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    Preface   

 The oocyte is one of the largest and most mysterious of cells in mammalian 
organisms. After many years of inactivity in a primordial state, the oocyte 
progresses through growth and maturation achieving on the one hand a 
remarkable level of specialization, while maintaining throughout develop-
ment a state of totipotency. Most telling of all is the unique capability of the 
oocyte, in collaboration with the spermatozoon, to give rise to a fully devel-
oped organism formed from hundreds of different tissues and myriads of 
individual cells – a feat that has inspired intellectuals of all ages. Aristotle 
theorized that “the embryo originates from a gradual development of undif-
ferentiated material (the oocyte),” forerunning epigenesis views of develop-
ment that emerged early in the seventeenth century. Around this period, 
preformistic (ovistic) viewpoints appeared that considered embryonic devel-
opment as an unfolding and growth of parts already assembled in the oocyte. 
These perceptions    and predispositions have withstood the test of time (through 
centuries) and are buttressed in a biological and clinical context by the work 
of contemporary scientists who share a passion toward understanding oogen-
esis. In the human, for example, meiotic errors initiated by events taking 
place in the fetal ovary can be propagated into the fully grown oocyte and 
impart a dark shadow on the genetic integrity of a resultant embryo decades 
after the original aberration took place. On a different time scale, the contin-
uum of the growth and maturative phase of oogenesis, entailing the progres-
sive accumulation and positioning of organelles, RNAs, and proteins, 
establishes the molecular foundations of the preimplantation embryo that will 
guide it in both time and space. With the advent of and continued application 
of assisted reproduction technology (ART) in human medicine, the biology 
of the oocyte has gained stature and prominence that few would have antici-
pated 60 years ago. We hope this book brings the reader a sense for why and 
how this extraordinary cell has become such a mainline focus in the biomedi-
cal research enterprise. 

 This book  fi nds impetus and purpose in casting scienti fi c perspective 
toward this unique cell for the bene fi t of scientists and ART specialists. The 
authors of the chapters are distinguished authorities in their respective areas 
of competence, some of whom have collaborated with the editors over the last 
several years. From the opening of the book, the reader is led on a fantastic 
voyage from the formation of the primordial oocyte to the development of 
the early embryo, passing through crucial processes of oogenesis, such as 
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 co-ordination of oocyte and follicle growth, gene expression and organelle 
reorganization during growth and maturation, epigenetic mechanisms, regu-
lation of meiosis, totipotency, cell polarity, oogenesis in vitro, and maternal 
regulation of early development.   
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    Introduction    

 Oogenesis in mammals involves a complex series 
of morphogenetic changes that occur within the 
ovarian follicle. The somatic cells of the follicle, 

the dominant functional unit of the ovary, provide 
a platform for achieving the two major attributes 
of steroidogenesis and ovulation. Teasing apart 
the contributions of various ovarian cell types, 
comprising both follicular and nonfollicular com-
partments, has required the deployment of a vari-
ety of experimental tools. Morphological, genetic, 
biochemical, and cell culture approaches have 
been adopted to evaluate the process of oogenesis 
in the intact mammalian ovary, as well as with 
fractionated and reconstituted cell types, or by 
the use of follicle isolation and in vitro culture. 
Each approach offers advantages and disadvan-
tages depending on whether the experimental 
objective is aimed at improving our understand-
ing of oogenesis, steroidogenesis, or both. It is 
now appreciated with some degree of certainty 
that for the process of oogenesis to be more com-
pletely understood, multiple strategies are ulti-
mately the most likely to uncover the mechanisms 
that underlie the remarkable integration of 
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  1      Imaging Strategies for Studying 
Mammalian Oogenesis       

     S.   Darlene   Limback          and    David   F.   Albertini           

  Abstract 

 Advances in biomedical imaging are now impacting the evaluation of 
gonads and gametes in experimental animal model systems and human 
clinical specimens. This chapter summarizes the rationale for both live cell 
and  fi xed sample imaging using light microscopy. Useful protocols, 
detailed methods, and tools for data extraction are covered for a variety of 
applications pertaining to the analysis of oocytes, embryos, and intact 
ovarian tissue. 

   Keywords 

 Oogenesis  •  Confocal microscopy  •  Sample  fi xation  •  Sample processing  
 Vital staining  •  Image processing  •  Image archiving     
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 folliculogenesis and oogenesis within the context 
of ovarian physiology  [  1  ] . 

 In this chapter, we review and explain the theo-
retical and practical principles for imaging strategies 
employed over the past decade to study the process 
of oogenesis in mammals. Analyzing the structure of 
the mammalian ovary is complicated by the fact that 
during developmental and adult functional periods, 
the ovary is a dynamic organ undergoing de novo 
remodeling of the vasculature, patterns of innerva-
tions and compartmental transformations such as the 
conversion of the follicle into the preovulatory folli-
cle and corpus luteum that provide the immediate 
microenvironment in which oogenesis proceeds  [  2  ] . 
Moreover, adoption of newer techniques to analyze 
intact ovarian tissues in a spatial and temporally 
accurate fashion has required development and 
implementation of microscope-based imaging strat-
egies for the study of both living and  fi xed samples. 
The goal of this chapter is then to inform and guide 
students of oogenesis seeking to understand the intri-
cacies of oocyte-somatic cell interactions in the con-
text of the intact mammalian ovary  [  3  ] .  

   Extending the Utility of Traditional 
Histological Approaches 

 Traditional histological approaches are routinely 
used for the analysis of intact ovary. This has been 
especially evident in the many recent papers docu-
menting ovarian phenotypes in transgenic murine 
animal models  [  4,   5  ] . While standard  fi xation, dehy-
dration, embedment, and sectioning protocols have 
been extensively reviewed and applied, several new 
parameters have come to surface that increase the 
sensitivity and applicability of histological sections 
for purposes of molecular de fi nition [  6  ] . Adding 
molecular details by being able to detect both mRNAs 
and protein in a histological context has considerably 
extended many of the classical aspects of follicular 
and oocyte development  fi rst recognized in the clas-
sical studies of Peters and her colleagues  [  7  ] . 

 The ability to identify multiple epitopes in the 
same or sequential sections makes possible a bewil-
dering array of labeling combinations when used 
in conjunction with monospeci fi c or polyspeci fi c 
antibodies. Coupled with the recognition of 
speci fi c growth factors of oocyte or  granulosa cell 

origin, many key components of paracrine signal-
ing pathways have been revealed  [  3,   8–  10  ] . As 
more speci fi c methods for controlling gene and 
protein expression are developed  [  11  ] , it can be 
expected that future experimental strategies will 
necessitate the adoption of internal standards or 
markers using small molecule reagents that exhibit 
the properties of binding directly or speci fi cally 
localizing to compartments such as the nucleus, 
plasma membrane, or extracellular matrix. Efforts 
to achieve an increased level of sensitivity and 
speci fi city are currently aimed at applications to 
histological approaches and thus prompt a closer 
examination of protocol modi fi cations that have 
evolved over the past two decades as illustrated 
in Fig.  1.1 . When coupled with the widespread 
commercial availability of immunological probes 
for speci fi c proteins or metabolic status, several 
critical factors emerge that must be addressed in 
well-controlled and meaningful studies including 
specimen preparation prior to  fi xation, choice of 
 fi xation, antigen retrieval on sections, counter-
staining options, and choice of imaging modali-
ties. In the context of recent efforts to quantify 
various aspects of ovarian function during aging 
and in the context of paracrine signaling, these 
approaches will be drawn upon heavily  [  12–  17  ] .  

 Specimen preparation prior to  fi xation should 
take into account the objectives of the experiment 
with respect to desired outcomes. If the outcome 
is purely histological, there is general consensus 
that Bouin’s is the superior method of  fi xation for 
germ cells. On the other hand, classical studies 
on the histochemistry of the ovary and other tis-
sues identi fi ed Bouin’s as damaging to the reten-
tion of enzymatic activity such that if the latter is 
the objective (i.e., preservation of enzyme func-
tion for purposes of localization), then freshly 
prepared paraformaldehyde (2–4 %) or glutaral-
dehyde (1 %) can be used followed by prepara-
tion of frozen sections. As the aim of studies 
presently emphasizes the use of immunodetec-
tion strategies,  fi xation becomes a key issue in 
terms of the preservation of epitope integrity, 
something that can be broadly and adversely 
affected by Bouin’s and which is generally 
retained after formaldehyde  fi xation. Table  1.1  
summarizes our experience over the past 7 years 
using a variety of immunological reagents. It 
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should be appreciated that while compromising 
optimal histological integrity, paraformaldehyde 
 fi xation, with or without antigen retrieval, pro-
vides the most reliable and predictable choice of 
 fi xation especially if retention of in vivo signals 
generated by the use of vital stains or endogenous 
 fl uorophores is anticipated.  

 Conventional histology has also been rendered 
practical for combination with immune-detection 
using opaque substrate deposition due to enzyme-

coupled secondary antibodies such as peroxidase 
or alkaline phosphatases. An example of achiev-
ing multiple labeling in such material was devel-
oped by one of us (SDL) and is illustrated in 
Fig.  1.2 . Combining immunocytochemistry with 
conventional stains such as PAS makes possible 
rendering of distinct stages of follicle develop-
ment with high resolution. In the example shown, 
mouse vasa homologue, a germ cell-speci fi c 
RNA helicase also known as DDX4, labels the 

Fixed tissues or cells

Permeabilize and/ or protein block

Perxidase quench

Primary antibody

Secondary
antibody

Secondary
antibody

Biotin Fluor

Fluor

Streptavidin

Streptavidin

Chromagen
substrate

Counter stain (PAS, phalloidin) Nuclear stain

Permanent
mount

Permanent or
aqueous mount*

Fluor compatible
mount

Brightfield
microscopy

Fluorescence or
confocal

microscopy

  Fig. 1.1    Flow sheet 
summarizes sequential steps 
for processing of  fi xed ovarian 
tissues or isolated cells. Note 
that a “conditioning” step is 
required for all samples prior 
to exposure to primary 
antibody. The  arrows  indicate 
pathways in processing steps 
that should be followed 
depending upon the type of 
microscopic detection (bright 
 fi eld or confocal/ fl uorescence) 
that will be used       
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a b c

  Fig. 1.2    Illustration of triple stain bright  fi eld technique 
applied to conventional histological sections of mouse 
ovary. Samples stained with PAS ( pink ), mouse vasa 
homologue (MVH,  brown ), and hematoxylin ( blue ). 

Examples highlight detection of germ cell cysts in an E15 
mouse ovary ( a ) and MVH positive oocytes within prean-
tral follicles ( b  and  c ); note the deposition of PAS-positive 
zona material surrounding oocytes       

cytoplasm of oocytes at three different stages of 
ovarian development. Retaining hematoxylin in 
such preparations also provides detailed informa-
tion about the patterns of chromatin organization 
in intraovarian oocytes.  

 One of the less exploited ways to extract high-
resolution information from conventional histo-
logical sections is to employ illumination 
strategies such as polarization and differential 
interference contrast microscopy (DIC). Using 
hematoxylin and eosin (H&E)-stained samples 
and imaging under these modalities can bring out 
contrast details especially due to the hematoxylin 
labeling of nucleic acids. Figure  1.3  illustrates 
this point for sections of bovine ovary. The highly 
organized connective tissue of the tunica albug-
inea is best appreciated when sections are viewed 
under polarized light compared to conventional 

bright  fi eld illumination (compare b to a). 
A  further enhancement of tissue structure is 
obtained when viewing the same materials with 
DIC optics, a perspective that renders signi fi cant 
detail to the chromatin in dictyate-arrested 
oocytes of primordial or primary follicles (c and 
see inset). These simple enhancements in micro-
scopic imaging can provide a level of detail espe-
cially with regard to changes in chromatin 
patterning that are associated with in vivo manip-
ulations of ovarian function. While the thickness 
of typical sections for histology can range 
between 5 and 10 um, even here there is suf fi cient 
depth to gather three-dimensional information 
that is often useful when conventional markers 
for chromatin or cytoplasmic structures are com-
bined with  fl uorescence microscopy as will be 
described next  [  18,   19  ] .   

   Table 1.1    Processing recommendations for ovarian samples   

 Preparation  Antigen retrieval 

 Fixation  Extraction 

 Wash interval  Solution  h  Detergent (%)  h 

 Paraf fi n sections  Yes     4% PFA  18  None  None  3 × 5 min 
 Bouin’s  4 

 Isolated follicles  No  PFA/XF  2–6  0.1–1  12–24  3 × 30 min 
 Isolated COC’s  No  PFA/XF  1–3  0.1  1–6  3 × 15 min 
 Denuded oocytes or 
embryos 

 No  PFA/XF  0.5–1.0  0.1  0.5  3 × 15 min 

 Whole ovary (rodent)  No  PFA/XF  18  1  18  3 × 1 h 
 Cortical strips (large 
mammal) 

 No  PFA/XF  0.5–4  0.5–1  24–48  3 × 8 h 

 Granulosa cell monolayers  No  XF  0.5  0.1  0.5  3 × 5 min 
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   Fluorescence Microscopy: The Power 
and the Problems 

 The ability to localize several discrete components 
within cells or tissues has been revolutionized by 
the introduction and development of  fl uorescence 
microscopy. For nearly 50 years now, improve-
ments in  fl uorescence imaging at the level of 
probe chemistry, low light level detectors, and 
both wide- fi eld and confocal microscopy have 
led to advances in biology never imaginable dur-
ing the peak years of electron microscopy. In 
achieving the ability to detect and monitor many 
kinds of molecules, through either direct detec-
tion of  fl uorophore-coupled molecules or indi-
rectly through the use of conjugated antibodies, 
experimentalists have bene fi tted from the ability 
to design multifactorial or multiparameter assays 
and evaluate a variety of multicomponent interac-
tions. While the power of this technology is well 
recognized, some drawbacks remain, and those 
pertinent to the subject matter of this chapter will 
be considered. 

 Among the most serious limitations encoun-
tered in the use of  fl uorescence microscopy for 
studying ovarian tissues or isolated oocytes are 
properties that confer nonspeci fi c background 

 fl uorescence or auto fl uorescence as well as con-
ditions intrinsic to tissues that form a barrier to 
detecting speci fi c binding. In the former case, 
 tissues especially present concerns owing to the 
auto fl uorescence attributable to erythrocytes or 
other cell types associated with the vasculature of 
the ovary. Other lipid-rich compartments also 
yield high backgrounds as is often seen in cor-
pora lutea or thecal-interstitial tissue. While there 
is no straightforward way to eliminate signals 
from endogenous tissue sources, the advent of 
longer wavelength emitting dyes provides one 
way for avoiding noise introduced by these typi-
cally lower wavelength species of molecules. 
Moreover, harsher extraction conditions can be 
introduced especially those designed to eliminate 
lipidic substances by use of detergents or organic 
solvents. As with any modi fi cation in technology 
that intends to improve the signal to noise ratio, 
samples subjected to extreme extraction condi-
tions are likely to introduce artifacts of various 
kinds that can compromise the original labeling 
strategy sought to answer a speci fi c question. 

 The second and more unique problem for 
investigators of the ovary and oocytes in particular 
derives from the properties of the zona pellucida. 
The zona pellucida is a specialized extracellular 

a b c

  Fig. 1.3    Conventional histological H and E sections of 
bovine ovary viewed under bright  fi eld ( a ), polarization 
( b ), or differential interference contrast ( c ) optics.  Inset  

shows oocyte chromatin patterns within a primordial fol-
licle (bovine) in which borders of the nuclear envelope are 
apparent       
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matrix that contains a high density of terminal car-
bohydrates on zona proteins that effectively serve 
as an ion exchange column for positively charged 
molecules. Dealing with the zona for labeling 
purposes requires distinct strategies depending on 
whether the material of choice is histological or 
frozen sections or any isolated structures such as 
follicles, oocytes, or embryos. Many studies dat-
ing from the 1980s and 1990s sought to eliminate 
this problem by removing the zona enzymatically 
(pronase, trypsin), chemically (acid Tyrode’s dis-
solution), or mechanically by passing oocytes 
through a narrow-bored micropipette. Such stud-
ies often focused on internal structures within 
oocytes such as chromosomes and the meiotic 
spindle, and after zona removal, a high signal to 
noise ratio was obtained. During the mid-1990s, 
we developed alternative  fi xation and labeling 
strategies that would allow for the retention of the 
zona and other accessory structures such as cumu-
lus cells or follicle cells, and in this way were able 
to preserve the complex cellular interactions that 
exist at the interface of the oocyte and surrounding 
somatic cells. These strategies will be discussed in 
a later section with respect to imaging intact tis-
sues and the importance of specimen  fi xation and 
processing for this application. 

 Sectioned materials also suffer from the unusual 
properties of the zona pellucida, and this problem 
is illustrated in Fig.  1.4 . A panel is shown depict-
ing mouse ovary sections that have been labeled 
for immunocytochemistry to a membrane com-
partment (a, lamp 1), the cytoskeleton (b, actin), 
and a zona protein (c, ZP1). Notably, the problem 
with nonspeci fi c binding of antibodies appears to 
be speci fi c to rabbit antibodies, and even here the 
antibody to actin was af fi nity puri fi ed, and thus the 
staining to the zona seen in panel B is attributable 
to reagents of rabbit origin. Neither of the other 
antibodies demonstrates the zona staining, and 
precautions regarding antibody source should be 
coupled with appropriate controls of  fi rst antibody 
omission but preferably adsorption with epitope. 
The  fi nal panel in Fig.  1.4  shows the compatibility 
of DNA binding  fl uors such as Hoechst 33258 for 
counterstaining section materials processed for 
routine or confocal microscopy.   

   Confocal Microscopy of Ovarian 
Cells and Tissues 

 Proceeding from the era of wide- fi eld 
 fl uorescence microscopy into that of single-
photon confocal microscopy initiated in the 
1980s, imaging as we know it today took a 
major step forward, and this has by no means 
evaded the interest of reproductive biologists 
studying the ovary, oocyte, and embryo. With 
central themes emerging from the use of trans-
genic mouse technology, many novel and fasci-
nating phenotypes have been uncovered, and in 
some studies, the mechanistic basis for para-
crine and hormonal regulation of ovarian func-
tion has been materially advanced  [  20–  25  ] . 
This has been particularly helpful in evaluating 
the ovary as a developmental composite where 
the analysis of intact or sectioned tissues allows 
for the direct comparison of different stages of 
oogenesis and folliculogenesis  [  26–  29  ] . 

 For analysis of isolated oocytes, embryos, or 
follicles, we encourage the use of specialized 
 fi xation and processing techniques that have 
evolved over the years  [  1,   15,   18  ] . As described 
below, the MTSB-XF  fi xative was designed to 
optimally preserve components of the cytoskel-
eton, and we have now documented that this 
technique is well suited for preservation of 
nuclear epitopes, and it can be adapted for use 
with whole pieces of ovarian tissues or the 
extremely large cumulus-oocyte complexes 
found in the equine, ovine, and bovine species 
 [  30,   31  ] . While the advantages of MTSB-XF 
are based on the simultaneous extraction and 
 fi xation of cells under conditions of maximal 
cytoskeletal stability, it should be emphasized 
that all membrane-limited compartments 
including plasma membrane, mitochondria, 
and Golgi complexes are solubilized and not 
accessible for epitope localization after  fi xation 
 [  32  ] . For the experimentalist interested in 
retaining structure in membrane-limited struc-
tures, we recommend  fi rst  fi xing cells with 2 % 
paraformaldehyde for 5–10 min at room tem-
perature before moving samples into the 
MTSB-XF  fi xative. 
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 MTSB-XF stands for microtubule stabiliza-
tion buffer-extraction  fi xative and is composition-
ally based on the need to optimize elements of the 
cytoskeleton especially those having to do with 
microtubules. Toward this end, solution condi-
tions (1) maintain low calcium (EGTA), (2) pro-
tect sulfhydryl groups by the addition of 
dithiothreitol, and (3) provide an environment 
that favors the stability of polymerized tubulin 
due to the presence of taxol, deuterium oxide, and 

slightly acidic pH. In our earlier studies, it was 
also found that the inclusion of a broad spectrum 
inhibitor of proteases was bene fi cial for epitope 
and structural preservation, hence the inclusion of 
aprotinin  [  32  ] . This concept of tailoring  fi xatives 
to maximize retention of epitope and structural 
disposition for proteins has gained widespread 
acceptance in the  fi eld of biochemistry but has 
been somewhat slow to appear in the context of 
biomedical imaging at the microscopic level. 

  Fig. 1.4    Examples of the application of  fl uorescence 
immunohistochemical ( a – c ) and direct labeling ( d ) using 
conventional histological sections of mouse ovary. ( a ) 
LAMP1 mouse monoclonal; ( b ) rabbit anti-actin; ( c ) 
mouse antibody to ZP1; and ( d ) Hoechst 33258 staining 

of chromatin. Note in  b  that rabbit antibodies often yield 
a low level of background staining of the zona pellucida 
that is dif fi cult to eliminate even with extensive washing 
and/or use of blocking reagents       
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 Further, in analyzing the distribution of phos-
phoepitopes, it has become clear that due to the 
persistent activity of phosphatases during tissue 
solubilization and  fi xation, the addition of a phos-
phatase inhibitor cocktail greatly enhances the sig-
nal to noise ratio making quantitative assessments 
of protein phosphorylation possible in the context 
of  fi xed preparations of cells or tissues  [  30  ] . 
Addressing the question of epitope stability during 
and after  fi xation as it pertains to maintenance of 
phosphoepitopes emphasizes the need to extend 
this strategy to other posttranslational modi fi cations 
in proteins given the enormous advances made in 
the area of histone modi fi cations  [  33–  36  ] . 

 Considerations regarding  fi xation and sample 
conditioning are central to achieving optimal data 
when using confocal microscopy  [  16,   18  ] . Even 
though the ability to reduce noise above and 
below the optical plane being sampled is greatly 
reduced in a confocal modality, any and all efforts 
to assure antibody access and speci fi city are 
essential to producing reliable and repeatable 
results especially when semiquantitative mea-
surements are anticipated  [  30  ] . We recommend 
that three factors assume priority when design-
ing experiments that will require advanced 
imaging. First, once the samples have been  fi xed, 
they should be subjected to a conditioning step 
that assures both cessation of any residual 
 fi xation and includes a buffer whose composi-
tion is designed to maximize blocking of spuri-
ous antibody binding prior to exposure to 
primary antibody. Such solutions thus contain 
powdered milk, a protein source, and Tris buffer, 
all intended to reduce nonspeci fi c binding. 
Second, using such solutions to prepare primary 
or secondary antibodies affords a great selective 
advantage for enlisting the reagents of highest 
af fi nity to meet stringency requirements satis-
factory for optimal antigen-antibody complex 
formation. Besides reducing background, this 
step introduces a measure of signal to noise 
where stability of the immune complexes will 
also be likely to be maintained for prolonged 
periods of time (months) when samples are 
stored at 4 °C. The  fi nal factor that plays into 
optimizing specimen quality rests soundly on 
the issue of adequate washing between each of 

the labeling steps and prior to specimen mount-
ing. In our hands, washing steps should not be 
trivialized. Isolated cells grown on coverslips 
and denuded oocytes or embryos are readily pre-
pared with relatively short washing steps on the 
order of hours. However, when using large tis-
sue samples, washing and labeling steps should 
be signi fi cantly extended over a period of days 
in order to obtain maximal antibody penetration 
and optimal washout of immune reagents. 
Typically, large samples such as whole rodent 
ovaries or 1 mm cortical strips of bovine ovary 
which are being prepared for confocal micros-
copy are both labeled and washed for a day at a 
time at 4 °C on a shaking platform. The results 
of this kind of approach are illustrated in 
Fig.  1.5 .  

 Intact pieces of bovine ovarian cortex were 
 fi xed in MTSB-XF and processed by lengthen-
ing the times of washing and labeling as indi-
cated above. Samples were prepared with two 
antibodies of mouse origin; one recognized a 
DNA damage marker known as gamma H2AX, 
and the other recognizes an acetylated form of 
alpha tubulin that is enriched in nerve  fi bers. 
The  preparation was counterstained with rhod-
amine phalloidin to label f-actin and Hoechst 
33258 to label chromatin. Image  1.5a  shows the 
reconstruction of an intact follicle in which 
details of chromatin can be readily appreciated. 
When chromatin pro fi les are compared to the 
H2AX shown in the green channel (b), areas of 
overlap in the oocyte nuclei are readily appar-
ent, and distinct patterns of innervations are 
demonstrated by the acetylated tubulin antibody. 
The overlay in Fig.  1.5c  further attests to the 
conformity and clarity of each signal that is 
readily ampli fi ed from the confocal data set as 
shown in Fig.  1.5d . It is important to emphasize 
that this approach is a new extension of tradi-
tional technologies that combine the optical sec-
tioning capability of the confocal microscope 
with optimal conditions for specimen labeling 
in an intact in vivo state. This preparation was 
sampled at 500  m m depth where all reagents 
were able to penetrate and retain signi fi cant sig-
nal. It should be possible to further develop this 
approach for future studies.  
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   Confocal Microscopy of Living 
Ovarian Cells and Tissues 

 Extending the realm of confocal microscopy from 
that of experimentation with  fi xed samples to 
those that retain viability is a lofty and worth-
while goal for students of mammalian oogenesis 
 [  37–  40  ] . This has been aided by the ability to 
control atmosphere and temperature within a 

variety of devices that are well suited to maintain 
tissue and cell viability over prolonged periods of 
time. It does come with a price to pay as most 
available vital imaging studies run the risk of 
introducing potentially compounding and damag-
ing consequences due to the release of excited-
state electrons from endogenous or exogenous 
 fl uorophores. Tailoring the right combination of 
 fl uors to answer speci fi c questions is aided 

  Fig. 1.5    Confocal  fl uorescence microscopy of intact 
bovine ovary processed for the demonstration of nerve 
 fi bers and histone H2AX within nuclei ( arrow ) of follicle-
enclosed oocytes. ( a ) Projection of chromatin (6 × 1  m m 
stack of Hoechst 33258); ( b ) image of immunolabeled 

epitopes for acetylated tubulin (nerve  fi bers) throughout 
tissue and DNA damage detection in nuclei of oocytes; ( c ) 
combined image of  a  and  b ; and  d , enlargement of 10- m m 
stack revealing proximity of nerve terminals to follicles       
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 presently by the ability to express  fl uorescent pro-
tein constructs that have successfully integrated 
into the genome of experimental animals such as 
mice. In addition, there have been great advances 
in the chemistry of  fl uor dyes that offer alterna-
tives to genetic manipulation when the physiolog-
ical  status of oocytes or ovarian tissue is the 
subject of investigation. As an example of this 
strategy, we and others have adopted the use of 
lysotracker red as a vital indicator of acidic organ-
elles in the developing ovaries of mice  [  1  ] . 

