follicle undergoes a shift in 
steroidogenic activity (with increased progesterone and decreased 
estrogen production) and changes in prostaglandins and metal-
loproteinases (Fortune et al., 2009). While an understanding of 
the regulation of meiotic progression by LH has accrued (Conti 
et al., 2012), studies remain to detail the effects of intrafollicular 
changes on the developmental potential of the oocyte during the 
peri-ovulatory period. One step in an insightful direction includes 
the importance of ADAMTS1 (a metalloproteinase upregulated 
within the follicle following the LH/FSH surge) in the formation of 
a COC matrix that is poised for fertilization (Fortune et al., 2009; 
Brown et al., 2010). 

Together, these studies testify to the dynamic and complex 
relationship between oocyte differentiation and the progression 

of antral folliculogenesis (Fig. 4). Research to date has identified 
windows in follicular development during which the oocyte pos-
sesses superior developmental competence, for example during 
follicle dominance and atresia. Yet the particulars of how the 
developmental transitions of the antral follicle influence oocyte 
quality remain uncharted. 

Oocyte differentiation: clinical relevance of the antral follicle

There is an undeniable clinical relevancy to mastering the 
influences of the antral follicle microenvironment on oocyte dif-
ferentiation (Fig. 5). Indeed, applications exist for both agricultural 
and human ART, notably in the realm of detection, prevention, and 
management of infertility.

Optimizing In vitro Maturation (IVM)
The follicular environment nurtures the oocyte in a multitude of 

ways; it is thus pivotal to understand these influences in complete 
detail, particularly as there is a clinical need to mature oocytes in 
vitro (Nogueira et al., 2012). Our current ability to mature oocytes 
in vitro leaves much to be desired, and one culprit may be our 
incomplete mastery of the specialized niche that is the follicle as 
it supports oocyte development. 

It is really not surprising that current in vitro culture systems fail 
to support the differentiation of oocytes with maximal developmen-
tal potential. Indeed, only few of the follicular features are either 
maintained (with the culture of intact COCs) or mimicked (with 
media supplementation) in vitro. Yet, the support from granulosa 
cells, follicular fluid, basal lamina, and theca cells are missing al-
together. Innovative attempts to compensate for the physiological 
conditions of the follicular milieu include the culture of oocytes or 
follicles in a three-dimensional environment. However, one must 
also consider that there are stresses unique to in vitro culture condi-
tions and alien to the in vivo antral follicle. Thus, culture strategies 
may also need to be tailored to the features of in vitro conditions; 
regardless, a mastery of the in vivo microenvironment will direct 
efforts aimed at helping the oocyte develop in vitro. Primarily, such 
an understanding will permit us to see what is missing in vitro, as 
well as what is new in vitro—thus focusing treatments to help the 
oocyte cope with exogenous influences and develop as normally 
as possible under artificial conditions. Currently, in vivo maturation 
remains superior to IVM, and one fundamental step compromised 
in vitro is oocyte capacitation. In human and cattle, capacitation 
would not occur or be interrupted for oocytes retrieved from <8 
mm and >8 mm antral follicles, respectively. 

Ensuring oocyte capacitation- in vitro and in vivo
Given that capacitation may be a limiting factor in the expres-

sion of full developmental competence, two approaches exist. Both 
approaches (one in vitro and the other in vivo) aim to ensure that 
capacitation takes place in all retrieved oocytes.

In vitro, capacitation could be coerced and mimicked when at-
tempting to mature oocytes obtained from follicles other than the 
dominant, preovulatory one. When released from the follicle, the 
oocyte spontaneously resumes meiosis; this non-physiological 
event interferes with the coordination and completion of differentia-
tion processes. It follows that a meiotic arrest strategy may allow 
events taking place in the COC to progress further than they would 
otherwise in vitro (Gilchrist, 2011). Even with this strategy, however, 
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the oocyte may not remain under the influence of cumulus cells 
for as long as it would in vivo; additionally, influences from other 
follicular compartments are still missing. Exogenous supplemen-
tation may be designed to make up for some of these influences. 
Results to date only show limited successes, thereby warranting 
novel approaches that more closely mirror follicular conditions. 
More recently, a two-phase approach (pre-IVM and extended IVM) 
combining the use of FSH and meiotic arrestors showed promising 
improvements in developmental competence (Albuz et al., 2010). 

Modification of in vivo conditions prior to oocyte retrieval may 
hold the key to improving the quality of oocytes worked with in vitro. 
Manipulations could target the support of the most optimal follicular 
environment, that is to say, one that maintains the appropriate 
follicle-oocyte interactions. Coasting protocols, for example, entail 
the collection of immature oocytes from follicles in a plateau phase 
of growth; follicular atresia may thus be initiated, thereby creat-
ing a follicular microenvironment that permits oocyte capacitation 
(see earlier section on atresia). In the bovine, this is achieved by 
FSH exposures prior to a period of coasting with no gonadotropin 
stimulation (Sirard et al., 1999). A time of 54 ± 7 hours post-FSH 
withdrawal was recently identified as optimal for the retrieval of 
multiple oocytes with highest developmental potential (Nivet et 
al., 2012). This is one clear instance when an augmented under-
standing of follicular influences on the oocyte leads to significant 
clinical improvement.