 As illustrated in Fig.  1.6 , lysotracker red (LTR) 
is a pH-sensitive  fl uor that readily penetrates liv-
ing cells and tissues, and in the presence of an 
acidic environment, the dye becomes immobi-
lized and emits a red  fl uorescence that is easily 
detected by microscopy. When living mouse ova-
ries are labeled with LTR for various periods of 
time and under routine cell culture conditions, 
the intact ovary is subjected to  fi xation, and fol-
lowing a clearing treatment to remove sources of 
light scattering within the tissue, the entire sam-
ple is mounted and viewed directly in the confo-
cal microscope. The confocal is able to optically 
section the entire ovary, and when image stacks 
are rendered by contrast inversion ( 1.6a ), each 
site of acidic staining is readily identi fi ed. In 
addition to offering a nonhistological means to 
evaluate all of the ovarian follicular contents, 
such an approach permits high-resolution evalua-
tion at the single-cell level as revealed in Fig.  1.6b 
and c . LTR is merely one of a number of new 
 fl uorescent dyes being developed for use in vital 

staining microscopy, and using the approach we 
describe here, many applications for evaluating 
ovarian physiology and disease will be accessible 
 [  40–  42  ] . Two  fi nal examples of this are demon-
strated in Fig.  1.7 .   

 Much attention has been paid to the 
con fi guration of chromatin in the germinal vesi-
cle (GV) of mammalian oocytes  [  32,   40,   41  ] ; 
Fig.  1.7  shows a three-dimensional projection of 
a mouse GV seen in anterior (a) and posterior (b) 
views and depicting the interaction of hetero-
chromatin with the surface of the nucleolus. This 
image set was constructed from material  fi xed in 
MTSB-XF after vital staining with the DNA 
intercalating dye Hoechst 33342. By sampling 
the GV at 1  m m steps during confocal image 
acquisition, a complete rendering of heterochro-
matin is obtained that reveals details not previ-
ously appreciated with wide- fi eld  fl uorescence 
microscopy. Finally, among the probes being 
developed for vital staining are those that carry 
 fl uorescent moieties linked to functional lipids. 
One such probe we have been experimenting 
with is a dextran-modi fi ed cholesterol derivative 
that partitions into membrane domains rich in 
cholesterol when it is applied to living cells. 
Figure  1.7c  shows a single mouse oocyte that has 
been labeled as an intact cumulus-oocyte com-
plex for 5 min at 37 °C. The oocyte was then 
mounted in culture medium and imaged directly 
using 488 nm excitation, and optical sections 
were taken at 1  m m intervals. The image reveals 
two distinct aspects of vital stain imaging. First, 

a b c

  Fig. 1.6    Confocal images of lysotracker red-labeled mouse ovaries demonstrated in reverse contrast ( a , whole ovary, 
2-day postpartum) and single optical sections of ovaries from 6-day- ( b ) and 16-day-( c ) old animals       
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it should be noted that the concentric superim-
posed rings representing the plasma membrane 
of the oocyte are saturated relative to outer struc-
tures that were the subject of interest. This is 
often the case as signal intensity will vary between 
different domains into which probes become 
intercalated. The second feature evident in this 
image is the interruption of continuity displayed 
by the staggered images representing sequential 
optical planes separated by a gap of 1  m m. This 
exempli fi es the need to establish optimal sam-
pling frequency in the z-axis that will depend 
directly on approximating 1 airy unit during sam-
pling. Again, trial and error should prevail when 
setting up optimal conditions in the context of 
imaging living material.  

   Image Archiving and Analysis 

 Investigators already employing or planning to 
use contemporary imaging techniques to study 
oogenesis are well advised to consider the impor-
tant topics of image analysis and archiving before 
embarking on experiments. It is neither within 
the purview of this chapter to cover these top-
ics in depth nor is it reasonable given the many 
resources that are now available within imaging 
centers at research institutions. Instead, we will 
brie fl y review some applications for archiving and 
analysis that bear directly on the topic of oogen-

esis and recent efforts to recapitulate the ovarian 
development of oocytes using in vitro technolo-
gies of growing clinical interest  [  42–  45  ] . 

 Among the technologies receiving much 
attention for their clinical import are those aimed 
at performing oocyte in vitro maturation or fol-
licle in vitro maturation. In both cases, confocal 
microscopy is aiding in the de fi nition of oocyte 
quality, but sadly because of the dependence on 
 fi xation for most such studies, information on 
the viable oocyte and follicle remains lacking 
 [  40  ] . The essence for image archiving is to take 
heed to the notion that no amount of data storage 
space is ever enough. Once the power of confo-
cal is truly appreciated and the key elements of 
a solid design embedded into experiments, gath-
ering enormous quantities of data becomes the 
norm rather than the exception. Fortunately, the 
prepared stance for any investigator is to obtain 
archiving resources of an appropriate magnitude 
to  fi t with the current and future needs of a given 
laboratory. 

 Image analysis draws its relevance to the over-
all implementation of confocal microscopy in 
that data gathering becomes but a  fi rst step in the 
extraction and evaluation of image sets derived 
from experiments. Most confocal microscope 
companies by de fi nition include image analysis 
tools to  fi t the immediate needs of the investiga-
tor, but in many cases, for example, volumetric 
rendering of three-dimensional data sets, 

  Fig. 1.7    High-resolution three-dimensional projections 
of living oocytes labeled with vital  fl uorescence dyes for 
chromatin ( a ,  b , Hoechst 33342) or membrane lipids( c ). 
Image rotation ( a ,  b ) permits de fi nition of chromatin 

interaction with the nucleolus during active transcription. 
In ( c ), saturated ring signal in center corresponds to 
sequential sections of oocyte plasma membrane subtend-
ing the zona pellucida       

 



14 S.D. Limback and D.F. Albertini

 specialized software needs are best met from a 
variety of commercial sources. An example of 
how image analysis is applied to in vitro follicle 
culture is shown in Fig.  1.8 .  

 Balancing the needs of the oocyte with those 
of the follicle has become an interesting and 
important topic for studies attempting to link the 
processes of oogenesis and folliculogenesis  [  38, 
  39,   41  ] . At the heart of these studies are attempts 
to sort out the cell communication needs that, on 
the one hand, allow for the synchronous growth 
of the preantral follicle and yet maintain a com-
munication system with the enclosed oocyte 
that must derive the majority of its metabolic 
reserves from the somatic granulosa cells  [  16, 
  18  ] . When evaluating this problem with cultured 
bovine follicles, composite sampling of three 
channels in entire z-stack data sets allowed for 
the identi fi cation of connexin expression patterns 
throughout the follicle in addition to a marker 
of cell adhesion. Separate plots of  fl uorescence 
intensity were propagated from line scan analy-
sis tools, and the ratios of different signals and 
their geographic location were spatially mapped. 
These are shown in Fig.  1.8a–c  that respectively 
de fi ne chromatin in the GV, actin at the oocyte 
periphery, and  connexin 43 junctions that inter-
sect the line pro fi le. Measures such as these are 
useful when used under controlled conditions 
where background baseline values can be set at 
the lower limit of the typically 0–256 grayscale 
level. The discriminating “imager” will recall 
that establishing a useful signal to noise ratio for 
experiments of this kind begins with sample prep-
aration and the strict control of reagent speci fi city 
for both primary and secondary reagents.  

   Conclusions 

 This chapter has attempted to highlight some 
of the major advances in imaging that can and 
will continue to play an important function in 
the analysis of mammalian oogenesis. It offers 
insights into the translation from single-cell 
experiments to those of complex tissues such 
as the ovary where the very earliest stages of 
oogenesis can be analyzed under native condi-
tions and without damage to oocytes or folli-
cles as a result of their isolation or culture. It is 
hoped that using the tools and guidelines 
reviewed here, the inertia to apply modern 
imaging techniques for the study of oogenesis 
will be lessened and that in the end, this 
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  Fig. 1.8    Confocal micrograph of a single bovine ovarian 
follicle ( a ) labeled with Hoechst 33258 for DNA, 
Alexa fl uor-568 phalloidin for actin ( red ), and anti-con-
nexin 43 for gap junctions ( green ). Optical density pro fi les 
are shown for each channel following the reference line 
that transects the follicle through the oocyte germinal 
vesicle as indicated by the  arrows  (see  a  and  c ). ( b  and  d ) 
show corresponding intensity plots for actin ( b ) and con-
nexins ( d )       
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 extraordinary process will be brought into view 
for all to appreciate.      
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  Abstract 

 The  fi rst histological observations about the origin of the precursors of 
gametes termed primordial germ cells (PGCs) in extragonadal regions and 
their subsequent migration into the developing gonads in human embryos 
date back to the early twentieth century. Fuss (Anat Am 39:407–409, 
1911, Anat EntwMech 81:1–23, 1912) and Felix (Die Entwicklung der 
Harn- und Geschlechtsorgane. In: Keibel-Mall Handbuch der 1qEntwick-
lungageschichte des Menshen, vol 2. Leipzig, Hirzel, pp 732–955, 1911) 
were apparently the  fi rst ones to describe the extragonadal location of 
PGCs in human embryos. In the youngest, 2.5 mm long, embryo examined 
(23–26 days postfertilization), These authors described PGCs in the endo-
derm of the yolk sac wall as cells identi fi able by their large size and spher-
ical shape. Subsequently, Politzer (Z Anat Entw Gesch 87: 766–80, 1928, 
Z Anat Entw Gesch 93:386–428, 1930, Z Anat EntwGesch 100:331–336, 
1933) and Witschi (Contr Embryol Carnegie Inst 209:67–80, 1948)  studied 
the distribution of PGCs in a considerable number of embryos from pre-
somite stages (0.3–0.8 mm, about 3 weeks) to 8.5 mm (5 weeks). Both 
authors described the migration of PGCs from the yolk sac to the develop-
ing gonads. Following a hot debate, it is now generally accepted that after 
their arrival into the gonadal anlage, PGCs give rise to the oogonia/oocytes 
and gonocytes (or prespermatogonia) in the embryonic ovary and testis, 
respectively. These germ cells enter a complex series of events that in the 
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   Introduction 

 The differentiation and development of PGCs 
is an early event of the mammalian embryo-
genesis, crucial for assuring normal fertility of 
the individual and the correct transmission of 
the genome to the next generation. The basic 
principles governing these processes have been 
clari fi ed and can be summarized as follows. 
Probably dictated by the necessity to protect 
the cells of the germ line from signals inducing 
somatic cell lineage differentiation, the precur-
sors of PGCs are early committed and speci fi ed 
in the epiblast (one of the  fi rst two differenti-
ated tissue of the embryo proper, the other 
being the hypoblast) before gastrulation and 
rapidly moved into an extraembryonic region 
where PGCs are determined. PGCs reenter into 
the embryo proper during early gastrulation to 
reach the developing gonads (gonadal ridges, 
GRs). During this journey, while undergoing 
proliferation, PGCs begin extensive nuclear 
reprogramming (activation of genes for pluri-
potency and epigenetic changes of the genome 
involving DNA demethylation and histone 
code) to regain differentiation totipotency and 
reset the genomic imprinting. These processes 
are completed after their arrival into the GRs. 
After some rounds of proliferation, PGCs 
 fi nally differentiate into oogonia or gonocytes 
within ovaries and testes, respectively. 

 Despite the  fi rst morphological observations 
on the extragonadal formation and movements 
of PGCs in human embryos date back exactly 

100 years ago  [  1–  3  ]  (Fig.  2.1  and Table  2.1 ), the 
inaccessibility of the human embryo to experi-
mental investigations at these early stages made 
dif fi cult, if not impossible, to obtain informa-
tion on the complex temporal and spatial series 
of molecular events underlying these processes. 
Thanks to recent studies carried out in the mouse 
and the development of stem cell technologies, 
however, we are now obtaining precious infor-
mation that can contribute to clarify crucial 
aspects of these processes. The present review 
is an attempt to summarize these results and the 
future perspectives.    

adult end with the formation of fertilizable oocytes and sperm. Because of 
the inaccessibility of the human embryo to experimental investigations at 
these early stages, we still know little about cellular and molecular mechanisms 
controlling the formation, differentiation, and development of human 
PGCs. This chapter describes the life history of human PGCs combining 
old and new information and, where appropriate, making use of the most 
recent results obtained in the mouse.  

  Keywords 

 Primordial germ cells  •  Embryonic gametogenesis  •  Gonad development   
 BMPs      

  Fig. 2.1    Reproduction of the original drawing by A. Fuss  [  2  ] . 
The German scientist was likely the  fi rst to identify PGCs 
in the endoderm of the wall of the yolk sac in one human 
embryo 2.5 mm long (23–26 days postfertilization); in the 
center of the drawing, a PGC is clearly recognizable for its 
large size and spherical shape among several somatic cells       
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   Table 2.1    Chronology of human primordial germ cell development       

   Comparing Mouse and Human 
PGC Formation 

 In animals, the formation of PGCs basically occurs 
by one of two distinct mechanisms: inheritance of 
germ plasma or inductive signaling (for reviews, 
see  [  4,   5  ] ). In most organisms, including inverte-
brate species such as  Drosophila  and  Caenorhabditis  
and nonmammalian vertebrates such as frogs and 
 fi shes, germ cell arises through the former mecha-
nism. Germ plasma is a maternally derived collec-
tion of cytoplasmic RNAs, RNA-binding proteins, 
and various organelles assembled within the mature 
oocyte and segregated during the  fi rst divisions of 

the embryo to the cells fated to become PGCs. 
In contrast, probably in all mammals, PGCs arise 
shortly before or during gastrulation through a pro-
cess of inductive signaling. Speci fi c signals secreted 
by neighboring cells induce the commitment and 
speci fi cation of PGC precursors among the epiblast 
cells before gastrulation. Shortly afterward, such 
precursors are determined as PGCs in an extraem-
bryonic region. But when and where do these sig-
nals exactly take place, and what molecules are 
involved? 

 Recent elegant research carried out in the 
mouse (for a review, see  [  6  ] ) has shown that in 
the pregastrulation period, interactions between 
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two extraembryonic tissues, the extraembryonic 
ectoderm (ExE), and visceral endoderm (VE) 
are crucial for the germ-line commitment and 
speci fi cation. In particular, in the mouse embryo 
around 6.25  days post coitum  (dpc), six PGC pre-
cursors are set aside in the posterior proximal 
epiblast cells near the region where the primi-
tive streak will form (Fig.  2.2 ). Members of the 
transforming growth factor  b 1(TGF b 1) super 
family, namely, bone morphogenetic protein 8a 
and 4 (BMP8a and BMP4) secreted by ExE and 
BMP2 produced by the VE, induce these early 
processes. The expression of the transcriptional 
repressor B-lymphocyte-induced maturation 
protein 1 (BLIMP1) (also known as PR domain-
containing 1, PRDM1), closely followed by that 
of the companion PRDM14 and upregulation of 
fragilis (also known as interferon-induced trans-
membrane protein 3 or IFITM3), marks the emer-
gence of PGC precursors. These BLIMP1-positive 
cells increase in number and begin to move out of 
the embryo through the forming primitive streak. 
During this period, PGCs are speci fi ed, and the 
expression of the putative RNA/DNA bind-
ing protein stella (also known as developmental 
pluripotency-associated 3, DPPA3, or primordial 
germ cell 7, PGC7) marks the event. Around 7.25 
dpc, the PGC precursors are determined as PGCs 

in the extraembryonic mesoderm at the basis of 
allantois. PGCs form a cluster of about 40 cells 
held together by E-cadherin and expressing high 
levels of tissue nonspeci fi c alkaline phosphatase 
(TNAP) and stella (for reviews about the forma-
tion of mouse PGCs, see  [  7–  9  ] ).  

 The place where PGCs were  fi rst identi fi ed in 
human embryos around the end of the third week 
is the same as in the mouse: the wall of the yolk 
sac at the angle with the allantois (Table  2.1 ). 
Exactly 100 years ago, Fuss  [  1,   2  ]  and Felix  [  3  ]  
were apparently the  fi rst to describe the extrago-
nadal location of PGCs (or  Urkeimzellen ) in 
human embryos. These cells were distinguished 
by their large size, spherical shape, and the pres-
ence of abundant glycogen granules in the cyto-
plasm (Figs.  2.1  and  2.3 ). In the youngest, 2.5 mm 
long, embryo examined (23–26 days postfertil-
ization, 13–20 somites), Fuss described PGCs in 
the endoderm of the wall of the yolk sac. The 
extragonadal origin of PGCs was con fi rmed by 
the subsequent studies by Kohno  [  11  ]  and Hamlett 
 [  12  ]  and above all, by Politzer  [  13–  15  ]  and 
Witschi  [  16  ]  who studied the distribution of 
PGCs in a considerable number of embryos from 
presomite stages (0.3–0.8 mm, about 3 weeks, 17 
embryos) to 8.5 mm (5 weeks, 23 embryos). Both 
authors described the migration of PGCs from 

pPGCs
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Trophoblast
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human
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Amnios
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  Fig. 2.2    Schematic drawings of the main tissues and 
BMPs involved in PGC speci fi cation in the mouse embryo. 
For comparison, a hypothetic scenario of PGC speci fi cation 
in the human embryo is drawn. For details, see text.  ExE  

extraembryonic ectoderm,  ppE  posterior proximal ectoderm, 
 pE  proximal ectoderm,  dE  distal ectoderm,  VE  visceral 
endoderm,  AVE  anterior visceral endoderm,  pPGCs  primordial 
germ cell precursors       
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the yolk sac to the gonadal ridges. In an embryo 
0.6 mm long (about 3 weeks), Politzer  [  13–  15  ]  
counted 40 PGCs which increased to 600 in the 
4 mm long embryo (4 weeks). Similarly, Witschi 
 [  16  ]  counted 30–50 PGCs in the endoderm of the 
yolk sac around the end of the third week and 109 
PGCs in an embryo a couple of days older. 
Histochemical methods for the identi fi cation of 
PGCs were  fi rst applied successfully to human 
PGCs for periodic acid- Schiff (PAS)-positive 
materials and mainly TNAP activity by Mc Kay 
and colleagues  [  17  ] . The presence in the cyto-
plasm of distinct morphological element called 
“nuage” was another characteristic later described 
in human PGCs  [  18  ] . This material is a conserved 

feature of germ cells in species across the animal 
kingdom. The “nuage” is distinct from germ 
plasma and under the electron microscope, 
appears as electron-dense granules localized to 
the cytoplasmic face of the nuclear envelope. 
There is currently a lack of information about the 
function of this material. In  fl ies and mouse, an 
interesting possibility is that it might be involved 
in microRNA-pathways necessary for maintain-
ing the germ cell lineage and for transposon 
repression  [  19,   20  ] .  

 In humans, there is a lack of studies tracing 
back the germ-line origin to the earliest stage of 
development before gastrulation. In particular, no 
information is available about the inductive pro-
cesses controlling PGC speci fi cation and deter-
mination. We can postulate that the basic 
principles governing human PGC origin are simi-
lar to those in mouse and other mammals as well. 
In humans, however, the timing and mode of for-
mation of the extraembryonic tissues is 
signi fi cantly different from the mouse. This might 
have some implications for the formation of 
PGCs (Fig.  2.2 ). 

 Immediately before gastrulation (6.0 and 6.5 dpc), 
the mouse embryo can be visualized as a thick-
walled cup of tissue (the epiblast or embryonic 
ectoderm), which will give rise to the entire fetus 
and some of the placental membranes. A second 
thick-walled cup of tissue (the extraembryonic 
ectoderm) placed overturned on the epiblast will 
give rise to the main part of the placenta. Both 
cups are enclosed in a thin bag of primitive endo-
derm. Taking into account only tissues involved 
in the formation of the germ line, in the mouse 
between 4.5 and 5.5 dpc, the primitive endoderm 
gives rise to the visceral endoderm (VE). In this 
epithelium, a specialized region termed anterior 
visceral endoderm (AVE), crucial for determin-
ing anterior-posterior embryo polarity, forms. 
During the same period, the extraembryonic 
ectoderm (ExE) arises from the polar trophec-
toderm and makes contact with the underlying 
epiblast. At 6.5 dpc, gastrulation starts with the 
formation at the posterior region of the embryo 
of the primitive streak. Epiblast cells migrat-
ing  fi rst through this structure include the PGC 
precursors expressing BLIMP1/stella and form 

  Fig. 2.3    Electron microphotographs of human PGCs 
between 5 and 6 weeks of gestation. ( a ) A stationary PGC 
in the hindgut around 5 weeks; note the presence of glyco-
gen ( G ) aggregates and a few mitochondria ( M ) in the 
cytoplasm;  Nu  nucleolus. ( b ) An actively migrating PGC 
among mesenchymal somatic cells around 6 weeks; note 
its elongated shape and a pseudopodium ( arrow ) (Courtesy 
of Prof. Stefania Nottola, Department of Human Anatomy, 
University of Rome La Sapienza  [  10  ] )       
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the extraembryonic mesoderm. In humans, at 
the beginning of the second week, the embryo 
consists of a bilaminar disc, the epiblast, and 
the primitive endoderm (or hypoblast). Polar 
trophectoderm above the epiblast differentiates 
into the syncytiotrophoblast that invades the 
uterine tissue and the cytotrophoblast contacting 
the epiblast. Within the latter, the amniotic cav-
ity forms lined by the amnioblasts derived from 
the epiblast cells. The primitive endoderm forms 
the roof and the wall (Heuser’s membrane) of the 
primary yolk sac. On day 10–11, extraembryonic 
mesoderm of uncertain origin appears between 
the cytotrophoblast and the yolk sac. Around the 
end of the second week, the de fi nitive yolk sac is 
formed by a new wave of cells migrating from the 
primitive endoderm and displacing the Heuser’s 
membrane. At the beginning of the third week, 
the primitive streak appears and the gastrula-
tion begins. In humans, the primitive endoderm 
can be considered equivalent to the mouse VE, 
while no structure equivalent to the mouse ExE 
apparently exists (Fig.  2.2 ). Moreover, the forma-
tion of the extraembryonic mesoderm appears to 
precede gastrulation. However, reexamining the 
pregastrulation human embryos in the Carnegie 
collection, Lucket  [  21  ]  observed that the caudal 
margin of the primitive streak develops preco-
ciously between 12 and 14 days and that this 
appears to be the source of all the extraembryonic 
mesoderm. 

 The signi fi cance of these differences for the 
formation of human PGCs will remain unclear 
until molecular markers for the human PGC pre-
cursors will be identi fi ed and a fate map of the 
human epiblast will become available.  

   Bona Fide Human PGCs from Stem 
Cells In Vitro 

 In order to compensate for the lack of informa-
tion about the molecular mechanisms of PGC 
formation in the human embryo, in vitro culture 
systems able to reproduce some of these pro-
cesses are now becoming available. These sys-
tems are based on the possibility to induce 
embryonic stem cells (ESCs) derived from 

 blastocysts or induced pluripotent stem (iPS) 
cells produced from differentiated somatic cells 
of various origin and to develop into speci fi c cell 
lineages including germ line. Identi fi cation of 
markers and genes expressed in cells of the germ 
line at the very early stages of their formation is 
indispensable to trace back their origin and the 
mechanisms underlying their formation. Beside 
TNAP and PAS positivity, molecular markers for 
human migratory PGCs now include the key 
pluripotency transcription factors octamer-bind-
ing transcription factor 4 (OCT4,  [  22–  24  ] ), 
Nanog  [  23,   24  ] , and the tyrosine kinase receptor 
c-KIT  [  25  ]  (Table  2.2 ). Moreover, the surface oli-
gosaccharide, the stage-speci fi c embryonic anti-
gen 1 (SSEA1), and the RNA-binding protein 
dead box polypeptide 4 (DDX4, also called Vasa) 
have been reported to be expressed in migratory 
(5–6 weeks) PGCs by some authors  [  23,   55  ] , but 
not by others  [  32,   56  ] . The chemokine receptor 
type 4 receptor (CXCR4) might be also expressed 
by human PGCs at this stage  [  60  ] . After penetrat-
ing into the GRs, PGCs continue to express these 
markers at least until differentiation into oogonia 
and prespermatogonia. In addition, they express 
SSEA4 and possibly the RNA-binding proteins, 
nanos homolog 2 and 3 (NANOS2 and NANOS3 
 [  48  ] ), deleted in the azoospermia (DAZ), and 
DAZ-like (DAZL)  [  23,   56  ] . While SOX2, another 
key pluripotency transcription factor expressed in 
early mouse PGCs and ESCs  [  63  ] , is quite sur-
prisingly not expressed in human PGCs  [  24  ] , 
other transcription factors crucial for the forma-
tion and speci fi cation of mouse PGCs, such as 
BLIMP1, PRDM14, NANOS1, and stella (see 
above), have not yet been described in human 
PGCs in vivo (Table  2.2 ). They might represent 
suitable markers to trace back the PGC precur-
sors in the human embryo. At the moment, they 
are being used to monitor the possible formation 
of PGCs from stem cell lines  in vitro . Intriguingly, 
human ES and iPS cells express a panel of mark-
ers common to human and/or mouse PGCs such 
as TNAP, SSEA4, OCT4, Nanog, stellar (stella-
related), BLIMP1, DAZ, DAZL, NANOS1, 
NANOS3 (in some but not all ESC lines), and 
c-KIT, but not SSEA1, CXCR4, and DDX4 or 
synaptonemal complex protein 1 and 3 (SCP1 
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   Table 2.2    Main markers of human PGCs, EG, ES, and EC cells   

 Marker 
 PGCs 
(3–5 weeks) 

 PGCs 
(6–9 weeks)  EG cells  ES cells  EC cells 

 TNAP  +++  [  17  ]   ++  [  17  ]   +++ [  26  ]   +++  [  27  ]   +++  [  28  ]  
 PAS histochemistry  +++  [  17  ]   −  [  17  ]   ++  [  29  ]   ++  [  30  ]   ND 
 SSEA1  Variable  [  23, 

  31  ]  
 +++  [  23  ]   +++  [  26,   32–  34  ]   −  [  27,   35  ]   −  [  35,   36  ]  

 SSEA3  ND  Variable  [  31  ]   +++  [  26,   32–  34  ]   +++ [  27,   35  ]   +++  [  35,   36  ]  
 SSEA4  +++ [  23  ]   ++ [  23  ]   +++  [  26,   32–  34  ]   +++ [  27,   35  ]   +++  [  35,   36  ]  
 E-cadherin  ND  ND  ND  +++  [  37  ]   +++  [  38  ]  
 Fragilis  ND  ND  ND  ++  [  39  ]   ND 
 TRA1-60  −  [  23  ]   −  [  23  ]   +++  [  26,   32–  34  ]   +++  [  27,   35  ]   +++  [  40,   41  ]  
 TRA1-81  −  [  23  ]   −  [  23  ]   +++ [  26,   32–  34  ]   +++  [  27,   35  ]   +++  [  40,   41  ]  
 OCT4  +++  [  22–  24  ]   ++  [  22–  24  ]   +++  [  26,   32–  34  ]   +++ [  27,   35  ]   +++  [  42,   43  ]  
 NANOG  +++  [  23,   24  ]   ++ [  23,   24  ]   ++  [  33  ]   ++  [  43–  45  ]   ++  [  44,   46  ]  
 NANOS1  ND  ND  ND  +  [  47  ]   ND 
 NANOS3  ND  ND  ND  ++  [  48  ]   ND 
 SOX2  −  [  24  ]   −  [  24  ]   ND  +++  [  49,   50  ]   +++  [  51  ]  
 Stella/stellar 
(DPPA3, PGC7) 

 ND  ND  ND  +/− a   [  39,   44,   45,   47,   52  ]   +  [  52,   53  ]  

 BLIMP1 (PRDM1)  ND  ++  [  54  ]   ±/+  ±/+ a   [  39,   44,   45,   47,   52  ]   −  [  54  ]  
 DDX4 (Vasa)  ++/−  [  55,   56  ]   +++  [  55,   56  ]   ND  −  [  39,   44,   45,   47,   52  ]   ++  [  57  ]  
 DAZ/DAZL  ND  ++  [  23,   56  ]   ND  +/− a   [  39,   44,   45,   47,   52  ]   −  [  54,   58  ]  
 c-KIT  ++  [  25  ]   ++  [  25  ]   ND  +  [  59  ]   −  [  59  ]  
 CXCR4  ++  [  60  ]   ND  ND  −/+  [  61  ]   ++  [  62  ]  

   a Depending on the ES cell lines  

and SCP3) markers of pre- and meiotic germ 
cells  [  44,   48,   60,   64  ] . On the other hand, ES and 
iPS cells express some markers that human PGCs 
do not, such as SSEA3, tumor rejection antigen 
1–60, 1–81 (TRA1-60, TRA1-81), and SOX2 
 [  23,   24,   65  ]  (Table  2.2 ). Using these in vitro sys-
tems, PGC differentiation has been diagnosed 
primarily by the analysis of germ cell gene and 
protein expression and more recently, by the use 
of reporter constructs with the expression of 
green  fl uorescent protein (GFP) under control of 
the DDX4 or OCT4 promoters. Progressively 
increasing numbers of studies show that human 
ES and iPS cells can spontaneously differentiate 
into PGC-like cells, albeit at a low frequency 
(around 5 %)  [  47,   66–  68  ] . Most interesting, the 
ef fi ciency of spontaneous differentiation to PGCs 
can be increased with the addition of BMP4, 7, 
and 8b  [  69,   70  ] , the same growth factors govern-
ing the formation of mouse PGCs (see above). 
Small changes in stem cell culture conditions 

 [  60  ]  or coculture with human fetal gonad stromal 
cells  [  71  ] , or mouse embryonic  fi broblasts (MEF) 
in the presence of basic  fi broblast growth factor 
(bFGF)  [  72  ] , have been also reported to favor the 
formation of putative human PGCs  in vitro . In 
addition, silencing the  DAZ  family  [  70  ]  and 
 NANOS3   [  48  ]  genes in human ESCs resulted in a 
marked reduction in the capability to give rise to 
PGC-like cells. These PGCs show ongoing 
removal of parental imprinting, erasure of global 
DNA methylation, and histone modi fi cations 
typical of mouse PGCs  [  67,   70  ]  supporting the 
PGC identity.  

 These data have provided the  fi rst experimen-
tal evidence that BMPs, and probably bFGF, are 
involved in the formation of human PGCs and 
that DAZ and NANOS3 proteins function at some 
stages of their development. Concerning DAZ 
and NANOS3, recent studies in the mouse have 
shown that disruption of  DAZL  gene resulted in 
postmigratory, premeiotic reduction in PGC number 
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accompanied by aberrant expression of pluripo-
tency genes and failure to erase and reestablish 
genomic imprinting in germ cells  [  73  ] . Moreover, 
Gill and colleagues  [  74  ]  found that in the absence 
of this gene, PGCs form and migrate to the GRs 
but do not develop either male or female features. 
Instead, they remain in a sexually undifferentiated 
status similar to that of migrating PGCs. Other 
studies have implicated NANOS3 in the mainte-
nance of mouse PGCs during migration  via  sup-
pression of apoptosis  [  75  ] .  

   A Model for the Formation of Human 
PGCs In Vivo 

 Taking into account the knowledge reported in 
the previous sections, a hypothetical model for 
the human PGC formation can be drawn. It seems 
plausible that in the human embryo, the precursors 
of PGCs are set aside within the epiblast between 
day 10 and 11 following the action of BMP signals 
coming from the primitive endoderm and cytotro-
phoblast and/or amnioblasts lining the epiblast. 
On days 12–14, these precursors move together 
to the forming extraembryonic mesoderm out the 
embryo proper and reach the region of the wall of 
the de fi nitive yolk sac where the allantois origi-
nates around day 16. Here they are speci fi ed as 
TNAP-expressing PGCs. Alternatively, these last 
processes might be delayed for a couple of days. 
In such a case, PGC precursors would leave the 
epiblast at the beginning of gastrulation (on day 
14 and 15) together with the  fi rst wave of cells 
that replace the primitive endoderm and form the 
de fi nitive endoderm.  

   Migration of Human PGCs 

 During the fourth week, when the embryonic disc 
undergoes a process of folding, PGCs are pas-
sively incorporated into the embryo together with 
the yolk sac wall. They become transiently segre-
gated as single cells among the endodermal cells 
of the primitive hind- and midgut epithelium, 
near the aorta (Fig.  2.2a ). The GRs are visible as 
a distinct structure at the beginning of the  fi fth 

week. At this time, PGCs are seen to penetrate 
the mesenchyme surrounding the gut epithelium 
through breaks in the basal lamina. In the 5-week-
old embryo, PGCs reach the dorsal mesentery 
and continue to move laterally around both sides 
of the coelomic angle, pass beyond the primitive 
mesonephros bodies, and eventually enter the 
GRs  [  16,   17,   76–  78  ]  (Fig.  2.2b ). PGCs colonize 
the GRs during the latter part of the  fi fth week or 
at the beginning of the sixth. 

 Electron microscopic studies describe human 
PGCs in vivo as having an irregular appearance 
and possessing pseudopodia during their journey 
toward the GRs. These features are interpreted as 
a manifestation of active migration  [  16,   77,   79  ]  
(Fig.  2.2b ). An interpretation con fi rmed by sev-
eral in vitro observations reporting that human 
PGCs, as those of mouse, show several features of 
motile cells and are able to move actively both on 
cellular and extracellular matrix substrates  [  80–  83  ]  
(Fig.  2.4 ). The in vivo time-lapse experiments 
with confocal microscopy by Molyneaux and col-
leagues  [  84  ]  in slices of mouse embryos appeared 
to de fi nitively con fi rm that in mammals, PGCs 
reach the GRs by active migration. However, 
Freman  [  85  ] , reinterpreting these and other obser-
vations reported above, concludes that morphoge-
netic movements and local cell divisions rather 
than active migration are mainly responsible for 
PGC displacement in the different regions of the 
embryo. Even Freman, however, admits that 
human PGCs might migrate actively to cover a 
distance of approximately 50  m m separating the 
preaortic region from the GRs.  

 The mechanisms by which not only human 
PGCs but also those of other mammals are  fi nally 
delivered to and colonize speci fi cally the GRs 
remain largely unknown. Contact guidance with 
somatic and/or extracellular molecules (ECM) 
and attractive (chemotaxis) and repulsive signals 
are two unmutually exclusive mechanisms sug-
gested by evidence in the mouse and other ver-
tebrate species (for a recent review, see  [  86  ] ). In 
the human embryo, migratory PGCs appear to 
be surrounded by extracellular matrix compo-
nents in which mesenchymal cells are immersed. 
PGCs seem to interact with the mesenchymal 
cells through different type of junctions, such as 
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 desmosomes, gap  junctions, and focal contacts 
 [  77,   87  ] . Glucosaminoglycans have been his-
tochemically detected in the extracellular matrix 
surrounding migratory human PGCs ( [  87  ]  and 
references here in). Moreover, several results dem-
onstrated that mouse PGCs may use various types 
of integrins for dynamic adhesive interactions with 
extracellular matrix molecules such as  fi bronectin, 
laminin, and collagen IV (for a review, see  [  88  ] ). 
In this regard, it is important to report that mouse 
PGCs lacking  b 1 integrins fail to migrate normally 
to the GRs  [  89  ] . 

 In the opinion of Witschi  [  16  ] , the coelomic epi-
thelium in the region of the GRs releases speci fi c 
molecules to attract PGCs. The use of migratory 
cell assays similar to those used for mouse PGCs 
 [  90,   91  ]  could help to identify attractants for human 
PGCs. The tumor growth factor- b  (TGF b )  [  92  ] , 
stromal-derived factor1 (SDF1)  [  93  ] , and stem cell 
factor (SCF, or c-Kit ligand, KL)  [  91  ]  have been 
proposed as chemoattractants for mouse PGCs. KL 
and SDF1 could be also implicated in directing the 
migration of human PGCs. The KL receptor c-KIT 
is expressed by human PGCs  [  25  ] , while putative 
PGCs obtained from human ESCs express the 
SDF1 receptor CXR4  [  60  ] . 

 The dif fi culty in identifying speci fi c chemoat-
tractants in PGCs suggests that the underlying 

mechanisms of migration are complex and are 
likely to involve morphogenetic movements, 
interactions with ECM molecules and the sur-
rounding cells, and attractive and repulsive sig-
nals as well. PGCs might recognize more than 
one attractive and repulsive signal at particular 
locations of their pathways and/or recognize dif-
ferent signals at different locations. The expres-
sion of transcripts for member of the olfactory 
receptor gene family in human PGCs from 
10-week-old embryos makes this class of recep-
tor additional candidates for PGC attractants 
 [  94  ] . Finally, in a recent study, Møllgard and col-
leagues  [  78  ]  observed that human PGCs prefer-
entially ascended from the mesentery of the 
hindgut to the gonadal anlage by migration along 
autonomic nerve  fi bers close to the Schwann cells 
and proposed that these nerve  fi bers and/or 
Schwann cells may release chemoattractants sup-
porting PGC migration. 

 During migration, human PGCs contain a 
large PAS-positive cytoplasmic store of glycogen 
and several lipid droplets  [  16,   76,   77  ] . In other 
species, these cytoplasmic inclusions were not 
observed. Following their arrival in the GRs, the 
glycogen content is diminished. Round mito-
chondria with a pale matrix and small tubular 
vesicular cristae were observed near the nucleus. 

  Fig. 2.4    Human PGCs isolated from 6–7 week embryo and cultured in vitro for 2 days onto STO  fi broblasts identi fi ed 
by TNAP staining. PGCs usually appear elongate with pseudopodia and  fi ne  fi lopodial extensions ( arrows )       
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They signi fi cantly increase in number during 
PGC migration and settlement in the GRs. 
Migratory PGCs have less than 10 mitochondria, 
while 100 mitochondria are present in ovarian 
PGCs and 200 in oogonia  [  95  ] . These observa-
tions suggest that PGCs might prevalently employ 
an anaerobic metabolism during migration and 
undergo a transition in their energy metabolism 
after reaching the GRs. 

 An interesting issue concerning PGC migra-
tion is the fate of the misallocated cells which fail 
to reach the gonads. While those remaining nearer 
the gonads were observed to enter meiosis irre-
spective of the sex  [  96–  98  ] , most of the other mis-
allocated cells are believed to undergo apoptosis 
 [  98,   99  ]  or to give rise to germ cell tumors (GCTs) 
after birth. Human GCTs are a heterogeneous 
group of tumors that may occur both in the gonads 
and at extragonadal midline sites such as the coc-
cyx, the pineal gland, and the mediastinum  [  100, 
  101  ] . Runyan and colleagues  [  102  ]  have recently 
identi fi ed in the caudal region of the mouse 
embryo a population of undifferentiated ectopic 
PGCs that might be the population of origin for 
sacrococcygeal tumors. The possible causes of 
the PGC transformation into tumorigenic cells 
will be discussed in the next section. Another pos-
sibility is that ectopic PGCs enter near the aorta 
and are distributed to various tissues throughout 
the embryo. In birds and reptiles, the vascular sys-
tem is a normal way to deliver PGCs to the GRs 
 [  103  ] . In mouse  [  104  ]  and bovine  [  105  ]  embryos, 
electron microscope observations showed cells 
morphologically identi fi able as PGCs entering or 
circulating in the bloodstream. Because of their 
intrinsic pluripotency, under certain circum-
stances, these cells might participate to normal 
tissue differentiation or enter a quiescent status to 
later give rise to tumors. In my view, such a pos-
sibility represents an intriguing working hypoth-
esis for future investigations.  

   Proliferation of Human PGCs 

 Human PGCs proliferate during migration, 
mostly after reaching the GRs. Once relocated in 
the GRs, PGCs are rapidly surrounded by cords 

of somatic cells. The differentiation of PGCs into 
oogonia occurs apparent during the ninth week. 
Oogonia show a higher mitotic activity and pos-
sess a regular and smooth cellular pro fi le. In the 
cytoplasm, lipid inclusion and glycogen granules 
are markedly reduced while the number of mito-
chondria is increased (see above)  [  106,   107  ] . In 
addition, oogonia tend to form clusters of divid-
ing cells joined by rims of cytoplasm, termed 
intercellular bridges, originated by incomplete 
division of the cell body during cytodieresis 
 [  108,   109  ] . The mitotic proliferation of oogonia 
lasts several weeks and overlaps the period of 
their entry into meiosis (10–11 weeks). In fact, 
until the  fi fth month of fetal life, mitotic oogonia 
and primary oocytes in different stages of meio-
sis coexist  [  110,   111  ] . 

 In the male, after reaching the developing tes-
tis, PGCs are usually termed gonocytes. While 
being enclosed within seminiferous sex cords, 
gonocytes assume some distinct morphological 
features, such as a large nucleus and a promi-
nent nucleolus  [  112  ] . Male sex determination 
is marked by the expression of sex determining 
region Y (SRY) and SRY-box 9 (SOX9) genes at 
5–6 weeks  [  113  ] . Thereafter, sex cords, formed 
from Sertoli cells and gonocytes, become increas-
ingly evident within the testis from the seventh 
week during late embryonic life. During the 
 fi rst trimester, gonocytes are mitotically active 
(they correspond to the M-prospermatogonia of 
Wartenberg’s classi fi cation  [  114  ] ). They appear 
to form a quite homogenous single, round cell 
population both morphologically and histochem-
ically  [  115  ] . Of relevance, gonocytes continue to 
express markers typical of pluripotent cells and 
PGCs such as OCT4, SSEA1, DDX4 (Vasa), 
Nanog, and c-KIT  [  23,   114  ] . This means that 
despite some morphological differences, gono-
cytes are basically equivalent to PGCs. During 
the second trimester, most but not all gonocytes 
progressively lose mitotic activity together with 
the pluripotency and PGC markers. At this 
time, two new types of germ cells have been 
described, intermediate germ cells still able to 
proliferate and mitotic quiescent prespermatogo-
nia or T (transition)- spermatogonia. The former 
are mostly in pairs, while the latter form groups 
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of cells interconnected by cytoplasmic bridges 
 [  114–  116  ] . Interestingly, a few cells maintaining 
gonocyte characteristics seem to remain among 
the prespermatogonia  [  23,   115  ] . Similar results 
have been recently reported in the mouse  [  117  ] . 
The fate of these undifferentiated cells could be 
relevant in establishing the spermatogonia stem 
cell population in the postnatal testis and for the 
development of testis tumors. 

 Considering the observations and the results 
reported above, we can estimate that the period of 
human PGC proliferation in the female lasts from 
the beginning of the fourth week to about the ninth 
week, when oogonia become clearly recognizable 
within the fetal ovary. In the male, if we consider 
the gonocytes equivalent to PGCs, proliferation 
continues probably for a little longer period until 
about the end of the  fi rst trimester (10–12 weeks), 
when the most part of gonocytes differentiate into 
prespermatogonia. Signi fi cantly, in both sexes, the 
occurrence of intercellular bridges appears to mark 
the differentiation of PGCs into oogonia and gono-
cytes into intermediate germ cells and presper-
matogonia. In the ovaries, oogonia continue to 
proliferate until the  fi fth month. During the same 
time in the testes, intermediate germ cells prolifer-
ate while prespermatogonia become progressively 
mitotically quiescent. 

 Counting the number of PGCs at different 
stages of development provides estimation of 
their proliferation capability and possible sex dif-
ferences. As reported in a previous section, in an 
embryo of 3 weeks, Politzer counted 40 PGCs 
that increased to 600 in an embryo of 4 weeks. 
Similarly, Witschi  [  16  ]  counted 30–50 PGCs 
around the end of the third week and 109 in an 
embryo a couple of days older. The same authors 
also counted about 450 and 1,400 PGCs in two 
embryos of 4 weeks. In his classical study, Baker 
 [  110  ]  estimated the number of female germ cells 
in a total of 12 ovaries covering 2–7 months post-
conception. He estimated a mean of a total 
600,000 oogonia in two 9-week-old ovaries and a 
peak of about 6,000,000 at the  fi fth month. Six 
recent publications presenting stereological esti-
mations of the number of germ cells in much 
higher numbers of ovaries and testes (overall 
103) for the  fi rst two trimesters have been recently 

analyzed by Mamsen and colleagues  [  118–  124  ] . 
Extrapolating the old and the new data covering 
the 4- to 9-week period, it results that the total 
number of PGCs increases from about 1,000 to 
about 450,000 in female and 150,000 in male 
(Fig.  2.5 ).  

 The regulation of human PGC proliferation in 
both sexes is poorly understood. The scant avail-
able information comes mainly from in vitro 
studies of human PGCs cultured on cell mono-
layers. These studies indicate that human PGCs 
appear to respond to the same compounds (for-
skolin, retinoic acid) and growth factors (SCF, 
bFGF, leukemia inhibitor factor, LIF) reported to 
stimulate the survival and/or proliferation of 
mouse PGCs ( [  26  ] , our unpublished observa-
tions). Most importantly, like mouse PGCs, 
human PGCs give rise to pluripotent embryonic 
germ cells (EGCs) (see also next section), when 
cultured in vitro in the presence of a cocktail of 
compounds and growth factors  [  26  ] , suggesting 
that the mechanisms controlling PGC growth in 
mammals are largely conserved. Hiller and col-
leagues  [  125  ]  recently reported that the addition 
of recombinant BMP4 increased the number of 
human PGCs after 1 week of in vitro culture in a 
dose-responsive manner. The ef fi ciency of EGC 
derivation and maintenance in culture was also 
enhanced. 

 Analysis of gene expression in human PGCs 
and the study of spontaneous mutations resulting 
in reduction or absence of fertility may help to 
con fi rm or disprove such similarities. For exam-
ple, as reported above, c-KIT is expressed by both 
male and female PGCs. Mutations in the  c KIT  
gene affect both hematopoietic and melanocyte 
lineages in humans, but to date, no association of 
mutations in this gene with human infertility has 
been documented, contrary to the mouse model. 
However, while no mutations have been detected 
in codon encoding Y721 (analogous to Y719 in 
the murine  c-kit  gene, a residue known to be 
essential for a normal mouse spermatogonial pro-
liferation) of the human  c-KIT  gene of infertile 
idiopathic patients  [  126  ] , other results indicate 
that genetic variants within the genomic sequences 
of the  c-KIT  and  KITLG  genes are associated with 
idiopathic male infertility  [  127  ] . On the other 
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hand,  c KIT  is strongly upregulated in some types 
of germ cell testicular tumor that are believed to 
originate from PGCs (for a review, see  [  128  ] ), 
suggesting that it plays a crucial role in the control 
of human PGC survival/proliferation as in mice. 
In this regard,  OCT4  was found to be expressed in 
all human germ cell tumors containing undiffer-
entiated cells  [  129  ] . In Fanconi’s anemia (FA), 
individuals are characterized by several congeni-
tal abnormalities including decreased fertility (for 
a review, see  [  130  ] ). Interestingly, targeted muta-
tion of  Francc  in mice results in signi fi cantly 
slower proliferation of PGC  [  131  ] , suggesting 
again shared control mechanisms of PGC prolif-
eration in these species. Finally, in Trisomy 16 of 
mouse, an animal model of the human Down’s 

syndrome leading frequently to sub  or infertility, 
a delay in migration and reduction of PGC num-
ber was observed  [  132  ] . Gene expression studies 
on single human PGC obtained from 10-week-old 
embryos have been reported  [  133,   134  ] . The prep-
aration of cDNA libraries and microarrays from 
human PGC should be valuable resources for 
researchers in this  fi eld.  

   Human EGCs and Their Potential Uses 

 Derivation of human embryonic germ cell (EGCs) 
has been reported by several groups from PGCs 
obtained from 5- to 9-week-old embryos  [  26,   32–
  34  ] . The differentiation capability both in vitro and 
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  Fig. 2.5    The number of human PGCs in female and male 
embryos from 3 to 9 weeks of gestation extrapolated by 
the data of papers  [  14–  16,   110,   118–  122  ] . Note that from 
5 weeks onward, the number of PGCs is much higher in 
female than in male embryos. This difference continues 

also when PGCs differentiate into oogonia or gonocytes/
prespermatogonia. At the end of the proliferation period 
(around  fi fth month), the estimated number of oogonia is 
around 10,000,000 and of prespermatogonia between 
3,000,000 and 4,000,000 per embryo  [  110,   118  ]        
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in vivo of these cells into several types of tissues 
has been reported, and important studies toward 
therapeutic use of human EGCs are in progress 
( [  135  ]  and references therein). An important dif-
ference with mouse is that human EGCs maintain 
the methylated status of imprinted genes, those 
genes that are expressed from either the maternal 
or paternal allele, without undergoing the erasure 
of these epigenetic marks that normally occurs in 
PGCs  [  136  ] . Genomic imprinting is an epigenetic 
process that involves DNA methylation in order to 
achieve monoallelic gene expression without alter-
ing the genetic sequence. These epigenetic marks 
are established in the germ line and are maintained 
throughout all somatic cells of an organism. 
Appropriate expression of imprinted genes is 
important for normal development, with numerous 
genetic diseases associated with imprinting 
defects. Imprinting is erased during the PGC 
development and reestablished in germ cells dur-
ing gametogenesis according to the sex of indi-
viduals (for a review, see  [  137  ] ). In mouse, gene 
imprinting is progressively erased in migratory 
PGCs and lost almost completely by the time they 
complete the colonization of the GRs (for a review, 
see  [  138  ] ). The timing of this erasure is not known 
in humans. In the mouse, deregulation of imprinted 
genes in EGCs has been reported to cause imprint-
ing-related developmental abnormalities  [  139  ] . 
Similarly, mouse ESCs fail to properly control the 
expression of imprinted genes  [  140  ] . In humans 
ESCs, gene-speci fi c differences in the stability of 
imprinted loci have been reported  [  141  ] . The sta-
bility of imprinting in human EGCs suggests that 
there may be no signi fi cant epigenetic barrier to 
human EGC-derived tissue transplantation. The 
difference between human and mouse EGCs in the 
imprinting status also suggests that the timing of 
the crucial epigenetic changes involving gene 
imprinting erasure might be different in human 
and mouse PGCs. In the latter, as reported above, 
gene imprinting is progressively erased and lost 
almost completely by the time of GR colonization 
by PGC (for a review, see  [  138  ] ). This pattern is 
re fl ected in the variability of the imprinting status 
reported in mouse EGCs derived from PGCs at 
different developmental stages  [  139,   142,   143  ] . 
Deregulation of imprinted genes can be associated 
with tumorigenesis and altered cell differentiation 

capacity. Noteworthy, human EGCs have a normal 
karyotype and do not form tumors at least when 
transplanted into immunocompromised mouse 
hosts ( [  33  ]  and references therein). 

 Besides the use in tissue therapy, studies on 
human EGCs can offer clues about important 
aspects of cell stemness and on the mechanisms 
underlying the transformation of PGCs into tum-
origenic cells. For a long time, as reported above, 
human PGCs have been believed to give rise to 
germ cell tumors (GCTs) both in the testis and 
extragonadal sites, but an experimental model was 
lacking. GCTs can be classi fi ed in three catego-
ries. The  fi rst group includes teratomas and terato-
carcinoma and yolk sac, which occur in fetus and 
infants. Teratocarcinomas are malignant tumors 
containing undifferentiated cells known as embry-
onal carcinoma (EC) cells, able to propagate the 
tumors after host transplantation. The second 
group consists of adult tumors and includes both 
seminomas and nonseminomas. The third class 
characterizes spermatocytic tumors which occur in 
elderly men. In the mouse, early studies have dem-
onstrated that teratomas and EC cells originate 
directly from PGCs  [  144  ]  so that the same origin is 
plausible for these type of tumor cells in humans. 
Seminomas and nonseminomas derive from a 
common precursor cell, called carcinoma  in situ  
(CIS) cells. It has been hypothesized that CIS cells 
originate from fetal germ cells  [  145  ]  (Fig.  2.6 ). 
Comparative microarray studies have shown that 
CIS cells show a high degree of pluripotency and 

  Fig. 2.6    A group of carcinoma in situ (CIS) cells inside a 
seminiferous tubule of a human testis. The derivation of 
these tumorigenic cells from PGCs or gonocytes or sper-
matogonia and the molecular mechanisms of their formation 
are still debated       
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are indeed very  similar to PGCs and gonocytes. 
CIS cells are consistently aneuploidy. Moreover, 
CIS cells possess an abnormal chromosome 
described as isochromosome 12p, or i(12p), formed 
from two fused short arms (p arms) of chromosome 
12  [  146  ] . The arrest of PGC differentiation and 
their nuclear reprogramming that in mouse have 
been convincingly reported to occur during PGC 
transformation into EGCs (for a review, see  [  138  ] ), 
might be the key  fi rst events, that may be followed 
by malignant transformation into EC or CIS cells 
associated to the acquisition of an abnormal karyo-
type and overt germ cell cancer later in life.       
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  Abstract 

 One of the major challenges faced by the oocytes of primordial follicles 
during their genesis and throughout their prolonged stasis is staying alive 
while maintaining high cytoplasmic and genomic quality, such that fertil-
ity is ensured and offspring are healthy. One way to manage this predica-
ment is to employ a host of machinery to repair damage as it transpires. 
Furthermore, the primordial follicle must also be endowed with proapop-
totic proteins so that if repair cannot occur, the oocyte is eliminated from 
the ovarian pool. This chapter focuses on the mechanisms by which pri-
mordial follicles maintain a balancing act between apoptotic elimination, 
repair, and tolerance to ensure quality control within the female germline. 
Additionally, as our understanding of the speci fi c pathways involved in 
oocyte quality control improves, new opportunities are emerging to manip-
ulate the size of the primordial follicle reserve to extend the natural repro-
ductive lifespan and to preserve fertility during DNA-damaging anticancer 
treatment.      