Predicting oocyte quality
Oocytes vary greatly in their developmental potential, and iden-

tifying follicular factors that signify an oocyte of superior quality 
(i.e. one that has completed all of the preparatory steps) will prove 
invaluable. In human ART, this would facilitate the selection of high 
quality oocytes and, in turn, the transfer of a single embryo, thereby 
controlling the incidence of multiple pregnancies. In experimental 
studies, the establishment of reliable biomarkers of oocyte quality 
would facilitate further advances, as for example in the optimization 
of culture media or the testing of various manipulations. Given the 
complexity of follicular interactions, the solution will likely be found 
in the use of a combination of multiple markers. Efforts to date 
have identified candidate biomarkers in follicular fluid, granulosa 
cells, and cumulus cells as indicators of oocyte quality (Robert et 
al., 2001; Revelli et al., 2009; Assidi et al., 2010). Further valida-
tion is warranted.

Appraising exogenous influences on the antral follicle microenvi-
ronment, and in turn on the oocyte

Antral folliculogenesis is a phase of follicle and oocyte develop-
ment that is susceptible to damage (reviewed by Fair, 2010). To 
identify potential pathologies and address the roots of their causes, it 
is relevant to first define normal processes. Environmental stressors 
may act not directly on the oocyte but rather on other compart-
ments of the follicle. Clearly, if the follicular milieu is perturbed, 
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Fig. 5. The absence of the antral follicle environment remains an obstacle to in vitro maturation (IVM) success and other clinical assisted 
reproductive technology (ART) protocols. Solutions to the problem have been attempted both in vivo and in vitro.
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normal oocyte development will be affected. Thus, studies that 
evaluate the potential effects of any exogenous factor should not 
limit their assessment to oocytes alone, but rather expand their 
analyses to follicular fluid and follicle cells. For example, lactation 
and nutrition may exert their influences on fertility via effects on the 
oocyte, either directly or indirectly following modifications in follicular 
features. Indeed, steroid synthesis is altered in dominant follicles 
from cows with metabolic profiles associated with lactation and 
acute dietary restriction (Walsh et al., 2012). This type of evidence 
promises to help manage animals and patients more effectively 
so as to maximize reproductive potential and the development of 
healthy offsprings. 

Advanced maternal age also exerts its influences on the antral 
follicle and the oocyte. Follicle ageing has been associated with 
changes in gene expression, mitochondrial activity, oxidative 
stress, and vascularization, all of which may impair oocyte function 
(reviewed by Tatone et al., 2008). Older cows are characterized 
by alterations in follicle dynamics together with a reduced devel-
opmental competence of the oocytes (Malhi et al., 2005; Malhi et 
al., 2007). On the other side of the age spectrum, oocytes from 
prepubertal animals (such as in cows and pigs) display reduced 
developmental competence when compared to oocytes from adult 
animals. Interestingly, differences exist in the follicular environ-
ments, notably in the steroid content of follicular fluid, between 
adult and prepubertal animals (Grupen et al., 2003). Yet, as long 
as the size of the follicle that the oocyte originates from is high 
enough, the oocyte possesses similar developmental competence 
between prepubertal and adult animals, supporting the capability of 
prepubertal oocytes to complete the capacitation process (Kauffold 
et al., 2005). Further studies should thus focus on causal relation-
ships between prepubertal or ageing follicular microenvironments 
and oocyte quality.

Many challenges reside in the management and treatment of 
infertility. While strategies already exist, a comprehensive and 
detailed view of how the oocyte comes to acquire developmental 
competence remains to be attained. Many of the answers may lie 
in an understanding of, as well as an ability to modulate, the antral 
follicular microenvironment

Conclusion

Every egg needs a nest. In the mammalian reproductive system, 
oocyte development occurs within the highly specialized microenvi-
ronment of an ovarian follicle. The follicle is tasked with facilitating 
the complex and sensitive process of oogenesis, and as such it 
constitutes a multifaceted developmental niche for the oocyte.

In an antral follicle, this developmental niche is comprised of 
several layers, each conferring additional protection and special-
ized attention to the oocyte. In this review, we have discussed 
the roles of each component of the antral follicle, from the outer 
theca layer and basal lamina, to the nutrient-rich buffer of follicular 
fluid, to the microenvironment-within-a-microenvironment known 
as the COC. Although each part of the follicle—and each stage 
of folliculogenesis—serves a unique purpose, successful oocyte 
differentiation ultimately depends on the cooperation and coordina-
tion of antral follicle function as a whole. Thus, to understand final 
oocyte differentiation, we must elucidate the functions of antral 
follicle compartments, as well as their relationship to one another.

In view of the growing field of ART, further efforts should continue 

unraveling how the components of this specialized niche guide 
oocyte differentiation. It is clear that the removal of oocytes from 
their follicular environment must be compensated for, if oocyte 
differentiation is to progress normally in vitro. A grasp of the antral 
follicle may enable the field to obtain oocytes of maximal quality and 
to recapitulate the native niche of the oocyte in vitro. This would, in 
turn, minimize the loss or waste of oocytes and embryos, as well 
as increase the success rate of clinical procedures.

The ability of the oocyte to modulate the features of its devel-
opmental niche is an incompletely understood aspect of the antral 
follicle microenvironment. However, the resulting co-dependency 
between oocytes and their follicles presents an additional hurdle 
for the in vitro culture of oocytes during ART. Not only must ART 
attempt to replicate the essential components of the follicular 
microenvironment for the benefit of oocytes in vitro, but it must 
also strive to understand how, when, and why the oocyte induces 
changes to that follicular microenvironment.

The antral follicle is a specialized niche for oocyte differentiation. 
Although the relationship between the oocyte and its follicle are 
dazzlingly complex, the follicular niche is in essence a nest for a 
very special egg. It is perhaps doubly appropriate, then, that the 
word “niche” derives from the Middle French, “to nest.” 
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