      Damage Control in the Female 
Germline: Protecting Primordial 
Follicles       

     Michelle   Myers           and    Karla   J.   Hutt          
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    Introduction 

 The female germline is stored within the ovary 
in the form of primordial follicles, which 
are comprised of non-growing, meiotically 
arrested oocytes surrounded by a single layer 
of  fl attened pre-granulosa cells  [  1  ] . Although 
recently challenged  [  2,   3  ] , it remains widely 
accepted that the population of primordial fol-
licles established during fetal life (humans) 
or the perinatal period (rodents) is  fi nite. 
Throughout life, the number of primordial 
follicles progressively declines, and eventu-
ally, the supply becomes so low that the meno-
pause or reproductive senescence begins  [  4  ] . 
Primordial follicles have one of two fates: (1) 
recruitment into the growth phase, with the 
possibility of ovulation or (2) death. Although 
there is clear evidence to suggest that apop-
totic mechanisms are involved in germ cell 
loss  [  5  ] , other mechanisms of oocyte death 
are certainly feasible and are beginning to 
be explored  [  6–  8  ] . What mechanisms control 
the initial size of the primordial follicle pool, 
and how are they selected to grow? Why are 
certain primordial follicles recruited into the 
growth phase, while others remain dormant 
for decades, or even die? These questions are 
essential endeavors in women’s health because 
the length of a female’s reproductive lifespan, 
her ability to bear healthy offspring, and the 
quality of her overall health are determined 
by both the number and quality of oocytes in 
her ovaries. Similarly, factors that reduce pri-
mordial follicle number and quality, such as 
increasing maternal age and gonadal insults 
(i.e., systemic chemotherapy and/or radiother-
apy), severely compromise female fertility. The 
following sections review our current knowl-
edge of DNA repair and cell death pathways 
utilized by primordial follicle oocytes during 
their genesis and lifetime. This is followed by 
a discussion of the potential consequences of 
manipulating these quality control processes 
in order to preserve fertility during normal 
aging or following DNA-damaging anticancer 
treatments.  

   Establishing a High-Quality Reserve: 
Quality Control of Pre-diplotene 
Germ Cells 

 Perhaps one of the most perplexing aspects of 
oogenesis is the disappearance of large numbers 
of germ cells from the ovary around the time of 
primordial follicle formation  [  9  ] . Recent evi-
dence suggests that these pre-diplotene oocytes 
are eliminated through multiple processes, 
including apoptosis, autophagy, and expulsion 
 [  6–  8,   10,   11  ] . However, the reason behind this 
massive wastage remains unknown; why expend 
signi fi cant energy to generate a large pool of 
oocytes only to eliminate them shortly after they 
are made? 

 Accumulating data supports the notion that at 
least some of this loss is related to oocyte quality. 
Adult mice bearing mutations in genes essential 
for chromosome pairing, homologous recombi-
nation, DNA repair, and synapsis during the early 
stages of the  fi rst meiotic prophase invariably 
have ovaries devoid of oocytes and are infertile 
 [  12–  16  ] . For example, oocytes from mice 
de fi cient in the  Atm  gene exhibit defective chro-
mosome crossover and as a consequence undergo 
apoptosis before the diplotene arrest  [  12,   13  ] . 
Similarly, oocytes in mice null for  Dmc1  are 
unable to effectively synapse and are quickly 
eliminated from the ovarian reserve  [  14,   15  ] . 
Furthermore,  Trip13  de fi cient mice exhibit 
oocytes with unrepaired DNA damage resulting 
from failed homologous recombination and con-
sequently undergo apoptosis  [  16  ] . Therefore, 
strategic mechanisms (presumably apoptotic) are 
employed by the ovary to ensure the removal of 
low-quality oocytes that arise as a consequence 
of inherently error prone early stages of meiosis. 

 Directly responsible for the execution of 
oocytes during apoptotic-mediated cell death is 
the mammalian family of caspases (reviewed in 
 [  17  ] ). Targeted deletion of a variety of caspases 
has revealed how different family members are 
important in mediating separate apoptotic path-
ways in germ cells. For example, in both the 
human and mouse, germ cell death during the 
meiotic prophase stages of development appears 
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to involve caspase-2  [  18,   19  ]  but not caspase-3 
 [  20  ] , while caspase-9 plays an important role 
in cytokine deprivation-induced death  [  17  ] . 
Collectively, these data indicate that surveil-
lance and effecter systems exist in pre-diplotene 
oocytes to ensure that defective oocytes are not 
permitted to contribute to the germline.  

   Quality Control During Diplotene 
Arrest 

 The great majority of oocytes that survive the ini-
tial culling that occurs during the early stages of 
meiotic prophase I in fetal or early neonatal 
development subsequently die in postnatal life 
 [  21  ] . Again, one reason behind this loss might be 
quality control. It is known from various data that 
primordial follicles are sensitive to DNA dam-
age-inducing agents and undergo rapid apoptosis 
 [  22  ] . In fact, oocytes exhibit a stage-speci fi c sen-
sitivity to  g  (gamma)-irradiation-induced DNA 
damage, with oocytes in the earlier stages of the 
meiotic prophase I (leptotene, zygotene, and 
pachytene), together with oocytes recruited into 
the growing pool, being much more resistant than 
those in diplotene arrest  [  23  ]  (Fig.  3.1 ). Though 
the basis of this sensitivity is not clear, it may be 
that diplotene DNA is more vulnerable to dam-
age, or it is possible that repair mechanisms are 
lacking or inadequate in primordial follicles. 
Alternatively, special surveillance systems may 
exist in primordial follicles to rapidly detect and 
eliminate damaged oocytes. In this regard, 
TAp63, a homologue of the p53 tumor suppressor 
protein, plays a pivotal role in protecting the ger-
mline from DNA damage  [  24,   25  ] . TAp63 is an 
isoform of p63 that is speci fi cally expressed by 
oocytes of primordial follicles and its rapid acti-
vation, by phosphorylation, in response to DNA 
damage results in apoptosis  [  24,   25  ] . Interestingly, 
McKeon and colleagues showed that tolerance 
for  g -irradiation-induced DNA damage by diplo-
tene oocytes is very low, with as few as three to 
ten DNA breaks required to induce a cell death 
response by TAp63. Moreover, increased damage 
(i.e., the greater the irradiation dose) results in a 

faster apoptotic response. These authors con-
cluded that TAp63 is the mechanism by which 
the postnatal ovarian reserve surveys DNA dam-
age and ensures the  fi delity of the genome for the 
next generation. The availability of TAp63 may 
also be partly responsible for the stage sensitivity 
of germ cells to DNA damage-induced apoptosis: 
TAp63 is not expressed in female germ cells until 
the post-pachytene stage and then expression lev-
els decrease following primordial follicle activa-
tion and oocyte growth  [  25,   26  ] . It is also possible 
that p53 and/or p73 (the third member of the p53 
family) play important roles in the management 
of quality control in the female germline in pre-
diplotene and growing oocytes, when TAp63 is 
absent or only expressed at low levels (Fig.  3.1 ).   

   Quality Control During Aging 

 As women age, their chance of successfully con-
ceiving decreases, while their likelihood of mis-
carriage and bearing children with compromised 
health increases  [  27–  29  ] . Chromosomal abnor-
malities, resulting in spontaneous abortion and 
genetic disorders such as Down’s syndrome (i.e., 
trisomy 21), are strongly correlated with maternal 
age, but a signi fi cant number of chromosomally 
normal pregnancies also fail in older women for 
unknown reasons, suggesting that multiple factors 
are involved  [  30  ] . The primary causes of this age-
associated decline in female reproductive capacity 
are both a reduction in the number of oocytes in 
the ovary and the deterioration in the quality of 
those oocytes that remain  [  31  ] . In particular, 
oocytes from older females show defects in their 
ability to successfully complete meiosis (meiotic 
competence) and in their ability to promote healthy 
embryonic development (developmental compe-
tence)  [  32,   33  ] . However, the underlying cellular 
and molecular mechanisms that reduce the quality 
of an aging oocyte remain largely unknown but 
are continually being explored  [  34,   35  ] . 

 Given that the ovarian reserve is established 
before birth in humans, a primordial follicle may 
remain in the ovary for a period of 40 years or 
more before resuming meiosis and undertaking 
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a  developmental program that eventually results 
in the ovulation of a mature oocyte. Although 
all stages of folliculogenesis are potentially 
 susceptible to age-related damage, it has been 
hypothesized that defects may  fi rst arise within 
primordial follicles during their highly unusual 
period of  stasis within the ovary  [  36–  39  ] . It has 
been proposed that this long interval between pro-
tracted meiotic arrest (dictyate) and its reinitiation 
may result in the oocytes being unable to detect 
and correct recombination errors generated during 
fetal life  [  39  ] . However, there is a dearth of infor-
mation on the effects of aging on primordial follicle 
quality and the possibility that age-related changes 
in the primordial follicle oocyte might underlie the 
observed reduction in meiotic and developmental 
competence has not been fully explored. 

 During its prolonged diplotene arrest, the oocyte 
is subjected to endogenous (i.e., reactive oxygen 
species from metabolism) and exogenous (i.e., 
environmental toxicants, chemotherapy, radiother-
apy) sources of damage-inducing  factors, which 
may lead to a progressive  deterioration of oocyte 
quality. Reactive oxygen species in particular have 
been shown to cause damage to proteins, lipids, and 
DNA (genomic and mitochondrial) in aging perio-
vulatory oocytes  [  40  ] . It has also been hypothesized 

that the diffuse state of the dictyate chromosome 
makes the DNA more susceptible to intercalating 
mutagenesis  [  22,   41  ] . Interestingly, age-related 
changes in the dimensions and ultrastructure 
of primordial follicles have been documented 
 [  42,   43  ] . For example, the ooplasm of primordial 
follicles from older women has more vacuoles and 
less mitochondria  [  43  ] . While these data suggest 
that starting the point of follicular development is 
altered with age, it is unclear how these morpho-
logical changes relate to oocyte quality. 

 In addition to the increased risk of damage 
to primordial follicles due to their longevity, the 
mechanisms in place to detect and repair the dam-
age may also deteriorate with age  [  34  ] . Such an 
outcome might allow defective oocytes to slip 
through less stringent quality control measures 
and thus contribute to the increased incidence 
of infertility, aneuploidy, miscarriage, and other 
birth defects associated with age. For example, 
high levels of ATP are required for DNA repair to 
occur  [  44  ] , but as mitochondrial number and func-
tion have been shown to become impaired with 
age  [  45,   46  ] , ef fi cient repair might be inhibited. 

 Guli and Smyth (1989) showed that 
UV-irradiated oocytes from both young and old 
mice exhibit similar levels of unscheduled DNA 
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  Fig. 3.1    The quality control mechanisms employed by the 
female germline to protect the primordial follicle popula-
tion are dependent upon how the oocyte detects and subse-
quently repairs damaged DNA. Germ cells harboring 
unrepairable DNA are disposed of via apoptotic mecha-
nisms. Germ cells from different developmental stages have 
varying levels of sensitivity, possibly re fl ecting the differen-

tial expression of p53 family members and their potential 
downstream targets. Oocytes are capable of repairing 
endogenous and exogenous DNA damage by homologous 
recombination (during meiosis) and via enzymatic mecha-
nisms during their genesis. However, the role of DNA repair 
in maintaining oocyte quality prior to and during the mei-
otic prophase remains largely uncharacterized       
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synthesis,  indicative of DNA repair  [  47  ] . While 
this work suggests that the oocytes of female 
mice retain the capacity to repair double-strand 
DNA breaks throughout reproductive life, many 
different types of damage can occur (including 
of x-rays,  g  (gamma)-rays, hydrolysis, muta-
genic chemicals, chemo- and radiotherapeutic 
compounds, viruses) and more work is required 
to determine if other systems of repair are also 
affected by age. Alternatively, the ability of 
oocytes to initiate apoptosis might become altered 
with age. Increased levels of the proapoptotic pro-
tein Bax have been observed in aged oocytes  [  48  ] . 
Microarray analysis has also demonstrated that 
numerous apoptosis-related genes were misregu-
lated in ovulatory oocytes from old mice  [  49  ] . In 
this and similar studies, changes in the expression 
levels of genes involved in mitochondrial function, 
stress responses, and spindle assembly were also 
dramatically affected in old oocytes  [  49–  51  ] . The 
application of microarray analysis to young and 
old primordial follicles has not yet been reported, 
but this approach would be an ideal starting point 
from which to characterize age-related changes in 
primordial follicle quality. 

 As discussed earlier, the roles of the transcrip-
tion factor p53, and family member’s p63 and 
p73, as guardians of maternal reproduction have 
recently been explored  [  24,   25,   52,   53  ] . Each of 
these proteins exists as a number of different iso-
forms, with unique localization and potential 
roles for each isoform now emerging. Intriguingly, 
p73 has been linked to reduced fertility and the 
high incidence of chromosomal abnormalities in 
newborns from older women. In particular, 
mature oocytes harvested from older women and 
mice displayed a reduction in the TAp73 isoform 
 [  52  ] . However, it is not yet known if TAp73 
expression levels are reduced in the oocytes of 
aged primordial follicle, or if reduced expression 
is characteristic of ovulatory oocytes only.  

   DNA Repair Processes in Oocytes 

 Unrepaired DNA damage can lead to either 
apoptosis or tolerance, but both of these circum-
stances come at a severe cost to fertility;  apoptotic 

 elimination of defective oocytes may lead to a 
shortened reproductive lifespan, whereas toler-
ance of DNA damage is a source of potential 
mutations, which can result in failed pregnancies 
or birth defects. Therefore, the repair of damaged 
DNA is an important aspect of quality control 
within the ovary because it ensures oocyte qual-
ity while maintaining oocyte number. 

 Oocytes have the capacity to repair DNA dou-
ble-strand breaks that occur during meiotic 
recombination, as well as DNA damage induced 
by chemical exposure and irradiation. Early stud-
ies showed that diplotene oocytes undergo repair 
following UV-induced DNA damage, but the 
repair response in primordial follicles was sub-
stantially reduced when compared to that of 
growing follicles  [  47,   54  ] . Inadequate repair sys-
tems in primordial follicles may be one reason 
that primordial follicles are more sensitive to 
DNA damage-inducing agents than growing fol-
licles. Numerous studies have demonstrated the 
expression of  g H2AX, in diplotene oocytes in 
response to meiosis and exogenously induced 
DNA damage, which is indicative of the initia-
tion of repair  [  24,   25  ] . Though direct evidence of 
the speci fi c repair mechanisms employed by pri-
mordial follicles is very limited, microarray anal-
ysis of human germinal vesicle stage oocytes has 
shown that growing oocytes express many path-
ways for DNA repair including one-step repair 
procedure, base excision repair, mismatch repair, 
and nucleotide excision repair  [  55  ] . This study 
indicates that oocytes do utilize multiple mecha-
nisms to avoid transmitting mutations into the 
next generation. 

 While the functional importance of few 
speci fi c repair proteins has been directly studied 
in primordial follicle oocytes, expression of 
Rad51 has been observed  [  34  ] . Rad51 is part of 
the homologous recombination repair pathway 
for double-strand (ds) DNA breaks. Interestingly, 
it was detected at higher levels in primordial fol-
licle oocytes from young mice compared to old 
mice, in an inverse relationship with the proapop-
totic protein Bax  [  34  ] . Thus, primordial follicle 
oocytes may lose the capacity to undertake 
ef fi cient repair of dsDNA breaks as they age, 
making them more susceptible to Bax-mediated 
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apoptosis. This interaction may be partly respon-
sible for the accelerated loss of primordial folli-
cles observed toward of the end of reproductive 
life in mice. 

 An intriguing question remains: Are there dif-
ferential repair capacities available to germ cells/
oocytes at different stages of development, and 
is this responsible for the stage-speci fi c sensitiv-
ity of oocytes to DNA damage-induced apoptosis 
(Fig.  3.1 )? During meiotic recombination, germ 
cells naturally have the capacity to repair DNA 
double-strand breaks by homologous recombina-
tion and are somewhat resistant to apoptosis  [  23  ] . 
However, unlike early-meiotic oocytes, mitoti-
cally active germ cells (oogonia) and primordial 
follicles oocytes are much more sensitive to DNA-
damaging agents  [  23,   56  ] . Similarly, growing fol-
licles do not appear to have the same sensitivity 
threshold as diplotene oocytes, displaying a much 
slower repair response to UV-induced DNA dam-
age oocytes  [  47,   54  ] . Clearly, future studies are 
required to determine how oocytes at all devel-
opmental stages (1) detect DNA damage and (2) 
repair the damage or, (3) initiate apoptosis.  

   Oocyte Quality and the Balance 
Between Apoptosis, Repair, 
and Tolerance 

 Is oocyte quality compromised if apoptosis is 
inhibited? This question has gained considerable 
importance with the advent of technologies and 
therapies designed to preserve primordial follicle 
numbers by inhibiting apoptosis. In particular, 
anti-apoptotic measures might be useful for pro-
tecting the primordial follicle reserve during anti-
cancer treatment and during aging. Mouse models 
bearing de fi ciencies in proapoptotic genes (acid 
sphingomyelinase and Bax) and selective cas-
pases (caspases −2 and −11) have provided sur-
prising insights into the role of apoptosis in germ 
cell quality control  [  19,   57–  59  ] . These models 
have provided proof of principle for the concept 
that fertility can be prolonged and preserved by 
inhibiting apoptosis. 

 Inhibition of oocyte apoptosis by interfer-
ing with the sphingomyelin pathway of cell 

death and caspases −2 and −12 have also been 
 investigated as a means of preserving the ovarian 
germ cell population following anticancer ther-
apy  [  57,   60  ] . Mouse models de fi cient in each of 
the aforementioned genes suppressed the  normal 
apoptotic program, leading to an over endow-
ment of  primordial follicles as germ cells were 
largely resistant to radiation and chemotherapy. 
Furthermore,  in vivo  treatment of female mice with 
 sphingosine-1-phosphate protected oocytes from 
radiation-induced apoptosis  [  57  ] . The authors 
went on to test the viability of the oocytes rescued 
from radiation-induced apoptosis by examining 
 in vitro  fertilization rates and preimplantation 
embryonic development. While the results were 
very favorable, the ovulated oocytes examined 
in this study were collected only 2 weeks after 
exposure to ionizing radiation. Given that it is 
estimated to take approximately 20 days for a fol-
licle to develop from primordial through to ovula-
tory, it is likely that the oocytes tested were part of 
the radioresistant growing follicle pool at the time 
of treatment, and not the primordial follicle pool. 
Furthermore, the 0.1 Gy dose of radiation used in 
this study did not destroy all primordial follicles 
and so it is not possible to know if the oocytes 
tested for quality were the rescued cohort or part 
of the naturally resistant pool. 

 Bax is a proapoptotic Bcl-2 family member 
shown to play a role in oocyte apoptosis  [  7,   24, 
  58,   61,   62  ] . Adult female  Bax   −/−   mice have a sur-
feit of primordial follicles, presumably due to the 
survival of oocytes that would have undergone 
apoptosis due to some de fi cit  [  58  ] . Interestingly, 
the population of primordial follicles within the 
ovaries of  Bax   −/−   mice persists well after the ovar-
ian reserve has been exhausted in their wild-type 
counterparts  [  58  ] . But, if the surfeit of follicles in 
 Bax   −/−   mice is the result of retaining defective 
oocytes that should have undergone apoptosis, it 
follows that the ovary might then be populated 
with a cohort of low-quality oocytes. One would 
predict that the rescue of low-quality oocytes in 
 Bax   −/−   mice might result in reduced developmen-
tal competence and low litter number, or loss of 
offspring viability. However, it was reported that 
 Bax   −/−   mice have an extended ovarian lifespan 
and produced viable offspring for a prolonged 
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period of time  [  61  ] . One explanation for this 
apparent incongruity might be that under normal 
circumstances, tolerance of damage is very low 
because the consequences of certain de fi cits are 
severe (i.e., infertility, miscarriage, or birth 
defect). Low tolerance might mean that the  fi rst 
line of defense for protecting germline quality is 
to induce apoptosis. However, in situations where 
apoptosis is prevented, as is the case with  Bax   −/−   
ovaries, the oocyte has the opportunity to restore 
quality by deploying DNA repair processes. 
Unfortunately, it is impossible to determine if the 
offspring reported in this study arose from defec-
tive oocytes rescued by the absence of  Bax  or if 
they were derived from the “normal” primordial 
follicle pool. It is also worth noting that there was 
an initial delay in litter bearing in young adult 
 Bax   −/−   females. It is not known what dictates the 
order in which primordial follicles are selected to 
enter the growing follicle pool, but this study 
raises the possibility that low-quality oocytes are 
among the  fi rst to grow, mature, and ovulate. 

 Models of primordial follicle over-endowment 
can also provide interesting clues as to the rela-
tive contribution of oocyte number versus oocyte 
quality to the decline in fertility associated with 
maternal age. Wild-type mice experience a reduc-
tion in fertility after 8 months of age, but  Bax   −/−   
mice continue to have viable litters for some time. 
These data suggest that the normal drop in fertil-
ity at 8 months is an issue of low follicle numbers 
resulting in inadequate endocrine support, rather 
that reduced quality due to aging-related damage 
 per se . Surprisingly, very aged (581–640 days) 
 Bax   −/−   mice responded to superovulation (5 
cumulus oocyte complexes were retrieved from 3 
mice), and a single embryo was generated fol-
lowing  in vitro  fertilization and embryo culture. 
Additionally, ovarian grafting experiments dem-
onstrated that very old oocytes can give rise to 
viable offspring  [  61  ] . These data hint that very 
old primordial follicles can undergo folliculogen-
esis, complete meiosis, and sustain early embryo-
genesis, but the very low numbers of oocytes, 
embryos, and offspring obtained suggest that this 
is the exception rather than the rule. A larger 
cohort of animals is required to thoroughly inves-
tigate the effect of chronological aging on oocyte 

quality. For example, a study of  Bax   −/−   mice at an 
intermediate age (12–18 months), when primor-
dial follicles numbers are still high enough to 
yield suf fi cient ovulatory oocytes, would allow a 
more accurate assessment of the meiotic and 
developmental competence.  

   Final Remarks 

  The evolution of multiple and diverse processes to 
eliminate unwanted oocytes from the primordial 
follicle pool suggests that tolerance for damage 
within the germline is low and stringent quality 
control mechanisms are in place. However, tan-
talizing data from models of apoptosis inhibition 
suggest fertility can be arti fi cially prolonged and 
the primordial follicle reserve can be protected 
during anticancer therapies by preventing apop-
tosis. While these studies are certainly promising, 
the quality of the rescued follicles has not yet been 
adequately investigated. If future experimental 
evidence bears out the hypothesis that apoptosis 
is induced for good reason (i.e., the elimination of 
poor-quality oocytes), then alternative routes of 
primordial follicle preservation are preferable. In 
this regard, therapies that simultaneously prevent 
apoptosis while encouraging repair would be an 
advantage. On the other hand, it would seem that 
preventing damage rather than preventing death 
is an important avenue of future research.      
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 Abstract 

 Once formed, the pool of dormant primordial follicles serves as the source 
of developing follicles and fertilizable ova for the duration of a female’s 
reproductive life. Depending upon the species, primordial follicles can 
remain quiescent for months, years, or even decades, and the highly regu-
lated process of primordial follicle activation ensures the availability of 
growing follicles throughout the reproductive period. We have recently 
begun to elucidate the molecular mechanisms underlying the maintenance 
of follicular quiescence and the activation of primordial follicles, mainly 
through the use of genetically modi fi ed mouse models. Both overactiva-
tion as well as the failure of activation of primordial follicles can lead to 
pathological conditions such as premature ovarian failure (POF) in the 
experimental models. A thorough understanding of the underlying mecha-
nisms that regulate quiescence and activation of oocyte growth in primor-
dial follicles will have important biological and clinical implications.  
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    Introduction       

 Primordial follicles are the  fi rst small follicles to 
appear in the mammalian ovary. A primordial fol-
licle consists of an immature oocyte arrested at the 
diplotene stage of meiosis I, which is surrounded 
by several  fl attened somatic cells, termed pregran-
ulosa cells  [  1,   2  ] . There is a  fi xed number of pri-
mordial follicles in the ovaries during the early life 
of a mammal. Once formed, the pool of primordial 
follicles serves as a source of developing follicles 
and oocytes  [  3,   4  ] . Although an alternative view, 
promoted in recent studies, proposes that new 
oocytes are formed during adult life  [  5,   6  ] , it is gen-
erally accepted that females are born with a  fi nite 
number of oocytes that declines with age  [  3,   4  ] . 

 To produce a mature oocyte, a primordial fol-
licle emerges from its pool to become a primary 
follicle, and this transition is known as primordial 
follicle activation. It is characterized by dramatic 

growth of the oocyte itself, accompanied by pro-
liferation and differentiation of the surrounding 
pregranulosa cells  [  7  ]  (Fig.  4.1 ). The activated 
follicle then develops through a secondary stage 
before acquiring an antral cavity. The numbers of 
primordial follicles that start to develop and the 
numbers of eggs that are  fi nally ovulated vary 
depending on the species of mammal  [  7–  11  ] . 
However, not all of these endowed primordial 
follicles give rise to a mature fertilizable egg; the 
total number of eggs ovulated throughout the 
reproductive period is far less than the total num-
ber of primordial follicles initially endowed. For 
example, a woman ovulates less than 500 eggs in 
total throughout her reproductive life, but a young 
girl has about 300,000–400,000 oocytes per ovary 
at birth  [  4,   12,   13  ] . So, roughly speaking, only 1 
in 1,600 primordial follicles undergoes ovulation. 
Most of the others die out directly without start-
ing to grow  [  14  ] . As a result of continuous activa-
tion and death, the pool of primordial follicles 

Pregranulosa cells

Oocyte

(a) Primordial follicles

(b) Loss of primordial
Follicles

Growing oocyte

Granulosa cells

(c) Activation of primordial follicles
     into primary follicles

  Fig. 4.1    Schematic illustration of the possible fates of 
primordial follicles. In the mammalian ovary, the pool of 
dormant primordial follicles serves as the source of devel-
oping follicles and fertilizable ova for the entire duration 
of reproductive life. As shown in ( a ), the immature oocyte 
in a dormant primordial follicle is surrounded by a few 
 fl attened pregranulosa cells. There are three different 
courses of development of primordial follicles: ( a ) they 
can remain dormant (not growing but surviving), ( b ) they 
can die out progressively and be cleared from the ovary 

directly from the dormant state, and ( c ) limited numbers 
of primordial follicles are continuously activated into the 
growing follicle pool. During follicular activation, the 
oocyte grows aggressively and undergoes an approxi-
mately 300-fold increase in volume by the end of its 
growth. Pregranulosa cells also differentiate and prolifer-
ate from a few  fl attened cells to multiple layers of cuboi-
dal granulosa cells. The reproductive lifespan and timing 
of menopause of a woman are decided by the size and 
persistence of her primordial follicle pool       
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gradually dwindles with age. However, it is inter-
esting to note that among the follicles at various 
stages of development, primordial follicles are 
the most predominant type of follicle at any age 
of an individual. Since follicle activation is essen-
tially an irreversible process and no new oocytes 
are formed after the initial endowment, these pri-
mordial follicles have been surviving without 
activation. Such persistent primordial follicles 
are called quiescent follicles, and they can remain 
so for months, years, or even decades, depending 
on the species  [  7,   15  ] . In this way, each primor-
dial follicle can have three possible fates: (1) to 
remain quiescent; (2) to become activated, to 
mature, and to undergo ovulation; (3) or to 
undergo atresia—either directly from quiescence 
or after activation  [  16,   17  ]  (Fig.  4.1 ).  

 To maintain the normal length of female repro-
ductive life, the majority of primordial follicles 
must be kept in a quiescent state for later use. When 
the available pool of primordial follicles has become 
depleted, ovulation ceases and women enter meno-
pause  [  3,   4,   15,   18  ] . During quiescence, the appear-
ance and size of primordial follicles does not change 
signi fi cantly with advancing age; a primordial fol-
licle in a young girl looks similar to one in a woman 
almost approaching menopause  [  19  ] . Despite the 
prime importance of maintaining quiescence of pri-
mordial follicles for fertility, the underlying mecha-
nisms are poorly understood. More than 15 years 
ago, it was noticed during in vitro culture of 
medulla-free but primordial follicle-rich ovarian 
cortical tissues from cows and baboons that most 
follicles became activated by day 2 of culture  [  20–
  22  ] . However, when intact neonatal mouse ovaries 
that also contained only primordial follicles were 
organ-cultured for 8 days, only a few follicles were 
activated  [  23  ] . This in vitro development was simi-
lar to the follicular development seen in vivo in 
8-day-old mice  [  23  ] . These disparities in the pat-
terns of primordial follicle activation between intact 
mouse ovary and cortical pieces of bovine and 
baboon ovaries led to the hypothesis that the pri-
mordial follicles may be subject to an inhibition 
of growth initiation, possibly secreted from the 
medullary region of the ovary  [  24  ] . 

 Our understanding of the molecular mecha-
nisms behind the activation of primordial follicles 
from their quiescence has been equally intrigu-
ing. Mouse models have shown that failure of pri-

mordial follicle activation leads to unavailability 
of fertilizable eggs, whereas overactivation leads 
to pathological conditions due to premature 
exhaustion of the ovarian reserve [reviewed in: 
 25  ] . Very little is currently known about the regu-
lators of primordial follicle activation  [  17  ] . In the 
past, major efforts have been made to understand 
how the gonadotropins regulate follicular devel-
opment. However, gonadotropins do not act 
directly on primordial follicles because functional 
gonadotropin receptors are not developed in them 
 [  7  ] . So, activation of primordial follicles remains 
unaffected in mice lacking the  b  (beta)-subunit of 
follicle-stimulating hormone (FSH)  [  26  ]  or lack-
ing the expression of FSH receptor  [  27,   28  ] . 

 For obvious reasons, studies using human ovar-
ian tissues are extremely limited. As one of the 
major approaches to identi fi cation of the activa-
tors of primordial follicles, neonatal rodent ova-
ries [reviewed in:  29  ]  and cortical pieces of bovine 
ovaries [reviewed in:  30  ]  have been cultured 
in vitro either in the presence or absence of a puta-
tive regulator of primordial follicle activation. In 
such experimental settings, growth of an almost 
uniform population of primordial follicles present 
in newborn mouse ovary or bovine cortical pieces 
can be followed after a certain period of culture in 
de fi ned culture medium. Another approach has 
been the identi fi cation of differentially expressed 
genes (in primordial or primary follicles) that may 
have important roles in maintenance of the quies-
cence of primordial follicles and/or in their activa-
tion  [  31–  35  ] . These studies have found signi fi cant 
differences in the expression patterns of various 
genes between primordial follicles and primary 
follicles. However, the functional roles of these 
candidate genes during the transition from pri-
mordial to primary follicle are yet to be elucidated. 
In recent years, signi fi cant progress has been made 
toward our understanding of molecules and sig-
naling pathways involved in regulation of the qui-
escence of primordial follicles and in their 
activation, mostly by using genetically modi fi ed 
mouse models. The following parts of this chapter 
(1) provide an up-to-date account of such mole-
cules and signaling pathways, (2) provide evi-
dence of the pathological consequences of 
deregulation of the signaling pathways implicated, 
and  fi nally (3) raise some unresolved issues that 
might serve as guidelines for future research.  
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   Inhibitors of Primordial Follicle 
Activation 

   Anti-Müllerian Hormone (AMH) 

 AMH (also called Müllerian inhibitory substance, 
MIS) is a strong candidate as an inhibitor of acti-
vation of primordial follicles because the ovaries 
of  Amh   −/−   mice show signi fi cant depletion of the 
pool of primordial follicles due to loss of quies-
cence  [  36  ] . In vitro, about 40–50 % more primor-
dial follicles remain quiescent when neonatal 
mouse ovaries are cultured in the presence of 
AMH than in its absence  [  37,   38  ] . Similarly, 
more follicles remain quiescent when pieces of 
human ovarian cortex  [  39  ]  or neonatal rat ovaries 
 [  40  ]  are cultured in the presence of recombinant 
rat AMH. Alternatively, when pieces of ovarian 
cortex from bovine or baboon fetuses  [  24,   41  ]  or 
newborn mouse ovaries  [  42  ]  are grafted beneath 
the developing chorioallantoic membrane (CAM) 
of chick embryos ( in ovo ), primordial follicle 
quiescence is maintained. However, when ovaries 
from AMH receptor-null mice are grafted beneath 
the CAM  [  42  ] , quiescence of primordial follicles 
is no longer maintained. These data show that 
AMH inhibits the activation of primordial folli-
cles and thus maintains their quiescence.  

   Phosphatase and Tensin Homolog 
Deleted on Chromosome Ten (PTEN) 

 When the gene for the tumor suppressor PTEN, a 
negative    regulator of the phosphatidylinositol 3 
kinases (PI3Ks)  [  43,   44  ] , is deleted speci fi cally 
from oocytes of primordial follicles, premature 
activation of the entire pool of primordial folli-
cles occurs  [  45,   46  ] . It is worth noting, however, 
that  Pten  in oocytes has stage-speci fi c roles in 
controlling follicular development. When  Pten  is 
deleted from the oocytes of primary and further 
developed follicles, the female mice show normal 
folliculogenesis and fertility, indicating that 
PTEN is speci fi cally required for the mainte-
nance of primordial follicle quiescence but that it 
is dispensable for the further stages of follicular 
development  [  47  ] .  

   Foxo3a 

 FOXO3a is a member    of the FOXO family of 
forkhead transcription factors  [  48  ]  and a substrate 
of Akt, which acts downstream of PI3K/PTEN 
signaling. In  Foxo3a   −/−   mice, primordial follicles 
undergo spontaneous global activation so that the 
primordial follicle reserve is totally depleted by 
2 weeks after birth  [  49  ] . This shows that Foxo3a 
maintains the quiescence of primordial follicles. 
It is noteworthy that in mice, Foxo3a is mainly 
expressed in the nuclei of oocytes of primordial 
follicles and early primary follicles, but its expres-
sion is dramatically downregulated in oocytes of 
larger primary follicles and further developed fol-
licles  [  50  ] . These observations correlate well with 
the functional roles of Foxo3a in the maintenance 
of quiescence of primordial follicles. However, 
the downstream targets of this transcription factor 
in oocytes have not yet been described.  

   Tuberous Sclerosis Complex (TSC) 

 Heterodimeric complex of tuberous sclerosis 
complex 1 (TSC1 or hamartin   ) and TSC2 (or 
tuberin)    regulate mammalian target of rapamy-
cin complex 1 (mTORC1) activity  [  51,   52  ]  
(Fig.  4.2 ). TSC1 stabilizes TSC2 and protects it 
from ubiquitination and degradation  [  55  ] . Lack 
of either  Tsc1   [  56  ]  or  Tsc2   [  57  ]  from oocytes of 
primordial follicles causes global activation of all 
primordial follicles around the time of puberty. 
Mutant females lose their ovarian reserve dur-
ing early adulthood. Thus, these results provide 
 functional evidence that TSC in the oocyte main-
tains the quiescence of primordial follicles  [  58  ] .    

   Cyclin-Dependent Kinase (Cdk) 
Inhibitor p27 Kip1  

 p27 Kip1  (p27) is a member of the Cip/Kip family 
of Cdk inhibitors and is a negative regulator of the 
mammalian cell cycle and cell growth  [  59,   60  ] . In 
 p27   −/−   mice, the primordial follicle pool is prema-
turely activated, and the overactivated follicular 
pool is largely depleted, leading to premature ovar-
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  Fig. 4.2    Pathway illustrating PDK1-mediated activation 
of S6K1-rpS6 by PI3K and mTORC1. Upon binding of 
ligand, in most cases, the RPTK molecules are dimerized 
and autophosphorylated and present one or several phos-
phorylated tyrosine residues that are capable of binding to 
the SH2 domain of the regulatory subunit of PI3K (p85). 
The catalytic subunit of PI3K (p110) phosphorylates the 
3 ¢ -OH group of the inositol ring of inositol phospholipids. 
The recruitment of PI3K from the cytoplasm to the inner 
membrane area of the cell leads to the production of PIP 

3
  

from PIP 
2
 . As a negative regulator of PI3K, the phos-

phatase PTEN converts PIP 
3
  to PIP 

2
 . Kinases containing 

PH domains (such as PDK1 and Akt) are recruited through 
binding of their PH domains to PIP 

3
 , and Akt is subse-

quently phosphorylated by PDK1. The activated Akt is a 
serine/threonine kinase with many substrates. Akt sub-
strates Foxo3a and p27 are shown in this  fi gure. PTEN in 
oocytes suppresses follicular activation through negative 

regulation of PI3K signaling and of the function of PDK1, 
which leads to subsequent inhibition of phosphorylation 
of S6K1 at T229 by PDK1  [  53  ] . On the other hand, Tsc1 
in oocytes suppresses follicular activation by negative 
regulation of mTORC1 signaling, leading to suppressed 
phosphorylation of S6K1 at T389. Thus, both PTEN and 
Tsc suppress the phosphorylation/activation of rpS6, but 
by regulating the phosphorylation of distinct threonine 
residues in S6K1. PDK1 is required to mediate overacti-
vation of S6K1-rpS6 caused by the loss of Tsc1 or Pten. It 
is also shown in the  fi gure that mTORC1 integrates cel-
lular energy levels, growth factors, and other signals to 
regulate protein translation through phosphorylation of 
S6K1 and 4E-BP1. S6K1 phosphorylates and activates 
rpS6, which enhances protein translation. Rapamycin 
inhibits the activity of mTORC1. Note that this illustra-
tion is a simpli fi ed version of the PI3K and mTORC1 
pathways [for details see:  43,   44,   54  ]        
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ian failure (POF)  [  61  ] . p27 is strongly expressed 
in the pregranulosa cells and oocyte nuclei of 
primordial follicles, but its expression is gradu-
ally reduced as the follicles develop  [  61  ] . These 
results show that p27 is required for the mainte-
nance of quiescence of primordial follicles. 

   Forkhead Box L2 (FOXL2   ) 

 In mice, Foxl2 is mainly expressed in somatic cells 
of the fetal mouse ovary, but it is absent from germ 
cells  [  62–  65  ] . In  Foxl2   −/−   mice, the pregranulosa 
cells do not complete their squamous to cuboidal 
transition, a characteristic of primordial follicle 
activation. However, oocytes of almost all of these 
follicles start to grow on expression of growth dif-
ferentiation factor 9 (GDF-9)  [  63,   64  ] , which nor-
mally starts to be expressed from the primary 
follicle stage  [  66,   67  ] . These  fi ndings show that 
Foxl2 in pregranulosa cells is required for the 
maintenance of quiescence of oocytes in primor-
dial follicles. In its absence, the whole pool of pri-
mordial oocytes becomes prematurely activated 
without synchronizing with differentiation and 
division of the surrounding pregranulosa cells.  

   Stromal-Derived Factor-1 (SDF-1) 

 When neonatal mouse ovaries are cultured with 
recombinant stromal-derived factor-1 (SDF-1), 
a signi fi cantly higher proportion of primordial 
 follicles is inhibited from activation compared 
to culture without it. However, an inhibitor 
AMD3100 counteracts this inhibitory effect of 
SDF-1  [  68  ] . SDF-1 has been shown to act through 
its chemokine (C-X-C motif) receptor 4 (CXCR4) 
in maintaining the size and longevity of the pri-
mordial follicle pool  [  68  ] .  

   Steroid Hormones 

 Very little is currently understood about the pos-
sible functions of steroid hormones in the main-
tenance of primordial follicle quiescence. 
However, in aromatase knockout ( Ar   −/−  ) mice, 
the numbers of primordial follicles are less, and 
the diameters of oocytes in primordial follicles 

are increased. Since aromatase is a key enzyme in 
the estrogen biosynthesis pathway, treatment of 
 Ar   −/−   mice with estradiol leads to a reduction in 
oocyte diameter  [  69  ] . Similarly, estradiol and 
progesterone inhibit follicular activation in rodent 
ovaries  [  69,   70  ]  and bovine ovaries  [  71  ] . Together, 
these results show the inhibitory effects of these 
hormones on activation of primordial follicles. 

 It was proposed more than a decade ago that 
large follicles in the ovary may produce a sub-
stance that inhibits the activation of smaller fol-
licles  [  21  ] . AMH and estrogen, produced by large 
follicles, have now joined the list of such possible 
substances. More importantly, several recent 
studies using novel mouse models have broad-
ened our understanding of the mechanisms 
behind maintenance of primordial follicle quies-
cence by showing that molecules in pregranulosa 
cells and in oocytes of primordial follicles also 
have decisive roles in the maintenance of their 
own quiescence. Accordingly, primordial folli-
cles can no longer maintain their quiescence if 
any of these inhibitors loses its function.   

   Promoters of Primordial Follicle 
Activation 

   Kit/KL 

 The receptor protein tyrosine kinase Kit, 
expressed on the surface of oocytes of mice, rats, 
and humans and its ligand, Kit ligand (KL, also 
called stem cell factor, SCF), produced by the 
 surrounding granulosa cells, are known to facili-
tate the development of primordial follicles in 
mouse ovaries  [  9,   11,   72–  80  ]  and rat ovaries  [  79  ] . 
Addition of KL to the culture medium can also 
enhance primordial follicle activation in pieces of 
bovine cortex  [  30  ] . KL has been shown to activate 
the PI3K signaling pathway in cultured oocytes 
from mice and rats  [  81,   82  ] , indicating that the 
PI3K pathway in oocytes may be important for 
their activation and development  [  83,   84  ] .  

   PI3K Signaling 

 The functional role of enhanced PI3K signaling in 
the activation of oocytes was con fi rmed after it was 
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found that all the primordial follicles start to develop 
simultaneously in mice when  Pten  is deleted 
speci fi cally from oocytes  [  45  ] . In  Pten -null oocytes, 
PI3K becomes constitutively activated, which can 
be ef fi ciently abolished by its speci fi c inhibitor 
LY294002  [  45  ] . A later study has also con fi rmed 
that PI3K signaling in oocytes has a role in activat-
ing primordial follicles  [  46  ] . Moreover, when ova-
ries from neonatal mice or cortical pieces from 
human ovary are cultured in vitro with a PTEN 
inhibitor and a PI3K-activating peptide, activation of 
primordial follicles is signi fi cantly enhanced  [  85  ] .  

   mTORC1 Signaling 

 When either  Tsc1   [  56  ]  or  Tsc2   [  57  ]  is deleted 
speci fi cally from oocytes of primordial follicles, 
it leads to a global activation of all primordial fol-
licles around the time of puberty. It has been 
found that the driving force underlying the over-
activation of primordial follicles in ovaries of 
these mutant mice is elevated mTORC1 activity, 
which promotes protein translation and ribosomal 
biogenesis in oocytes  [  56,   57  ]  (Fig.  4.2 ). However, 
when the mutant mice lacking Tsc1 from their 
oocytes are injected with the mTORC1-speci fi c 

inhibitor rapamycin, the excessive activation of 
primordial follicles is halted (Fig.  4.3 ). This 
con fi rms that mTORC1 signaling enhances pri-
mordial follicle activation.  

 For follicular activation, it has been observed 
that PI3K signaling and mTORC1 signaling act 
synergistically. This notion is supported by the 
 fi nding that double deletion of  Tsc1  and  Pten  
leads to synergistically enhanced oocyte growth 
relative to singly mutated mice  [  56  ] . (See later 
sections for discussion of this.)  

   Insulin 

 Although in vitro culture of pieces of bovine cor-
tex leads to spontaneous activation of primordial 
follicles  [  21  ] , this activation is halted if the culture 
medium lacks insulin  [  30  ] . Insulin has also been 
found to promote the activation of primordial 
follicles in cultured fetal hamster ovary  [  86  ]  and 
neonatal rat ovaries  [  87  ] . Thus, insulin appears 
to be essential for activation of primordial fol-
licles, at least in vitro. Insulin might act through 
its receptor on the oocytes of primordial follicles 
 [  87  ] , but removal of insulin receptor from oocytes 
does not affect primordial  follicle activation in 

  Fig. 4.3    Rapamycin reverses the overactivation of pri-
mordial follicles caused by oocyte-speci fi c loss of  Tsc1 . 
The overactivation of primordial follicles in mice caused 
by oocyte-speci fi c deletion of  Tsc1  can be reversed by 
treatment with rapamycin. Rapamycin (5 mg per kg body 
weight) was injected once a day into mutant female mice 
from PD4 to PD22, and the ovaries were collected for 

morphological analysis at PD23. As a control, mutant 
mice were treated similarly but with vehicle only. In the 
ovaries of mutant mice that were treated with vehicle only, 
all the primordial follicles were activated by PD23 ( a , 
 arrows ), whereas rapamycin treatment largely prevented 
the overactivation of follicles and clusters of primordial 
follicles were present in the mutant ovaries ( b ,  arrows )       
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mice  [  88  ] . Since primordial follicles are present 
in the nonvascular cortex of the ovary, it is pos-
sible that insulin might not reach there to produce 
its effects in vivo.  

   Other Growth Factors 

 In order to determine the growth factors that may 
have positive roles in primordial follicle activation, 
ovarian tissues rich in primordial follicles have 
been cultured with or without a range of such puta-
tive factors in the culture medium. Accordingly, 
basic  fi broblast growth factor (bFGF)  [  89,   90  ] , 
keratinocyte growth factor (KGF)  [  91  ] , platelet-
derived growth factor (PDGF)  [  92  ] , glial-derived 
neurotrophic factor (GDNF)  [  93  ] , leukemia inhib-
itory factor (LIF)  [  94  ] , bone morphogenic protein 
7 (BMP-7)  [  95,   96  ] , BMP-4  [  97  ] , and GDF-9  [  98–
  101  ]  have been found to enhance the activation 
of primordial follicles in vitro. Similarly, Smad3 
 [  102  ]  and growth hormone  [  103  ]  have also been 
found to enhance  follicular activation in mice.  

   Oocyte-Speci fi c Transcription Factors 

 Results obtained from genetically modi fi ed 
mouse models have revealed the requirement 
for certain oocyte-speci fi c transcription factors 
for the  transition from primordial follicle to pri-
mary follicle. These include: spermatogenesis- 
and oogenesis-speci fi c basic helix-loop-helix 1 
(Sohlh1), LIM homeobox protein 8 (Lhx8)  [  104  ] , 
and Sohlh2  [  105,   106  ] . Although primordial folli-
cles are formed in mutant mice lacking the above 
factors, their transition to primary follicles does 
not happen. Most of the follicles appear empty 
due to oocyte degeneration.   

   Pathological Conditions Caused by 
Abnormalities in Follicular Activation 

   Due To Overactivation of Follicles 

 Once a primordial follicle is activated, it either 
ovulates or dies by atresia  [  107  ] . Two main fea-
tures of primordial follicle activation are worth 
noting. First, once a follicle is activated, there is 

no pause in growth; if it does not undergo atresia, 
it grows continuously toward ovulation. Second, 
primordial follicle activation is essentially an 
irreversible process. This means that no other 
types of activated follicles can survive in the 
ovary for as long a period of time as quiescent 
primordial follicles do. Thus, the only mecha-
nism for the preservation of fertility over an 
extended period of time is by maintaining the 
pool of primordial follicles and regulating their 
activation. This model has been veri fi ed by results 
obtained from several novel mouse models in 
which all the primordial follicles activate prema-
turely. Such a general activation of primordial 
follicles leads to premature exhaustion of the 
ovarian reserve [reviewed in:  17  ] .  

   Due To Lack of Follicular Activation 

 A fraction of primordial follicles that are endowed 
during the early life of females remain quiescent 
but survive until menopause, which is essential 
for maintenance of the usual time span of female 
fertility  [  7  ] . Data accumulated using a number of 
mouse models indicate that a range of inhibitory 
molecules and signaling pathways keep the pri-
mordial follicle quiescent, most likely by main-
taining the activating signal in a suppressed state 
[reviewed in:  17  ] . For instance, loss of function 
of PTEN, a negative regulator of the PI3K path-
way, leads to overactivation of this pathway. Due 
to the heightened PI3K activity in oocytes, pri-
mordial follicles lose their quiescence  [  45  ] . In 
such  Pten -deleted oocytes, Akt-p70 S6 kinase 1 
(S6K1)-ribosomal protein (rp)S6 signaling is 
highly activated, which is mediated through 
3-phosphoinositide-dependent protein kinase-1 
(PDK1)  [  45,   53  ] . However, it is still imperative 
that a basal level of PI3K activity be maintained 
for the survival of quiescent primordial follicles 
 [  108  ] . Due to the inability to maintain basal PI3K 
activation in  Pdk1 -null oocytes, the majority of 
primordial follicles die directly from the dormant 
state around the onset of sexual maturity. This 
leads to POF during early adulthood  [  53  ] . In such 
 Pdk1 -null oocytes, the Akt-S6K1-rpS6 pathway 
cannot be activated. In addition, similar acceler-
ated loss of primordial follicles occurs in mice 
when  rpS6  is deleted from the oocyte  [  53  ] . 
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 Thus, it is clear that premature exhaustion of 
primordial follicles can occur either from their 
failure to survive and activate, or due to their over-
activation—both of which end up in POF and 
infertility. In addition to the infertility, early ovar-
ian aging leads to long-term estrogen deprivation, 
which has serious implications for female health 
in general, for bone density, and for integrity of the 
cardiovascular and neurological systems  [  109  ] .  

   The Balance Kept by Signaling Cascades 

 Overactivation of primordial follicles—due to 
the deletion of either  Pten  or  Tsc1  from their 
oocytes—is mainly caused by an overactivated 
S6K1-rpS6 cascade that enhances protein trans-
lation and ribosomal biogenesis in oocytes  [  45, 
  56  ] . In contrast, the S6K1-rpS6 cascade remains 
inactive in  Pdk1 -null oocytes, and such primor-
dial follicles cannot survive, which leads to their 
death directly from dormancy  [  53  ] . Although Pten 
and Tsc both control the activation of primordial 
 follicles through suppression of the S6K1-rpS6 
cascade, Pten suppresses the phosphorylation of 
S6K1 at its T229 residue whereas Tsc1 suppresses 
S6K1 phosphorylation at T389  [  56  ]  (Fig.  4.2 ). 
Accordingly, simultaneous removal of  Tsc1  and 
 Pten  leads to more synergistically enhanced pri-
mordial follicle activation than deletion of only 
 Pten  or only  Tsc1  from oocytes  [  56  ] . 

 Interestingly, overactivation of primordial fol-
licles due either to deletion of  Pten  or  Tsc1  from 
oocytes is largely prevented by simultaneous 
deletion of  Pdk1 . In other words, death of pri-
mordial follicles due to deletion of  Pdk1  from 
oocytes is largely prevented if  Pten  or  Tsc1  is 
deleted at the same time  [  53,   56  ] . PI3K-mediated 
signaling, which mainly converges at PDK1, is 
important for the phosphorylation and activation 
of both Akt (at T308) and S6K1 (at T229)  [  110  ]  
(Fig.  4.2 ). Signaling studies with oocytes lacking 
Pdk1, Tsc1, or Pten—or with double mutants 
lacking either Pdk1 and Pten or Pdk1 and Tsc1—
have revealed that phosphorylation and activation 
of S6K1-rpS6 in oocytes is one of the key down-
stream events that plays a decisive role in the 
various developmental cues of primordial folli-
cles. Thus, a  fi ne balance between the various 
signaling pathways is essential for regulation of 

the survival, quiescence, and activation of pri-
mordial follicles in mice. A net resultant signal-
ing force generated by interaction between 
multiplex signaling pathways directs the devel-
opmental fate of a primordial follicle.  

   Speci fi c Order Versus Random Selection 
of Primordial Follicles 

 Only a certain number of primordial follicles 
become periodically activated before puberty 
and throughout the reproductive period. Whether 
there exist subclasses of primordial follicles 
within the pool that have predetermined devel-
opmental fates, or whether they take various 
developmental cues randomly, remains unknown. 
According to the so-called production-line 
hypothesis  [  111  ] , it has been proposed that the 
order in which oocytes become activated, grow, 
and ovulate during a woman’s reproductive life 
may be determined by the order in which they 
were produced during embryonic life. In this 
regard, very recently, it has been shown in mice 
that primordial follicles of the medullary and cor-
tical regions can be classi fi ed into two separate 
populations, depending on the origin of their pre-
granulosa cells  [  112  ] . Accordingly, primordial 
follicles in the medullary region of the ovary that 
are activated immediately after birth and reach 
the antral stage before puberty have had their 
pregranulosa cells speci fi ed during a very early 
stage of embryonic development. On the other 
hand, primordial follicles in the cortex that are 
periodically activated in adult life have had their 
pregranulosa cells speci fi ed only during the  fi nal 
stages of embryonic development, which contin-
ues up to the end of the postnatal follicle assem-
bly period  [  112  ] . 

 As discussed earlier and as shown in Fig.  4.2 , 
differential interactions between the PI3K and 
mTORC1 pathways across the oocytes of various 
primordial follicles must end up in providing dif-
ferent levels of S6K1-rpS6 activation. Depending 
on the net status of S6K1-rpS6 activation, oocytes 
might follow any one of the developmental fates 
shown in Fig.  4.1 . As exempli fi ed by S6K1-rpS6 
here, there may exist other as yet unidenti fi ed sig-
naling molecules that act as similar regulatory 
switch in oocytes. With the mouse models 
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 available, it has only been possible to eliminate, 
decrease, or enhance the activation signals to the 
same extent in all the primordial follicles. For 
technical reasons, it has not been possible to 
examine an individual follicle for possible differ-
ential regulation by various signaling pathways. 
Thus, it remains to be seen how the various path-
ways are regulated within individual follicles 
under physiological conditions. Despite the pos-
sibility of various subsets of primordial follicles 
with predetermined developmental fates already 
existing, the general assumption is that the selec-
tion of a particular set of primordial follicles for 
activation happens randomly.   

   Conclusion 

 Recently, the mechanisms that control the sur-
vival, quiescence, and activation of primordial 
follicles have become clearer due to results 
obtained mainly from studies on genetically 

modi fi ed mice and also from in vitro ovary 
culture and other approaches (Table  4.1 ). 
Results from genetically modi fi ed mouse 
models have shown that the synergistic and 
coordinated action of several inhibitory mol-
ecules keeps the primordial follicle quiescent. 
Lack of function of any of the members of 
this inhibitory machinery leads to premature 
activation of primordial follicles. Research 
results obtained over several years have led 
to the general view that primordial follicles 
are mainly regulated by being held constitu-
tively in a quiescent state. Positive activators 
might be needed to trigger primordial follicle 
activation by suppressing the activities of one 
or more of these inhibitors. Close communi-
cation between oocytes and the surrounding 
somatic cells is crucial for the activation and 
growth of follicles. Very little is currently 
known about the differential regulation of 

 Function  Molecule/pathway 
(source) 

 Experimental approach 
and references 

  Inhibition of 
activation  

 AMH (granulosa cells 
of large follicles) 

 In vivo  [  36  ] ,  in ovo   [  24,   41,   42  ] , 
in vitro  [  37–  40  ]  

 Pten (oocyte)  In vivo  [  45,   46  ]  
 Foxo3a (oocyte)  In vivo  [  49,   113  ]  
 Tsc1 (oocyte)  In vivo  [  56  ]  
 Tsc2 (oocyte)  In vivo  [  57  ]  
 p27 (oocyte, 
pregranulosa cells) 

 In vivo  [  61  ]  

 Foxl2 (pregranulosa 
cells) 

 In vivo  [  63,   64  ]  

 SDF-1  In vitro  [  68  ]  
 Estrogen and 
progesterone 

 In vivo  [  69  ] , in vitro  [  69–  71  ]  

  Promotion of 
activation  

 Kit/KL (oocyte/
granulosa) 

 In vivo  [  75,   76,   80  ] , in vitro  [  30, 
  78,   90  ]  

 mTORC1 (oocyte)  In vivo  [  56,   57  ]  
 PI3K (oocyte)  In vivo  [  45,   46,   53  ] , in vitro  [  85  ]  
 Insulin  In vitro  [  30,   86,   87  ]  
 Growth factors: bFGF, 
KGF, PDGF, GDNF, 
LIF, BMP-7, BMP-4 
and GDF-9 

 In vitro  [  89–  97  ]  and  [  98–  101  ] , 
respectively 

 Oocyte-speci fi c 
transcription factors: 
Lhx8, Sohlh1/2 

 In vivo  [  104–  106  ]  

  Survival   Pdk1  In vivo  [  53  ]  
 rpS6  In vivo  [  53  ]  

 Table 4.1    Molecules/pathways 
involved in the various develop-
mental cues of primordial follicles  
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various signaling pathways within  individual 
primordial  follicles, which dictates whether 
they should become activated, remain quies-
cent, or die.       
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  Abstract 

 Oogenesis is a complex process that leads to the ovulation of developmentally 
competent oocytes. The process whereby the oocyte acquires meiotic compe-
tence involves the transcription and translation of key regulatory enzymes and 
signaling molecules, whose balance between production and degradation 
determinates arrest or oocyte meiotic progression. In mammals, ovarian fol-
licular development and atresia are regulated by gonadotropins and intra-
ovarian regulators that interact to promote primordial follicle activation, 
proliferation, survival and cellular differentiation. Changes in interactions 
between oocytes and somatic cells are associated with distinct modulations of 
gene expression at various stages of follicle development. In fact mural and 
cumulus cells, together with the oocyte, form a gap junction-mediated syncy-
tium, allowing a paracrine bidirectional communication able to coordinate 
oocyte growth and maturation with differentiation of surrounding granulosa 
cells. This chapter will illustrate the role and the regulation of transzonal pro-
jections (TZPs) as a structural basis of the communication between granulosa 
cells and oocytes. Particular emphasis will be given to the involvement of 
TZPs in aspects that are relevant to the  fi eld of human assisted reproduction.  
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   Section 1: Introduction 

 Oogenesis is the complex process that leads 
to the ovulation of developmentally pro fi cient 
oocytes. In mammals, much attention has been 
paid to the gene networks that participate in the 
process of primordial follicle formation, survival, 
and recently factors regulating the transition from 
follicle activation into the subsequent phases of 
folliculogenesis  [  1  ] . Uncovering these genetic 
interactions has been aided by the introduction of 
technologies in mice where the ability to eradicate 
cell-speci fi c or systemic function of individual 
genes and has led to the identi fi cation of factors 
in either germ cell or somatic cell lineages of the 
ovary. Despite this new knowledge base, there 
remain many aspects of oogenesis and folliculo-
genesis, often viewed as independent processes, 
which are enigmatic especially when viewed in 
the context of human reproductive medicine. 
Among these are the substantial wastage of fol-
licles that occurs during ovarian development in 
nearly all mammals and the subsequent loss of 
follicles that attends the selection of dominant 
follicles during periods of normal reproductive 
cyclicity  [  2  ] . In fact, cohort selection of follicles 
and determination of which follicle in the cohort 
will proceed to ovulation stands singularly as the 
most pressing challenge yet to be solved in the 
physiology of the mammalian ovary. Dominant 
follicle selection is tightly linked to reproductive 
success since both the emergence of a functional 
corpus luteum and the liberation of developmen-
tally pro fi cient oocytes, are the natural and essen-
tial by-products of successful folliculogenesis. 

 Coordinating oogenesis and folliculogenesis 
has long been appreciated to depend on the inter-
actions between oocytes and somatic cells that 
comprise the ovarian follicle  [  3  ] . Changes in tran-
scellular interactions are associated with distinct 
alterations in gene expression at the time of folli-
cle activation and the transition from primordial 
to growing follicles  [  4,   5  ] . In highlighting the 
importance of cellular interactions at the various 
stages of follicle development that coincide with 
milestone events occurring within the oocyte, two 
signi fi cant paradigms have been proposed that 
have changed the way that we think about the 

fundamental objectives for achieving and sustain-
ing ovarian function. The  fi rst of these, advanced 
primarily by the work of Eppig and colleagues, 
emphasizes the prominent impact that the oocyte 
has on the growth and differentiation of the folli-
cle  [  6  ] . This oocentric perspective recognizes and 
substantiates the facts that oocytes process and 
secrete factors that directly in fl uence the viability 
and proliferation of granulosa cells. Among the 
many oocyte factors that are now recognized to 
impose regulatory in fl uences on the follicle are 
GDF9 and BMP15 whose function has been 
explained through the deployment of negative 
feedback loops that are active at discrete and suc-
cessive stages of follicular development  [  7  ] . 

 Because the basic framework for folliculo-
genesis and oogenesis is similar between rodents 
and humans  [  8  ] , it is generally assumed that the 
mechanisms involving cell interactions at critical 
junctures of follicle development would bear 
similarity between various mammalian species 
and this prospect appears to be validated by stud-
ies emphasizing the role of paracrine interactions 
between the oocyte and granulosa cells (see 
below). What remains less well studied, however, 
are the detailed cell biological principles that 
govern cell adhesion, communication, and polar-
ity at the interface between germ and somatic 
cells. This chapter will emphasize the role of 
transzonal projections (TZPs) as a dimension of 
the symbiotic relationship between granulosa 
cells and oocytes that is essential in achieving 
reproductive  fi tness and is likely the target of 
action in human-assisted reproduction technolo-
gies (ARTs) as practiced today in the treatment 
of infertility.  

   Section 2: Paracrine Regulation 

 As mentioned above, many factors are now rec-
ognized to meet the criteria of originating from 
the oocyte and in fl uencing the behavior of sur-
rounding granulosa cells  [  6,   7  ] . And the discov-
ery of feedback loops in this form of cell 
communication appear to at least initially involve 
reciprocal relationships between GDF9 and the 
Kit ligand pathway that has been previously 
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appreciated to be involved in the process of fol-
licle activation  [  3  ] . Kit ligand (KL) is a promi-
nent growth-regulating factor in many cell types 
and has a central role during the earliest stages of 
follicle development  [  1,   9  ] . With expression of 
c-kit, the cognate receptor tyrosine kinase for 
KL, being con fi ned to the oocyte cell surface, the 
downstream role of KL production in granulosa 
cells on oocyte growth was an immediate and 
likely course of action during primordial follicle 
activation. With the demonstration of follicle 
arrest at the primary stage in GDF9 knockout 
mice  [  7  ] , it became apparent that GDF9 expres-
sion patterns at this stage could impart a positive 
regulatory loop such that oocyte-derived GDF9 
would modulate the secretion of KL and hence 
stimulate oocyte growth through activation of 
c-kit  [  10,   11  ] . Many growth factors may also par-
ticipate in such a regulatory loop, including kera-
tinocyte growth factor  [  12  ] , but there is little 
doubt that the use of oocyte-speci fi c transgenic 
mice will continue to contribute to the dissection 
of the multiple paracrine pathways involved in 
the initial stages of follicle development  [  13  ] . 
Moreover, elements of these pathways have been 
documented in human materials  [  14  ] , suggesting 
conservation of core signaling pathways and the 
documentation of posttranscriptional and post-
translational modes of processing, especially 
with regard to the secreted ligands, will add to the 
much-needed resolution of mechanisms that 
underlie these seminal and essential events at the 
onset of folliculogenesis  [  15  ] . What remains less 
clear with respect to elucidating paracrine inter-
actions between the oocyte and granulosa cell is 
the extent to which cell contact is involved in the 
processing and/or delivery of these factors. That 
TZPs may participate in this process is addressed 
in a subsequent section.  

   Section 3: Oocyte Growth 
and Maturation 

 The original work on GDF9 knockout mice 
revealed two compelling pieces of data that rein-
forced the notion of how this and other paracrine 
factors regulate oocyte growth and maturation 

during the course of oogenesis  [  7  ] . First, oocytes 
of animals de fi cient in GDF9 were abnormally 
large in size and failed to attain the normal con-
stitution of organelles. Second, when assayed for 
their ability to initiate and resume meiosis in vitro, 
GDF9 null oocytes lacked the ability to proceed 
through in vitro maturation and exhibited both 
a lack of TZPs and an advanced state of chro-
matin condensation. Remarkably, ovaries from 
GDF9 null animals lacked any signs of apopto-
sis, and rather than demonstrating atretic loss 
of follicles, follicle remnants were transformed 
into  steroidogenic structures resembling corpora 
lutea. Collectively, these  fi ndings raise important 
questions regarding the mechanisms underlying 
oocyte survival and death and the extent to which 
programmed cell death (apoptosis) plays a role 
especially in the earliest stages of follicle devel-
opment  [  15–  18  ] . This remains a much-discussed 
issue in ovarian physiology and has immediate 
bearing on the subject of ovarian aging and the 
loss of oocyte quality in older women seeking 
treatments for infertility  [  19  ] . Some promise for 
understanding the actions of growth factors on 
oogenesis derives from the use of in vitro systems 
for follicle culture where it is possible to corre-
late events in early folliculogenesis with oocyte 
maturation, fertilization, and embryo outcomes, 
but to date, these systems have been only applied 
widely with the murine models  [  20  ] .  

   Section 4: Paracrine Signaling 
and TZPs 

 Most paracrine signaling systems involve physi-
cal approximation of a ligand-producing cell with 
an adjacent responding cell. This is no different 
at the interface between the oocyte and granu-
losa cells that envelope the oocyte and must tra-
verse the zona pellucida in order to make direct 
physical contact with the oolemma. What distin-
guishes cell communication interactions between 
germ and somatic cell compartments in the ovar-
ian  follicle from most other mammalian systems 
involving heterocellular compartments is the fact 
that oocyte is encased within the zona pellucida 
during both the growth phase of oogenesis and 



66 M.C. Guglielmo and D.F. Albertini

throughout and beyond the processes of oocyte 
maturation and fertilization. This confers upon 
the zona pellucida a unique problem that bears 
on both the means by which physical contact is 
established between two dissimilar cell types and 
the role, if any, that the zona may subserve as a 
storage site for the many factors that traverse this 
specialized extracellular matrix in a bidirectional 
manner. In some of our earlier work summarizing 
the structural complexity of TZPs, we confronted 
the issue of exchange for typically basic charged 
growth factors in the context of the highly acidic 
chemical properties that mammalian zonae exhibit 
due to the high content of terminal sialic residues 
on the zona glycoproteins  [  21  ] . Based primarily 
on the transmission electron microscopy litera-
ture, it had been apparent that TZPs are ubiqui-
tous among mammalian oocytes and follicles 
and that variations in structure clearly exist as a 
function of the stage of follicle development and/
or the mammalian species under study. We now 
demonstrate in this chapter, as a result of many 
recent studies, that TZPs are indeed dynamic 
structures that respond to the paracrine signaling 
pathways resident within the follicle but in addi-
tion are sensitive to gonadotropin interactions 
with receptors on the granulosa cells. 

 TZPs are formed from the surface of granu-
losa cells that is apposed to and anchored at the 
external surface of the zona pellucida  [  22  ] . As 
previous models had proposed, there are at least 
two distinct types of TZPs. One type is actin rich 

sending projections along a tangential course into 
the outer third of the zona pellucida and rarely do 
these terminate at the oocyte surface  [  23  ] . In 
addition, most species exhibit TZPs that are ori-
ented perpendicular to the zona pellucida that 
typically form coiled projections terminating at 
the oolemma as distal dilatations of expanded 
adhesion zones indenting the oocyte cell surface. 
With the advent of confocal microscopy, a higher-
resolution de fi nition of TZP organization and 
density at the oolemma has been obtained. 

 As shown in Fig.  5.1 , intact cumulus masses 
from the cow reveal little structure by conven-
tional bright  fi eld microscopy and yet, when 
probed with the actin-labeling reagent rhodamine 
phalloidin, the high density of actin-rich TZPs 
can be readily appreciated. Moreover, using 
image enhancement technology that uncovers the 
density, asymmetry, and terminations of TZPs, it 
has become readily appreciated that much of the 
mass of the zona pellucida is occupied by these 
structures of somatic cell origin.  

 For example, in cumulus corona cells 
attached to the outer zona surface, dense accu-
mulations of polymerized actin mediate  fi rm 
attachments required to maintain polarity and 
physical interactions with the oocyte (Fig.  5.2 ). 
Using phalloidin as an actin probe also reveals 
details of the actin cytoskeleton in the oocyte 
cytoplasm and at the sites of TZP contact 
in the oolemma. This is demonstrated in rat 
oocytes and other species (Figs.  5.2  and  5.3 ), 

  Fig. 5.1    Illustrations of transzonal projections (TZPs) 
under conventional bright  fi eld Nomarski optics ( a ,  b ) and 
after labeling with rhodamine phalloidin to accentuate 

details using confocal and image sharpening software. ( c ) 
All  fi xed samples represent GV stage oocytes       
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where a perinuclear network of actin  fi laments 
extends to the oocyte cortex and assembles 
focal  adhesion plaques at the termini of TZPs. 
Moreover, under appropriate conditions, three-
dimensional reconstruction of image Z stack 
illustrates the full extent of TZP organization 
for individual corona/cumulus cells. In such 

cases, the elaboration of 7–9 TZPs from a 
single cell is con fi rmed, each taking a parallel 
course of penetrance through the structure of 
the zona pellucid before ending within the zona 
or approximating the oolemma.   

 These  fi ndings have now been extended to other 
mammalian species, and in the case of equines, 

  Fig. 5.2    Examples of TZPs from rat ( a ) and bovine ( b , 
 c ). GV stage oocytes processed for confocal microscopy 
after  fi xation and labeling with rhodamine phalloidin to 
enhance detection of F-actin. Note in A that nuclear chro-
matin has been labeled with Hoechst 33258 and a system 
of actin  fi laments extends from the perinuclear region to 

the intensely stained oocyte cortex. ( b ) Illustrates TZPs 
emanating from two corona cells that penetrate the zona 
pellucida at right angles to the oocyte surface. Terminations 
of TZPs at the oolemma are characterized by the presence 
of numerous actin- fi lled plaques ( c )       

a b

  Fig. 5.3    Confocal microscopy images of intact human 
cumulus-oocyte complexes. In ( a ), a cumulus-oocyte 
complex labeled to detect actin is illustrated. It is impor-
tant to note the presence of a dense network of TZPs from 
some corona cells that extends into the perivitelline space. 
In ( b ), a projection of Z stacks from another human GV 

stage oocyte  fi xed and labeled with rhodamine phalloidin 
is shown. The image was modi fi ed to enhance the system 
of actin  fi laments that extends through the zona pellucida 
up to oocyte’s cortex. The images are derived from a col-
laborative study between Biogenesi and the laboratory of 
Prof. D. F. Albertini       

 

 



68 M.C. Guglielmo and D.F. Albertini

remarkable modi fi cations of TZPs have been 
documented during the course of oocyte matura-
tion (Fig.  5.4 ). By conventional confocal micros-
copy, it is apparent that horse oocytes have  fi rmly 
anchored corona/cumulus cells along the entire 
extent of the zona and the internal  dilatations 
of TZPs located at the oocyte surface occupy 
the thin perivitelline space typical of immature 
oocytes. Once oocyte maturation has proceeded 
to the metaphase-2 stage, the distal ends of TZPs 
become dilated and expanded, thereby increas-

ing the surface area of contact at the oolemma, 
and the cell bodies of cumulus/corona cells are 
now displaced from the outer limits of the zona. 
Three-dimensional reconstructions of Z stack in 
the equine uncover several features of TZPs that 
had not been previously recognized. For exam-
ple, each corona cell appears as a solitary entity 
and acquires a polarized character such that TZPs 
are branched on the oocyte side and a single cell 
extension from the opposite side extends into the 
expanded cumulus mass. In addition, within the 

  Fig. 5.4    Projections of Z stacks from bovine GV stage 
( a ,  c ) and equine metaphase-2 ( b ,  d ) oocytes  fi xed and 
labeled with rhodamine phalloidin. Note oolemmal infold-
ing at sites of TZP retraction ( a ) and dense network of 
TZPs from corona cells that are dilated in the perivitelline 
space ( b ). In ( c ), a computer-enhanced image details 
branching of TZPs from corona cell anchoring site at the 

outer edge of the zona pellucida; also at zones of attach-
ment to the oolemma, subcortical actin  fi laments converge 
near the site of TZP terminations. ( d ) Illustrates a high-
magni fi cation view of the terminations of TZPs in the 
perivitelline space that are  fi rmly anchored to the outer 
oolemma ( bottom  to  top )       
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enlarged perivitelline space, the distal expansions 
of TZPs further bifurcate to form a dense net-
work of cytoplasmic extensions that are absent in 
immature GV stage oocytes. These new  fi ndings 
raise important questions with regard to the effect 
of gonadotropin stimulation prior to and during 
ovulation and the impact of controlled ovar-
ian hyperstimulation in the treatment of human 
infertility.  

 Previous studies using FSH beta knockout 
mice demonstrated that the elaboration and main-
tenance of TZPs was enhanced under conditions 
resulting from the genetic ablation of FSH and 
that upon stimulation of FSH null mice with 
PMSG, a rapid retraction and remodeling of 
TZPs took place  [  24,   25  ] . These studies also 
demonstrated that in the absence of functional 
FSH, the centrosome of corona cells migrated to 
the zona-apposed surface where prominent 
microtubule-based TZPs were observed. Coupled 
with the  fi ndings summarized above for the horse, 
it would appear that ovulation triggered by LH in 
this species has an equivalent effect in causing 
disengagement of cumulus cells and yet whole-
sale penetration and expansion of those TZPs that 
had previously established contact with the 
oolemma. Whether these changes will be 
re fl ective of direct responses to gonadotropins is 
unlikely given the fact that the signaling path-
ways activated in response to FSH or LH have 
now been shown to be far more complex than 
previously thought. There is, however, a growing 
interest in de fi ning markers of oocyte quality 
based on the identi fi cation of gene products 
within the cumulus cells, and linking these 
approaches to structural rearrangements in TZPs 
may be a pro fi table direction to pursue. In fact, 
many laboratories have made progress de fi ning 
the appropriate ligand composition for media 
used in in vitro maturation of oocytes, and these 
results will be interesting to compare at the level 
of TZP organization described above  [  26  ] . 

 The most telling advances in paracrine signal-
ing have emerged from a series of reports that 
now emphasize the importance of cell contact 
between oocyte and granulosa and the acknowl-
edged contribution of gap junctions within the 
cumulus-oocyte complex. Several laboratories 

have combined to materially advance our under-
standing of oocyte-granulosa interplay with 
respect to the regulation of meiotic maturation 
and the integral nature of metabolic coopera-
tion during the growth phase of oogenesis. Most 
compelling has been the recognition of post-LH-
elicited events in the ovulating follicle with the 
identi fi cation of cGMP and EGF-like factors 
mediating the switch to meiotic reinitiation and 
progression  [  27–  29  ] . While gap junctions had 
long been thought to control meiotic arrest via 
delivery of meiosis-arresting substances like 
cAMP to the oocyte, gap junctional closure has 
been uncovered as a key regulatory component 
of this pathway  [  27  ]  and is detailed in the chap-
ter by Mehlmann in this volume. Central to this 
new paradigm is the role of cGMP that appears to 
decrease in the oocyte and therefore releases the 
oocyte from meiotic arrest, as a consequence of 
EGF-mediated closure of connexin 43 gap junc-
tions that may be manifest at both the level of 
communication between the oocyte and granu-
losa as well as the lateral integration of metabo-
lism between the cumulus cells themselves  [  28, 
  29  ] . Yet another example of the importance of 
cell contact relationships mediated by TZPs is 
recent work on the control of cholesterol metabo-
lism in oocytes by paracrine factors. 

 That the oocyte is “metabolically” challenged 
and subject to the whims and metabolism of the 
surrounding granulosa cells has been appreciated 
in various contexts, such as maintaining meiotic 
arrest. Only recently has the structural integration 
of oogenesis and folliculogenesis been viewed as 
a major determinant in establishing oocyte qual-
ity. This growing body of evidence strongly sug-
gests that the physical interaction of oocyte and 
granulosa cells establishes a persistent symbiotic 
relationship that mediates many aspects of oocyte 
metabolism  [  30,   31  ] . Gene expression pro fi ling 
in mouse oocytes has con fi rmed that many key 
enzymes in metabolic pathways like that used in 
the biosynthesis of cholesterol are either under-
represented or non-detectable in the oocyte tran-
scriptome, whereas transcripts for this pathway 
are well represented in granulosa cell transcrip-
tomes. The elegant studies on cholesterol synthe-
sis in the mouse oocyte have now provided 
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evidence to support the notion that oocyte-de-
rived BMPs convey to granulosa the stimulus to 
initiate cholesterol synthesis that will be needed 
to support the demands of sterol precursors in the 
growing oocyte and most likely in the embryo 
later  [  30  ] . Most interestingly, the actual transfer 
of cholesterol from granulosa to oocytes seems to 
require physical contact between these two 
 discrete cell types suggesting further that the TZP 
is a likely conduit for direct relay of membrane-
associated molecules. These  fi ndings raise impor-
tant questions that in the least imply that whenever 
cell contact relationships are compromised at the 
oocyte-granulosa interface, serious compromises 
in metabolic capacity and cell cycle regulation 
would be experienced by the oocyte  [  32,   33  ] .  

   Section 5: TZPs and Meiotic 
Competence 

 At or around the time follicles become respon-
sive to FSH, oocytes acquire the property of mei-
otic competence. This property refers to the fact 
that when isolated from follicles prior to antrum 
formation, most mammalian oocytes remain in 
the dictyate stage arrested in G2 of the meiotic 
cell cycle and are unable to initiate the metabolic 
events that normally lead to the resumption of 
meiosis and progression to the metaphase state of 
meiosis-2  [  6,   24  ] . The metabolism of the oocyte 
up to the acquisition of meiotic competence is 
mainly centered on the hypertrophy or growth of 
the oocyte to nearly the full-grown size that in 
rodents approaches 70–80  m m in diameter, 
whereas in other species such as the human, a 
diameter of greater than 100  m m is attained. In 
metabolic terms, the pre-antral growth phase of 
oogenesis must be at a maximum, and it is not 
surprising that in the absence of FSH sensitivity, 
nearly all of the granulosa cells maintain a con-
nection to the oocyte through TZPs  [  24  ] . This 
tight coordination and integration of metabolism 
thus circumvents the later shift in metabolism of 
the mural granulosa cells that will become ste-
roidogenic and results, upon stimulation with 
FSH, in the formation of the specialized lineage 
of cumulus granulosa cells that will retain meta-
bolic properties consistent with nurturing the 

oocyte and assuring that it does not undergo pre-
cocious entry back into the meiotic cell cycle  [  6  ] . 
The fact that acquiring meiotic competence is 
tightly coordinated with maintenance of TZPs is 
likely to underscore the importance of diet and 
nutrition in oocyte production in large animals 
 [  32,   33  ]  and links elements of lifestyle many 
weeks or months before ovulation to the  fi nal 
quality of oocytes that were affected at these ear-
lier stages of folliculogenesis  [  34,   35  ] . 

 A well-studied and important aspect of metabo-
lism centers on the availability of ATP to support 
the many alterations in protein phosphorylation that 
take place prior to and after the resumption of meio-
sis  [  36  ] . Adequate reserves and sources of ATP are 
required to support chromatin remodeling, meiotic 
competence acquisition, and cell cycle arrest in 
order to synchronize the pace of oogenesis with 
that of folliculogenesis  [  37–  39  ] . Phosphorylation 
of histones in response to the activation of cell 
cycle kinases drive the condensation of oocyte 
chromatin and elicit changes in the cytoskeleton 
that mediate progression through the meiotic cell 
cycle  [  39–  41  ] . Finally, it is becoming increasingly 
clear that these metabolic demands both prior to 
and during the maturation of oocytes at ovulation 
impart signi fi cant developmental advantages and 
capabilities that are manifest at the time of fertil-
ization and during subsequent cleavage divisions in 
the preimplantation embryo  [  36,   42,   43  ] . Recently, 
the involvement of natriuretic peptide signaling 
has been discovered as yet another key regula-
tor in the control of meiotic competence and the 
implications that both estradiol and WNT signal-
ing pathways may converge on the cumulus oocyte 
complex during ovulation reinforces the belief that 
modi fi cations in TZPs and cell interactions may 
be targeted by speci fi c elements of the repertoire 
of signaling systems associated with this pivotal 
event in the reproductive life cycle  [  44–  47  ] .  

   Section 6: Clinical Implications 
and Oocyte Quality 

 In the end, our understanding of how oogenesis 
and folliculogenesis are integrated is key to clini-
cal and agricultural areas that directly depend on 
arti fi cial forms of reproduction. For humans 



715 The Structural Basis for Coordinating Oogenesis and Folliculogenesis

undergoing clinical treatment for infertility, the 
routine use of controlled ovarian stimulation to 
retrieve oocytes raises questions about the poor 
quality of oocytes obtained in this way which 
have often been ascribed to the pharmacological 
doses of gonadotropins employed. And as noted 
above, the importance of maintaining the correct 
level of integration between the oocyte and its 
follicle is crucial for establishing the timing of 
meiosis resumption and the events that will take 
place in the embryo following fertilization  [  48  ] . 
As clinical practices move away from controlled 
ovarian stimulation to more natural cycle retriev-
als, or those involving minimal gonadotropin 
doses, the possibility exists that excessive stimu-
lation abrogates the network of physical interac-
tions between oocyte and granulosa and thus 
compromises in quality and quantity the depen-
dence of the oocyte on the metabolism of the fol-
licle in which it resides (Fig.  5.5 ). With in vitro 
technologies currently in use clinically, or in 

development, the impact of these manipulations 
will need to be thoroughly investigated in order 
to ascertain the degree to which cell interactions 
are modi fi ed as a result of being in an in vitro 
environment  [  49,   50  ] . Interestingly, studies on 
the oocytes that fail to exhibit maturation during 
traditional infertility procedures support the idea 
that both at the level of chromatin organization 
and meiotic competence, these oocytes may very 
well be the by-product of the desynchronization 
of oogenesis and folliculogenesis  [  50  ] .  

 In conclusion, as our knowledge about the del-
icate balance of metabolic integration between 
oocyte and granulosa grows, it will be important 
to maintain focus on the role of TZPs or other 
modes of interaction that serve to coordinate 
these vital processes during the reproductive 
lifespan of mammals.      
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 Abstract 

 During ovarian follicular development, bidirectional communication 
between oocytes and their companion somatic cells is indispensable. The 
oocyte plays a leading role in regulating follicular cell development and 
function including growth and proliferation, apoptosis, differentiation, 
steroidogenesis, metabolism, and cumulus expansion. By modulating 
these critical functions, the oocyte orchestrates the rate of follicular devel-
opment and creates a favorable microenvironment essential for its own 
development and destiny. A better understanding of the oocyte-somatic 
cell regulatory loop is essential for unraveling the myths surrounding 
oocyte developmental competence and may provide novel therapeutic 
strategies for female reproductive disorders resulting from defects in 
oocyte-follicle cell interactions.  

  Keywords 
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   Introduction    

 A primordial follicle, which comprises an oocyte 
arrested in the diplotene stage of prophase I and 
a single layer of squamous granulosa cells (i.e., 
pregranulosa cells), belongs to the earliest class 
of follicles that appear in the ovary  [  1  ] . In mice, 
primordial follicles are formed shortly after birth, 
usually within a few days, while in humans, for-
mation of primordial follicles takes place approx-
imately between 15 and 22 weeks  [  2,   3  ] . It is 
generally accepted that mammalian primordial 
follicles are the resting pool of a  fi nite set of germ 
cells during the postnatal life, although there are 
controversial debates on whether female ger-
mline stem cells exist and whether oocytes could 
be dynamically replenished in females after birth 
 [  4–  7  ] . Recent studies, especially those using 
genetic mouse models, have achieved signi fi cant 
insights into the regulation of primordial follicle 
activation, whereby a complex interplay among 
hormones, growth factors, and inhibitory machin-
eries intrinsic to oocytes emerges as fundamen-
tal regulatory mechanisms  [  8  ] . Once primordial 
follicles are recruited from the resting pool, 
they can progress to primary, secondary, antral, 
and eventually preovulatory follicle stages, the 
classi fi cation of which has been well established 
 [  9  ] . Of note, upon antral formation, the somatic 
cells in the follicles are separated into two popu-
lations (i.e., mural granulosa cells lining the fol-
licle antrum and cumulus cells in close proximity 
to the oocyte), which have distinct gene expres-
sion patterns and functions  [  10,   11  ] . 

 During development, ovarian follicles are 
in fl uenced by endocrine, paracrine, and autocrine 
factors  [  12  ] . The role of endocrine regulation of 
follicular development has been well documented. 
For example, follicle-stimulating hormone (FSH) 
and luteinizing hormone (LH), heterodimeric 
glycoprotein hormones secreted by the pituitary, 
are essential stage-dependent regulators of folli-
cular development. FSH and LH comprise a dis-
tinct  b -subunit and a common  a -subunit. Genetic 
ablation of FSH b  or FSH receptor renders folli-
cles unable to progress to the antral stage without 
affecting preantral folliculogenesis  [  13,   14  ] . 
In contrast, LH plays a critical role in antral 
 follicle development, ovulation, and luteiniza-
tion  [  15–  17  ] . Thus, a gonadotropin-independent 

mechanism governs follicular development 
before antrum formation, whereas antral follicle 
development requires gonadotropin support. 

 One prominent feature of ovarian folliculo-
genesis is that the intercellular communications 
are bidirectional and established via gap junc-
tions and paracrine signaling between the two 
cellular compartments: oocytes and their com-
panion somatic cells  [  18  ] . The oocyte-somatic 
cell cross talk is indispensable and will bene fi t 
both cell types  [  11,   19,   20  ] . The oocyte plays a 
leading role during folliculogenesis  [  11,   19,   21  ] , 
and via secretion of paracrine factors, it regulates 
follicular cell development and function includ-
ing, but not limited to, apoptosis,  differentiation 
and steroidogenesis, and metabolism  [  22–  28  ] . 
Consequently, a favorable microenvironment is 
established to facilitate the development of oocyte 
competence, which is progressively acquired 
during follicular development  [  11,   20,   21,   29, 
  30  ] . The term oocyte-granulosa cell regulatory 
loop has been used in the literature to describe 
the complex interplay between oocytes and their 
associated somatic cells  [  11  ] . In the following 
sections, we will introduce the role of intraovar-
ian factors, particularly transforming growth fac-
tor  b  (TGF- b ) superfamily proteins, in the 
regulation of ovarian function because of the 
importance of these factors in mediating oocyte 
regulation of follicular cell functions. Then we 
will focus on the paracrine regulation of various 
follicular functions by oocytes. Potential impli-
cations of the studies in this  fi eld will be high-
lighted in the end. It needs to be pointed out that 
although data from mice will serve as a main 
source for this chapter, they can be potentially 
extrapolated to other species and humans under 
many conditions.  

   TGF- b  Family Proteins and 
Ovarian Function 

 Intraovarian growth factor signaling, particularly 
TGF- b  signaling, is involved in the regulation of 
a wide spectrum of female reproductive processes 
and required for normal ovarian folliculogenesis 
and function  [  10,   22,   31–  41  ] . Dysregulation of 
TGF- b  signaling pathway may lead to pathologi-
cal conditions such as premature ovarian failure 
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(POF) and cancer development  [  42–  46  ] , thereby 
limiting reproductive success. Major compo-
nents of the TGF- b  signaling pathway comprise 
ligands, receptors, and intracellular SMAD pro-
teins. TGF- b  ligands signal through the type II 
and type I receptors and SMAD proteins which 
include receptor-regulated SMADs and a com-
mon SMAD (SMAD4) to elicit cellular responses. 
The heteromeric receptor complex is formed by 
a combination of type I (i.e., ACVRL1, ACVR1, 
BMPR1A, ACVR1B, TGFBR1, BMPR1B, and 
ACVR1C) and type II receptors (i.e., TGFBR2, 
ACVR2, ACVR2B, BMPR2, and AMHR2)  [  47–
  49  ] . Receptor-regulated SMADs (R-SMADs) 
consist of SMADs 1, 2, 3, 5, and 8, which can 
interact with TGF- b  family receptors to medi-
ate ligand signaling. In general, SMAD2/3 
mediate TGF- b  and activin signaling, whereas 
SMAD1/5/8 mediate BMP signaling (Fig.  6.1 ). 
SMADs can regulate gene transcription in the 
nucleus in concert with coactivators and core-
pressors. Within a cell, TGF- b  can signal through 
both SMAD-dependent  [  48,   50  ]  and/or SMAD-
independent  [  51,   52  ]  (i.e., non-SMAD) pathways 

depending on the cellular context. Regulation of 
TGF- b  signaling occurs at multiple levels by a 
plethora of factors including ligand traps (e.g., 
follistatin) and inhibitory SMADs (i.e., SMAD6 
and SMAD7) as well as inputs from other inde-
pendent pathways that in fl uence the TGF- b  sig-
naling intensity and outcome  [  50,   53–  56  ] .  

 Among known TGF- b  ligands, growth differ-
entiation factor 9 (GDF9) and bone morphogenetic 
protein 15 (BMP15) are well-characterized oocyte-
derived factors whose functions in follicular devel-
opment have been revealed by loss-of-function/
mutation studies  [  31,   57,   58  ] , animal immuniza-
tion with peptides  [  59–  62  ] , and the in vitro culture 
experiments using recombinant proteins  [  23,   26–
  28,   63–  72  ] .  Gdf9  is expressed in oocytes from pri-
mary stage follicles in mice and humans  [  73,   74  ] . 
 Gdf9  knockout mice are infertile and develop 
striking ovarian defects where follicular develop-
ment is blocked at the primary stage  [  31  ] . As a 
result of GDF9 loss of function, ovarian kit ligand 
( Kitl ) is upregulated in granulosa cells  [  75  ]  due to 
the loss of GDF9 inhibition on  Kitl  expression 
 [  76  ] , leading to the development of overgrown 
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  Fig. 6.1    Major components 
of TGF- b  signaling pathway. 
The TGF- b  signaling pathway 
consists of ligands, receptors, 
and SMAD proteins. TGF- b  
ligands can selectively bind to 
the type II and type I receptors 
and activate the corresponding 
SMAD proteins to induce 
signal transduction. The type I 
receptors ACVRL1, ACVR1B, 
TGFBR1, and ACVR1C and 
SMAD2/3 are generally 
associated with TGF- b /activin 
signaling, whereas ACVR1, 
BMPR1A, and BMPR1B and 
SMAD1/5/8 are related to 
BMP pathway. Activated (i.e., 
phosphorylated) SMADs can 
translocate to the nucleus with 
SMAD4 to regulate gene 
transcription in concert with 
coactivators and corepressors       
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oocytes in  Gdf9  null ovaries  [  77,   78  ] . Moreover, 
the defect in thecal layer development in  Gdf9  null 
mice  [  75  ]  suggests that GDF9 plays a direct or 
indirect role in thecal cell development besides its 
primary action in granulosa cell compartment. 
Subsequent to the initial identi fi cation of an oblig-
atory role for GDF9 in primary to secondary fol-
licle transition, additional studies extended the 
GDF9 function to early antral and preovulatory 
follicle development  [  63,   79  ] . Unlike GDF9, loss 
of mouse BMP15, an oocyte homolog of GDF9, 
leads to cumulus cell defects with minimal abnor-
malities on early follicular development  [  57  ] . 
However, transgenic mice with oocyte overexpres-
sion of BMP15 (a chimeric protein of human 
BMP15 proregion-mouse BMP15 mature region) 
show the growth-promoting effect of BMP15 on 
ovarian follicles  [  80  ] . GDF9 and BMP15 are fun-
damental regulators of fertility in multiple species 
including mice, sheep, and humans  [  31,   32,   57, 
  81–  87  ] . Both in vitro and in vivo data support that 
these two oocyte factors can act synergistically in 
the regulation of ovarian cell function  [  57,   88–  91  ] . 
In contrast to mice, mutations in ovine  Bmp15  or 
 Gdf9  gene enhance fertility in heterozygotes but 
cause infertility in homozygotes  [  32,   81  ] . In 
women, mutations or polymorphisms of the two 
genes are associated with ovarian failure or other 
reproductive abnormalities  [  82–  85,   87,   92–  94  ] . Of 
note, the involvement of additional TGF- b  family 
members [e.g., activin, inhibin, BMP4, BMP7, 
anti-Müllerian hormone (AMH)], as well as other 
pathways (e.g., notch signaling, hedgehog signal-
ing, and Wnt signaling) or growth factors [insulin-
like growth factors, epidermal growth factors 
(EGFs), and vascular endothelial growth factors 
(VEGFs)], in ovarian development and function 
has also been documented  [  95–  103  ] . However, 
this is beyond the focus of this chapter.  

   Oocytes Regulate Follicular 
Cell Function 

   Oocytes Regulate Follicular 
Cell Function: What and How 

 Within each ovarian follicle, the functional unit 
of the ovary, an oocyte is surrounded by somatic 
cells. The oocyte communicates with somatic 

cells through gap junctions and paracrine signal-
ing, and this bidirectional signaling is critical for 
folliculogenesis, oocyte growth, and acquisition 
of oocyte developmental competence  [  11,   18–  21, 
  104  ] . It is now known that the oocyte is the 
“driver” instead of a “passenger” in the journey 
of folliculogenesis. Importantly, oocytes specify 
the phenotype and lineage of the adjacent cumu-
lus cells and maintain their appropriate differen-
tiation status  [  10  ] . Within a follicle, the oocyte 
actively regulates somatic cell functions essential 
for follicular development and normal female 
reproduction. Below is a summary of several key 
follicular functions that are subject to the regula-
tion by oocytes, and an emphasis is given on the 
recent advances in the understanding of these 
regulatory processes (Fig.  6.2 ).   

   Growth and Proliferation 

 Cell growth and proliferation are common fea-
tures of follicular development, the rate of which 
is controlled by oocytes via an intrinsic develop-
mental program  [  11,   18–  20,   29,   31,   104,   105  ] . It 
is known that oocytes in fl uence granulosa cell 
proliferation  [  22,   26,   65,   106–  108  ] . However, 
how do oocytes regulate the granulosa cell prolif-
eration? Recent studies demonstrated that oocyte-
produced paracrine factors, such as GDF9, play a 
prominent role in this process  [  23  ] . GDF9 has 
been proposed to signal through TGF- b  type 1 
receptor [(TGFBR1), also known as activin-like 
kinase 5 (ALK5)] and BMP receptor type II 
(BMPR2) complex, and impinge on SMAD2/3 in 
ovarian granulosa cells  [  20,   109–  112  ] , although 
our recent study has shown that ALK5 might not 
be the functional GDF9 type 1 receptor  [  40  ] . 
GDF9, TGF- b 1, and activin can enhance DNA 
synthesis of mouse granulosa cells  [  23  ] . The effect 
of oocytes on granulosa cell proliferation seems 
to be mediated by ALK4/5/7, because SB431542, 
an ALK4/5/7 inhibitor, attenuates the effects of 
both oocytes and GDF9 on granulosa cell prolif-
eration  [  23  ] . Furthermore, the oocyte-promoted 
granulosa cell proliferation can be antagonized by 
the BMPR2 ectodomain which competes with 
ligands that bind to BMPR2, but not those of 
TGFBR2, ACVR2, or ACVR2B, suggesting that 
GDF9 is able to bind to BMPR2  [  23  ] . 
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 It was recently found that epidermal growth fac-
tor receptor (EGFR)-extracellular signal-regulated 
kinases 1 and 2 (ERK1/2) signaling-induced phos-
phorylation on the SMAD3 linker region is an 
essential element for oocyte paracrine factors such 
as GDF9 to induce granulosa cell proliferation 
 [  113  ] . This  fi nding highlights the importance of the 
signal input received from pathways that cross talk 
with TGF- b  signaling in the regulation of somatic 
cell function by oocytes. Intriguingly, oocytes can-
not activate BMP signaling in granulosa cells  [  23  ] , 
which raises the question as to whether mouse 
BMP15 per se is biologically active or whether 
secretion of bioactive mouse BMP15 is a time-
controlled event during follicular development 
 [  71  ] . It has been suggested that mouse BMP15 
cannot be processed appropriately in cell lines  [  34  ] , 
and biologically active recombinant mouse BMP15 
by itself has not been available. However, studies 
using human recombinant BMP15 suggest that 
BMP15 signals via a BMPRIB (ALK6)/BMPR2 

receptor complex and downstream SMAD1/5/8 to 
evoke paracrine actions in target cells (i.e., granu-
losa cells)  [  114  ] . The above evidence suggests that 
oocytes, via secretion of paracrine factors, regulate 
ovarian somatic cell proliferation.  

   Apoptosis 

 Apoptosis, also called programmed cell death, is a 
genetically controlled cellular death that widely 
occurs in numerous pathological and physiologi-
cal events including ovarian folliculogenesis. After 
leaving the primordial follicle pool, follicles 
undergo continuous growth and become preovula-
tory follicles and ovulate if they are selected to do 
so. However, the actual scenario is that the growth 
and proliferation of granulosa cells are often 
accompanied by apoptosis during folliculogenesis, 
where the vast majority of follicles undergo atre-
sia, a process mediated by apoptosis  [  115–  117  ] . 
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  Fig. 6.2    TGF- b  signaling and oocyte developmental 
competence. During follicular development, the oocyte 
produces TGF- b  family proteins (e.g., BMP15 and GDF9) 
to regulate granulosa cell functions such as growth and 
proliferation, apoptosis, differentiation and steroidogen-
esis, cumulus cell expansion, metabolism, and thecal cell 
development. Meanwhile, granulosa cells secrete regula-

tory signals (e.g., activins and KITL) via paracrine path-
way or provide nutrients (e.g., metabolites and  l -alanine) 
through gap junctions to regulate oocyte development 
and function. It is unknown if oocyte-derived factors 
can signal through autocrine pathway to regulate its own 
development       
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 It is plausible that healthy cumulus cells 
are bene fi cial to oocyte development, while 
extensive apoptosis in cumulus cells does not 
contribute to a favorable microenvironment. 
The evidence supporting that oocytes prevent 
cumulus cell apoptosis comes from studies by 
Gilchrist’s group in which they showed that the 
apoptosis rate of cumulus cells increases after 
oocyte removal from the    cumulus-oocyte com-
plex  [  24  ] . Furthermore, oocyte paracrine factors, 
mainly BMP15 and BMP6, but not GDF9, play 
a major role in suppressing cumulus cell apop-
tosis, which is associated with altered BCL-2/
BAX ratio  [  24  ] . The antiapoptotic effects of 
these BMPs can be dramatically attenuated by 
their antagonists such as follistatin (for BMP15) 
or the neutralizing antibody. Most interestingly, 
the general pattern of apoptosis present in the 
outer layer of cumulus-oocyte complex could be 
reversed (i.e., the apoptosis occurs mainly in the 
inner layer instead of the outer layer) when oocy-
tectomized cumulus complexes were cultured in 
the presence of oocytes  [  24  ] . The apoptotic pat-
tern of cumulus cells and the effect of BMPs on 
cumulus cell apoptosis thus suggest that oocyte-
generated morphogenetic gradients suppress 
cumulus cell apoptosis. In the rat, intraoocyte 
injection of GDF9 antisense oligos blocks prean-
tral follicle growth and induces apoptosis associ-
ated with upregulation of caspase-3, the effect of 
which can be reduced by exogenous GDF9 pro-
tein  [  79  ] . Furthermore, the antiapoptotic effect of 
GDF9 during follicular development is mediated 
via the phosphatidylinositol 3-kinase (PI3K)/
Akt pathway  [  79  ] . The different observations 
for the GDF9 actions in granulosa/cumulus cell 
apoptosis in the two aforementioned studies may 
imply species-speci fi c or stage-speci fi c roles for 
GDF9 in the regulation of ovarian somatic cell 
apoptosis, a widespread phenomenon during 
folliculogenesis.  

   Differentiation and Steroidogenesis 

 Granulosa cells are relatively homogeneous 
before antral formation. However, when follicles 
develop to the antral stage, two subpopulations 

of granulosa cells are formed within a follicle: 
mural granulosa cells and cumulus cells. The 
mural granulosa cells and cumulus cells are dis-
tinct in the proximity to the oocytes, morphology, 
gene expression patterns, and cellular functions. 
For example, mural granulosa cells express 
higher levels of luteinizing hormone/choriogo-
nadotropin receptor ( Lhcgr ), steroidogenic 
enzyme P450 side-chain cleavage enzyme 
( Cyp11a1 ), and immune marker CD34 antigen 
( Cd34 ), whereas cumulus cells express more 
abundant anti-Müllerian hormone ( Amh ) and 
androgen receptor ( Ar )  [  10  ] . The oocyte has been 
recognized as an important player in establishing 
this unique gene expression pattern of cumulus 
cells versus mural granulosa cells  [  10  ] . 

 Production of progesterone is a common indi-
cator of granulosa cell luteinization. In antral 
follicles, there is an opposing gradient generated 
by FSH and oocyte-initiated SMAD2/3 signal-
ing, and the latter is important in preventing 
granulosa cell luteinization  [  10  ]  associated with 
enhanced steroidogenic activities. Granulosa 
cells are the sites for the synthesis of estradiol 
and progesterone. Upon the LH surge, mural 
granulosa cells which express LHCGR respond 
to LH by exiting the cell cycle and undergoing 
terminal differentiation/luteinization to form the 
corpus luteum, which is an endocrine structure 
composed of both granulosa cells and thecal 
cells and is important for progesterone produc-
tion during pregnancy  [  118  ] . It has long been 
postulated that oocytes can regulate steroido-
genesis and luteinization of somatic cells based 
on the observation that spontaneous luteiniza-
tion and enhanced production of progesterone 
occurred in follicles where oocytes were 
removed  [  119  ] . Supporting the role of the 
oocyte in regulating granulosa cell differentia-
tion/luteinization, oocyte-secreted factors pre-
vent  Lhcgr  expression in cumulus cells and 
restrict its expression to mural granulosa cells 
 [  25  ] . Consistently,  Lhcgr  transcript levels were 
increased, and the production of progesterone 
was enhanced by cumulus cells when oocytes 
were removed from the cumulus-oocyte com-
plexes by oocytectomy  [  25,   120,   121  ] . 
Furthermore, the oocyte-secreted factor seems to 
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inhibit progesterone but stimulate estradiol pro-
duction in cumulus granulosa cells  [  120  ] . The 
oocyte factors can affect 3 b -hydroxysteroid 
dehydrogenase (3 b -HSD), an enzyme involved 
in the synthesis of progesterone as well as pro-
gesterone metabolism  [  26,   63,   65,   67,   122  ] . 
During luteinization, the steroid-regulating 
activity of the oocytes is increased  [  121  ] . In 
mouse granulosa cells, recombinant GDF9 pro-
motes progesterone production  [  63  ] . In the rat, 
GDF9 stimulates basal progesterone and estra-
diol production in granulosa cells but suppresses 
FSH-stimulated steroidogenesis  [  26  ] . In bovine 
granulosa cells, GDF9 inhibits the production of 
progesterone and estradiol induced by    insulin-
like growth factor 1 (IGF1)  [  122  ] . Similar to 
GDF9, BMP15 inhibits FSH-induced progester-
one synthesis and related enzymes such as ste-
roidogenic acute regulatory protein (STAR) and 
CYP11A1; however, BMP15 does not affect 
FSH-stimulated estradiol production  [  65,   67  ] . 

 As mentioned above, the oocyte-activated 
SMAD2/3 signaling is important in preventing 
somatic cell differentiation or luteinization  [  10  ] . 
Conditional deletion of the common  Smad , 
 Smad4 , in mouse granulosa cells causes prema-
ture luteinization of follicles, accompanied by 
increased expression of genes including  Lhcgr , 
 Star , secreted frizzled-related protein ( Sfrp4 ), 
 Cyp11a1 , and hydroxysteroid (17- b ) dehydroge-
nase 7 ( Hsd17b7 )  [  123  ] . These  fi ndings thus sug-
gest that TGF- b  family paracrine and/or autocrine 
signaling is required to prevent granulosa cell 
luteinization.  

   Cumulus Cell Expansion 

 In response to the LH surge, cumulus cells syn-
thesize cumulus matrix enriched in hyaluronan 
(HA), the backbone of the cumulus matrix  [  124  ] . 
To initiate successful ovulation, cumulus cells 
surrounding the oocyte must undergo expansion, 
or muci fi cation, whereby cumulus cells are 
embedded in a muci fi ed matrix  [  125–  127  ] . In 
response to the LH surge, a number of genes, par-
ticularly pentraxin 3 ( Ptx3 ), hyaluronan synthase 
2 ( Has2 ), tumor necrosis factor  a -induced pro-

tein 6 ( Tnfaip6 ), and prostaglandin-endoperoxide 
synthase 2 ( Ptgs2 ), are induced to form cumulus 
matrix  [  127,   128  ] . Mice with deletion or dysregu-
lation of  Ptx3   [  129  ] ,  Ptgs2   [  130  ] , or  Tnfaip6  
 [  131,   132  ]  show defects in cumulus expansion. 
Moreover, PTGS2 is a critical enzyme involved 
in the biosynthesis of prostaglandins essential for 
follicle rupture and ovulation, and  Ptgs2  null 
mice exhibit ovulation defects  [  133,   134  ] . The 
aforementioned cumulus expansion-related tran-
scripts are regulated by oocyte-produced factors 
GDF9 and BMP15  [  40,   63,   71,   135,   136  ] . Thus, 
by secretion of paracrine factors, oocytes pro-
mote cumulus cell expansion and ovulation via 
induction of critical genes involved in these 
processes. 

 Since cumulus cells do not express LHCGR 
 [  137  ] , how the LH surge induces cumulus expan-
sion has intrigued scientists until the myth was 
uncovered by the Conti laboratory  [  16  ] . An intri-
cate signaling network has been identi fi ed in the 
preovulatory follicles, whereby LH binds to its 
receptor in mural granulosa cells to induce a 
number of EGF-like family members including 
amphiregulin (AREG), epiregulin (EREG), and 
betacellulin (BTC), which are putative physio-
logical ligands of EGF receptor (EGFR) and can 
act as key paracrine mediators of LH action on 
cumulus cells  [  16  ] . These growth factors can 
mimic the effect of LH on cumulus expansion 
and interact with EGFR in cumulus cells to 
induce the expression of cumulus expansion-
related transcripts ( Has2 ,  Ptx3 ,  Tnfaip6 , and 
 Ptgs2 )  [  16  ] . The role of AREG and EREG has 
been validated using knockout mouse models in 
which cumulus expansion is compromised in the 
mutant mice  [  138  ] .    The EGF-like growth factors 
may activate mitogen-activated protein kinases 3 
and 1 (MAPK3/1) [i.e., extracellular signal-regu-
lated kinases 1 and 2 (ERK1/2)]  [  139  ] . Conditional 
deletion of MAPK3 and MAPK1 in mouse gran-
ulosa cells leads to defective cumulus expansion 
and ovarian functions related to ovulation and 
luteinization  [  17  ] . 

 It is well known that the oocyte is required 
for cumulus expansion in vitro, at least in mice 
 [  140  ] , since oocytectomy does not seem to pre-
vent cumulus cell expansion in the rat  [  141  ]  and 
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other domestic animals  [  141–  144  ] . In mice, the 
cumulus cells are unable to expand in the pres-
ence of FSH or EGF when the oocyte is surgi-
cally removed from the cumulus-oocyte complex 
 [  140,   141  ] . Therefore, the oocyte may secrete 
certain factors to promote cumulus cell expan-
sion. Although the true identities of the presump-
tive cumulus expansion-enabling factors (CEEFs) 
remain unclear  [  145  ] , it is generally accepted that 
fully grown oocytes are capable of producing 
CEEFs and TGF- b  family proteins (e.g., GDF9 
and BMP15) are the candidates that induce the 
cumulus expansion and the expression of cumu-
lus expansion-related transcripts  [  36,   63,   71,   135, 
  146–  148  ] . GDF9 and BMP15 are synthesized as 
prepropeptides (signal peptide-prodomain-mature 
domain), the activation of which requires the 
cleavage of proregion by proprotein convertase 
subtilisin/kexin (PCSK)  [  49,   149  ] . Most knowl-
edge on GDF9 function in late follicular devel-
opment is derived from studies using GDF9 
recombinant proteins and in vitro granulosa cell/
follicle culture experiments. Recombinant GDF9 
is capable of inducing the expression of cumulus 
expansion-related genes in mouse granulose cells 
and stimulating cumulus cell expansion in vitro 
 [  63  ] . Consistent with GDF9 signaling through 
SMAD2/3 in granulosa cells  [  111,   150  ]  and the 
involvement of SMAD2/3 in cumulus expan-
sion, inhibition of SMAD2/3 signaling using an 
ALK4/5/7 inhibitor abolishes cumulus expansion 
in vitro  [  10,   36  ] . Furthermore, when both  Smad2  
and  Smad3  were conditionally deleted in mouse 
granulosa cells, cumulus expansion was compro-
mised, and meanwhile, the induction of GDF9-
promoted cumulus expansion-related transcripts 
was impaired  [  38  ] . The cumulus cell phenotype 
of  Smad2  and  Smad3  conditional knockout mice 
partially mimics that of granulosa cell dele-
tion of  Smad4   [  123  ] . BMP15 is also associated 
with cumulus cell development, as evidenced 
by cumulus cell defects in  Bmp15  null mice 
 [  57  ] . Recombinant human BMP15 containing a 
C-terminal epitope tag was reported to promote 
cumulus expansion  [  71  ] . In mouse granulosa 
cells, the paracrine action of BMP15 on cumulus 
expansion is mediated by BMPRIB, as  Bmpr1b  
null female mice exhibit defects in cumulus 
expansion  [  151  ] , and their granulosa cells do not 

respond to recombinant BMP15 stimulation but 
are fully responsive to recombinant GDF9 treat-
ment to express cumulus expansion-related genes 
 [  40  ] . In vivo, GDF9 and BMP15 act synergisti-
cally  [  57  ] . Therefore, by modulating cumulus cell 
expansion, the oocyte paracrine signaling serves 
as an integral regulator of ovulation and oocyte 
maturation during ovarian folliculogenesis.  

   Metabolism 

 Granulosa cells are known to nurture oocytes. As 
an example, mouse oocytes can utilize pyruvate 
produced by cumulus cells as an energy source, 
but cannot directly use glucose for their growth 
and development  [  27,   152,   153  ] . Oocyte deletion 
of pyruvate dehydrogenase E1-alpha 1 ( Pdha1 ), 
a gene encoding a subunit of pyruvate dehydro-
genase complex, causes defects in mouse oocyte 
maturation  [  154  ] . Although the above evidence 
strongly suggests the cooperativity between 
oocytes and somatic cells in utilizing glucose, 
the underlying molecular mechanism remains 
unknown until oocyte-secreted factors were 
found to coordinately regulate cumulus cell gly-
colysis  [  27  ] . It was revealed that oocyte-produced 
BMP15 and  fi broblast growth factor 8B (FGF8B) 
synergistically regulate the expression of genes 
involved in the glycolytic pathway such as platelet 
phosphofructokinase ( Pfkp ) and lactate dehydro-
genase A ( Ldha )  [  27  ] . Furthermore, oocytes from 
 Bmp15  null mice or  Bmp15 / Gdf9  double mutant 
mice show defective glycolytic activity  [  27  ] . 

 Cholesterol biosynthesis is also a cooperative 
activity between oocytes and somatic cells  [  28  ] . 
The mRNA transcript levels of a number of genes 
involved in cholesterol biosynthesis pathway 
such as mevalonate kinase ( Mvk ) and phosphom-
evalonate kinase ( Pmvk ) are higher in cumulus 
cells than oocytes  [  28  ] . In vitro, oocyte paracrine 
factors (i.e., BMP15 and GDF9) can increase the 
biosynthesis of cholesterol in mouse cumulus 
cells  [  28  ] . Moreover, cholesterol biosynthesis is 
reduced in  Bmp15  null and  Bmp15 / Gdf9  double 
mutant cumulus cells  [  28  ] . Taken together, these 
studies suggest that mouse oocytes are de fi cient 
in cholesterol biosynthesis and highlight the role 
of cumulus cells in supplementing cholesterol to 



836 How the Oocyte In fl uences Follicular Cell Function and Why

oocytes during development under the direct 
in fl uence of the oocyte. 

 Besides glycolysis and cholesterol biosynthe-
sis, the oocyte is also de fi cient in taking up cer-
tain amino acids, such as  l -alanine and  l -histidine. 
Because fully grown oocytes can stimulate the 
mRNA expression of solute carrier family 38, 
member 3 ( Slc38a3 ) which encodes a sodium-
coupled neutral amino acid transporter and the 
uptake of  l -alanine in granulosa cells from both 
preantral and antral follicles  [  155  ] , it is possible 
that the de fi ciency in amino acid uptake by 
oocytes is attributed to the lack of expression of 
the SLC38A3 and/or other transporters  [  155  ] . 
Therefore, cumulus cells play important roles in 
the uptake of certain amino acids and the subse-
quent delivery to oocytes via gap junctions, which 
couple the oocytes and the surrounding somatic 
cells  [  156  ] . Gap junctions can allow the passage 
of low molecular weight substances, such as 
metabolites and amino acids, from somatic cells 
to oocytes. However, the oocyte factors that regu-
late the expression of  Slc38a3  in cumulus cells 
remain to be elucidated.  

   Thecal Cell Development 

 A theca surrounds follicles that contain at least 
two layers of granulosa cells. Thecal layers 
include the theca interna, the place where andro-
gens are synthesized, and theca externa, which is 
composed of smooth muscle-like cells and colla-
gen and may play a role in follicle rupture during 
the ovulatory process  [  157,   158  ] . The role of 
oocytes in ovarian theca development comes 
from the evidence that  Gdf9  null mice do not 
form a thecal layer around the follicles, although 
a  fl attened layer of  fi broblastic cells surrounding 
the follicles can be observed in  Gdf9  null mice 
 [  75  ] . Accordingly,  Lhcgr  and  kit  were undetect-
able in the theca. However, cells positive for 
CYP17 (a thecal marker) are dispersed in the 
interstitium and presumably belong to a thecal 
cell precursor population  [  31,   75  ] . Thus, GDF9 
seems to play a role in the recruitment of thecal 
cell precursors during early follicular develop-
ment. Unexpectedly, theca recruitment and for-
mation of morphological thecal layer can occur 

in the absence of GDF9 as observed in the  Gdf9  
and inhibin- a  ( Inha ) double mutant mice  [  159  ] . 
Despite these observations, theca differentiation 
is impaired with no detectable thecal cell markers 
 [  159  ] . Therefore, a role of oocytes in the regula-
tion of thecal cell function is plausible in the con-
text of oocyte-somatic cell interaction in favor of 
thecal cell differentiation. GDF9 also stimulates 
the production of androstenedione in both the 
primary and transformed thecal cells in vitro 
 [  160  ] , although con fl icting results were reported 
using bovine thecal cells  [  161  ] . In agreement 
with the role of GDF9 in regulating thecal cell 
function, intraoocyte delivery of  Gdf9  antisense 
in the rat inhibits the growth of preantral follicles 
in culture, accompanied by reduced production 
of androgen and expression of  Cyp17a1   [  162  ] . 
Treatment of rats with GDF9 promotes the devel-
opment of follicles to small preantral stage and 
upregulates CYP17 expression  [  64  ] . These results 
are consistent with the hypothesis that GDF9 
regulates thecal cell differentiation in vivo.  

   Others 

 Oocytes within follicles are under meiotic pro-
phase arrest prior to ovulation. During follicular 
development, granulosa cells are indispensable 
for the oocyte to acquire its developmental com-
petence and maintain meiotic arrest, the disrup-
tion of which leads to precocious maturation of 
the oocytes  [  163  ] . The mechanisms controlling 
meiosis initiation and meiotic arrest and resump-
tion have been continuous interests of scientists 
 [  12,   164  ] . It is well established that two critical 
regulators maintaining the meiotic arrest are 
cyclic adenosine 3 ¢ , 5 ¢ -monophosphate (cAMP) 
and cyclic guanosine 5 ¢ -monophosphate (cGMP) 
 [  165–  167  ] . The LH surge activates phosphodi-
esterase 3A (PDE3A) that causes the hydrolysis 
of oocyte cAMP, leading to meiotic resumption 
 [  168  ] . Although it has been known that fully 
grown oocytes undergo spontaneous (i.e., gonad-
otropin-independent) maturation after removal 
from follicles  [  169  ] , the “inhibitory substance/
signal” from the follicles that maintains oocyte 
meiotic arrest remains elusive until the discovery 
of the natriuretic peptide precursor type C 
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(NPPC)-NPR2 (NPPC receptor) pathway which 
prevents oocyte meiotic resumption  [  163  ] . 

  Nppc  is mainly present in mural granulosa cells, 
while its receptor  Npr2 , a guanylyl cyclase, is pre-
dominantly localized to cumulus cells adjacent to 
the oocytes  [  163  ] . Granulosa cell-derived NPPC 
promotes cumulus cells to produce cGMP, which 
is then transferred to oocytes through gap junctions 
to suppress PDE3A-mediated cAMP hydrolysis, 
thus maintaining the oocyte meiotic arrest  [  163  ] . 
Estradiol may play a role in promoting oocyte mei-
otic arrest through the regulation of NPR2  [  170  ] . 
Consistent with the role of LH in initiating oocyte 
meiotic resumption, preovulatory LH/hCG 
reduces granulosa cell NPPC production  [  171  ] . 
Interestingly, oocyte-produced factors including 
GDF9 and BMP15 enhance  Npr2  levels in cumu-
lus cells  [  163  ] , suggesting that the oocyte may 
regulate its own meiotic status via paracrine signal-
ing within the oocyte-somatic cell regulatory loop.  

   Oocytes Regulate Follicular Cell 
Function: Why 

 Because of the intimate relationship between 
oocytes and their surrounding somatic cells in the 
unique follicular units, physical and functional 
interactions between the two cellular compartments 
are of key importance for the development of ovar-
ian follicles and oocytes  [  11,   19–  21,   29  ] . By regu-
lating granulosa cell functions, the oocyte 
orchestrates the rate of follicular development and 
creates an optimal microenvironment that is critical 
and bene fi cial to its development  [  11,   19,   29  ] , 
because healthy cumulus cells can provide suf fi cient 
nutrients and regulatory signals. More speci fi cally, 
the oocyte regulates follicular cell development 
and function for the following main reasons:
    1.    It has been proposed that gonadotropins induce 

granulosa cell differentiation to mural granu-
losa cell lineage as a default setting; however, 
oocytes are capable of abrogating this default 
pathway to drive a cumulus cell phenotype 
that is more favorable to oocyte development 
 [  11  ] , as inappropriate differentiation of cumu-
lus cells in vitro manifested by expression of 
LHCGR adversely impacts oocyte develop-
mental competence  [  172  ] . Undoubtedly, 

oocyte development will bene fi t from a cumu-
lus environment with minimal apoptosis and 
luteinization.  

    2.    Regulation of thecal cell development will 
help to form an intact follicle that is the func-
tional unit of the ovary and the “nest” of a 
growing oocyte.  

    3.    Nutritional support provides driving force for 
follicular cell growth and development, with-
out which the cells will lose the energy source 
to complete the developmental programs. 
Thus, outsourcing catabolic metabolisms may 
bene fi t the oocyte in two ways:  fi rst, it can pre-
pare the oocyte for embryo development by 
anabolic metabolism, and second, it reduces 
the oxidative stress of the oocyte to maintain 
oocyte quality  [  173,   174  ] .  

    4.    Cumulus expansion is such an important event 
that it is not only bene fi cial to oocyte develop-
ment and maturation but also a key step toward 
ful fi lling the oocyte’s  fi nal destiny: ovulation 
and fertilization.  

    5.    It is amazing that oocytes regulate cumulus 
cell  Npr2  gene expression to set up the 
microenvironment conductive to the mainte-
nance of oocyte meiotic arrest, the disruption 
of which will lead to precocious meiotic 
resumption of the oocytes, a disaster to fertil-
ization and development  [  163  ] .       

   Conclusion and Perspective 

 Follicular development is an enigmatic process, 
during which oocytes acquire their competence 
for fertilization and development. Studies from 
the last decades generated robust evidence that 
the oocyte actively regulates the companion 
somatic cell functions during the entire process 
of follicular development. By regulating follicu-
lar cell functions, such as proliferation, differen-
tiation, apoptosis, steroidogenesis, cumulus cell 
expansion, and metabolism, the oocyte deter-
mines the pace of the follicular development and 
creates a favorable microenvironment for its own 
development. The oocyte can in fl uence somatic 
cell function or gene expression via paracrine 
factors such as GDF9, BMP15, and FGF8B, and 
disruption of this regulatory circuit results in 
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 catastrophic consequences on the oocyte compe-
tence and/or follicular development. Thus, the 
gene expression pro fi les of granulosa cells are 
reasonable predictors of oocyte developmental 
competence  [  18  ] . In humans, embryo quality is 
potentially correlated with granulosa cell gene 
expression such as  HAS2 ,  PTGS2 , and  GREM1  
 [  175,   176  ] . Additionally, both cumulus and mural 
granulosa cells are easily obtained, and they are 
excellent sources of materials for noninvasive 
diagnosis/assessment of oocyte developmental 
competence. This is extremely important in the 
context of the increasing demand on establishing 
more objective criteria for embryo selection for 
in vitro fertilization (IVF). Therefore, exploiting 
the potential of using granulosa cell genes as 
markers for assessing oocyte competence 
deserves continuous and combined efforts of sci-
entists from both research laboratories and 
assisted reproductive technology (ART) clinics. 
 Oocyte competence in fl uences early embryonic 
development, pregnancy outcome, and fetal devel-
opment, which is highly associated with reproduc-
tive success. In vitro maturation (IVM) of oocytes 
has been applied for infertility treatment and fer-
tility preservation, which eliminates the gonado-
tropin stimulation procedure and the associated 
risks such as ovarian hyperstimulation syndrome 
 [  177,   178  ] . However, the low success rate of IVM 
substantially hinders its otherwise wide applica-
tion. Two oocyte-secreted factors, BMP15 and 
GDF9, are key regulators of oocyte-somatic cell 

interaction, ovarian function, and female fertility 
in multiple species including mouse and human 
 [  27,   31,   32,   57,   58,   81,   83–  86,   88,   89  ] . Inclusion 
of exogenous recombinant mouse GDF9 during 
IVM increases the percentage of hatching blas-
tocysts and the number of viable fetuses  [  179  ] . 
Additionally, recombinant mouse GDF9 or ovine 
BMP15 increases the number of blastocysts that 
develop from bovine oocytes during IVM  [  180  ] . 
As further support, disruption of GDF9 signal-
ing pathway during IVM reduces fetal survival 
 [  181  ] . These studies bring excitement to the ART 
clinics. It has been a long-standing challenge to 
obtain puri fi ed, bioactive, and stable recombinant 
BMP15 and GDF9  [  145  ] . Recently, a number of 
new recombinant proteins have become available 
which include bioactive human BMP15 with an 
N-terminal epitope tag  [  135  ]  or without tag  [  182  ]  
and bioactive human GDF9 with a point muta-
tion  [  183  ] . The recombinant BMP15 and GDF9 
proteins that have been produced and used by a 
number of laboratories are listed in Table  6.1 . 
Future studies should elucidate the contribution 
of individual or combinations of these factors 
to the development of oocyte competence using 
multiple culture systems.  

 Due to the dynamic intercellular communica-
tions between oocytes and their companion gran-
ulosa cells and the active role of oocytes in the 
regulation of follicular cell function, a better 
understanding of the oocyte-somatic cell interac-
tion and the signaling pathways is important to 

   Table 6.1    Recombinant BMP15 and GDF9 ligands reported in the literature   

 Name  Species  Wt/mutant  Epitope tag  Puri fi cation  Reference 

 BMP15  Human  Wt  C-terminal tag/mature domain  Puri fi ed   [  65  ]  
 BMP15  Human  Wt  N-terminal tag/mature domain  Puri fi ed   [  135  ]  
 BMP15  Human  Wt  No tag  Puri fi ed   [  182  ]  
 BMP15  Ovine  Wt  No tag  Unpuri fi ed   [  70  ]  
 BMP15  Mouse  Wt  No tag  Unpuri fi ed   [  184  ]  
 GDF9  Human  Wt  No tag  Puri fi ed   [  185  ]  
 GDF9  Human  Wt  N-terminal tag/proregion  Puri fi ed   [  183  ]  
 GDF9  Human  Gly391Arg  N-terminal tag/proregion  Puri fi ed   [  183  ]  
 GDF9  Ovine  Wt  No tag  Unpuri fi ed   [  70  ]  
 GDF9  Rat  Wt  No tag  Unpuri fi ed   [  22  ]  
 GDF9  Mouse  Wt  No tag  Unpuri fi ed   [  63  ]  
 GDF9  Mouse  Wt  No tag  Unpuri fi ed   [  184  ]  
 GDF9  Mouse  Wt  No tag  Unpuri fi ed   [  111  ]  
 GDF9  Mouse  Wt  N-terminal Flag tag  Puri fi ed   [  40  ]  



86 M.M. Matzuk and Q. Li

unravel the myth of the oocyte developmental 
competence. Particularly, translational studies in 
this research  fi eld may prove invaluable and guide 
the design of novel therapies for female repro-
ductive disorders and infertility which are associ-
ated with defects in follicular development and 
oocyte competence.      
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 Abstract 

 Mammalian oocyte development is characterized by impressive dynamic 
changes in chromatin structure and function within the germinal vesicle 
(GV). During meiotic arrest at diplotene stage, and particularly during the 
oocyte growth phase leading to the formation of the fully-grown and dif-
ferentiated oocyte, the chromatin enclosed within the GV is subjected to 
several levels of regulation controlling both its structure and function. 
Morphologically, the chromosomes lose their individuality and form a 
loose chromatin mass, which in turn undergoes profound and dynamic 
rearrangements within the GV before the meiotic resumption. These large-
scale chromatin con fi guration changes have been studied in several mam-
mals and progressive condensation of the chromatin has been related to 
the achievement of meiotic and developmental potential. In this chapter 
we will give an overview of the scienti fi c literature on this topic, highlight-
ing how changes in chromatin con fi gurations are related to both functional 
and structural modi fi cations occurring in the oocyte nuclear and cytoplas-
mic compartments. Further, we will discuss the machinery regulating this 
complex process, including the fundamental role exerted by the follicular 
cells also throughout intracellular messenger dependent mechanism(s). 
Finally, we will discuss possible implications for the  fi eld of assisted 
reproductive technologies.  

  Keywords 
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      Changes of Large-Scale Chromatin 
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    Introduction    

 In recent years, the process of remodeling of 
chromatin con fi guration within the nucleus of 
the oocyte, occurring toward the end of its dif-
ferentiation phase before meiotic resumption, has 
received much attention and has been studied in 
several mammals. The aims of this chapter are 
to give an overview of the scienti fi c literature on 
this topic and to highlight, to the fullest extent 
possible, the common features among the species 
studied so far. Thus, as classically described in 
textbooks, we  fi rst delineate the  temporal  context 
in which these changes occur in terms of meiosis 
and folliculogenesis. Then, we focus on obser-
vations made on several mammals and on how 
changes in chromatin con fi gurations are related to 
the oocyte competence and to both functional and 
structural modi fi cations occurring in its nuclear 
and cytoplasmic compartments. In further sec-
tions, we consider studies intended to explain the 
mechanism(s) regulating this  complex process 
that is still far from being completely elucidated. 
Finally, we discuss possible implications for the 
 fi eld of assisted reproductive technologies.  

   Large-Scale Chromatin Con fi guration 
Changes: When Do They Happen? 

 In the process of meiosis, the most complex and 
temporally extended phase is the meiotic pro-
phase I when homologous chromosomes pair, 
exchange genetic material by recombination, and 
prepare for meiotic division. Classically, meiotic 
prophase I is divided into  fi ve stages related to 
changes in chromosome morphology. During  lep-
totene , individual chromosomes, each consisting 
of two sister chromatids, are visible as thin strands, 
and meiotic recombination is initiated by the for-
mation of DNA double-strand breaks (DSBs). 
During  zygotene , homologous chromosomes pair 
and align along their lengths; the proteinaceous 
synaptonemal complex (SC) forms and stabilizes 
the alignment between paired  chromosomes, 
which are now referred to as bivalents, or tetrads. 
In  pachytene , SC formation is complete, and mei-
otic recombination among DNA molecules of 
non-sister chromatids is accomplished through 

repair of DSBs. The following stage,  diplotene , 
is usually described as the stage where SC disas-
sembles and chiasmata become visible. Each chi-
asma corresponds to a position where crossover 
occurred and where non-sister chromatids remain 
associated, while the other regions of homolo-
gous non-sister chromatids are largely separated 
from each other. Finally, at  diakinesis , bivalents 
continue to condense and reorganize into more 
compact and contracted structures in preparation 
for meiotic division. 

 Mammalian oocytes enter meiotic prophase I 
during fetal life, after a period of DNA replica-
tion. In the fetus, following leptotene, zygotene, 
and pachytene stages, when chromosome con-
densation and recombination occur, the meiotic 
cell cycle arrests at the diplotene stage until after 
puberty. This protracted  diplotene arrest , also 
known as the  dictyate stage , may last for several 
weeks months or years depending on the species. 
When the oocytes enter the dictyate stage, their 
chromosomes become dispersed, less distinct, 
and appear to form a faint network  [  1,   2  ] , while 
a single layer of  fl attened granulosa cells sur-
rounds the oocytes, thus forming the primordial 
follicles. These follicles are quiescent and con-
stitute a pool where they will be recruited from 
for growth and cyclically selected for ovulation 
during reproductive life. Concomitant to follicle 
development, the growth phase of the oocytes 
occurs, when their diameters increase consid-
erably due to massive synthesis of cytoplasmic 
components. This is a crucial phase for the sub-
sequent early embryonic development. At this 
stage, chromosomes decondense and chromatin 
becomes transcriptionally active. In the oocyte 
nucleus, intense RNA synthesis is detectable 
until it stops toward the end of the growth phase. 
Timing of completion of the growth phase and of 
transcriptional inactivation in relation to follicu-
lar development is species-dependent. Thus, for 
example, the growth of mouse oocytes is already 
completed in the early antral follicles  [  3  ] , while 
bovine oocytes are still in their growth phase 
 [  4  ] . Once the growth phase is concluded, the 
sole fully grown oocytes selected for ovulation 
resume meiosis in response to luteinizing hor-
mone (LH), while subordinate follicles, enclosing 
oocytes that have not been selected for ovulation, 
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undergo degeneration through atresia. Although 
in several mammals – including mice, humans 
 [  5  ] , and large domestic species  [  6,   7  ]  – a certain 
follicular growth activity can be detected during 
prepubertal life, meiotic resumption occurs only 
after puberty is reached. In laboratory practice, 
meiotically competent oocytes are capable of 
spontaneous (LH-independent) meiotic resump-
tion once they are removed from their follicle and 
placed in a suitable culture environment. Upon 
meiotic resumption, oocytes enter diakinesis; 
bivalents condense and individualize in prepara-
tion for the  fi rst meiotic divisions. The nuclear 
envelope breaks down, and meiosis continues to 
the metaphase of meiosis II, occurring when the 
oocytes are released from follicles. This process 
is referred to as oocyte maturation. 

 The nucleus of oocytes arrested at the diplo-
tene I stage shows an intact nuclear envelope and 
is named  germinal vesicle  ( GV ), while the break-
down of this nuclear envelope is known as GV 
breakdown (GVBD). Authors use the expression 
“ GV stage ” to indicate when the oocyte is col-
lected from the ovarian follicle, or even the period 
when the GV is clearly detectable within the 
oocyte before GVBD occurs. Note that the “GV 
stage” is not to be confused with the phase of 
meiotic arrest, or dictyate stage, since meiotic 
resumption is initiated well ahead of the nuclear 
envelope disappearance at GVBD. Therefore, 
even though GVBD is perhaps the  fi rst clear 
manifestation of meiotic resumption, these two 
events are not to be considered equivalent. 

 During meiotic arrest and particularly during 
the oocyte growth phase leading to the formation 
of the fully grown and differentiated oocyte, the 
chromatin enclosed within the GV is subjected to 
several levels of regulation controlling both its 
structure and function. These events include 
mechanisms acting both locally, on speci fi c loci, 
and on a large scale to remodel wide portions of 
the oocyte genome.  Morphologically, the chro-
mosomes lose their individuality as well as their 
characteristic appearance and form a loose chro-
matin mass   [  2,   8  ] ,  which in turn undergoes pro-
found and dynamic rearrangements within the 
GV before the meiotic resumption  .  In the next 
sections, we refer to these rearrangements as to 
“ large-scale chromatin con fi guration changes .” 

 (General bibliographic references for this part: 
 [  9–  13  ] ).  

   Large-Scale Chromatin 
Con fi guration(s) in Mammalian 
Oocyte 

 Different techniques for sample preparation and 
DNA staining have been used to assess chromatin 
con fi guration within the GV of mammalian oocytes. 
Early studies in rat  [  2  ] , mouse  [  14  ] , human  [  8  ] , pig 
 [  15–  17  ] , cattle  [  18,   19  ] , and horse  [  20  ]  described 
chromatin con fi guration in growing, fully grown, 
and in vivo and/or in vitro maturing oocytes by 
using different methods that include DNA staining 
with orcein after acetic alcohol  fi xation, light and 
electron microscopy techniques, DNA staining 
with Giemsa after hypotonic treatment and acetic 
alcohol  fi xation, and other histological methods for 
preparation and staining of ovarian sections. 

 However, the characterization of mammalian 
oocyte’s chromatin con fi gurations to date is based 
on  fl uorescence microscopy, in which DNA is 
stained with  fl uorescent dyes such as DAPI 
(4 ¢ ,6-diamidino-2-phenylindole), Hoechst, pro-
pidium iodide, SYBR Green, SYTOX Green, 
CMA 

3
  (chromomycin A 

3
 -distamycin A-4, 

6-diamidino-2-phenylindole), or with other com-
mercially available  fl uorescent dyes. Usually 
oocytes are freed of cumulus cells and  fi xed in 
formaldehyde-containing solutions, stained, and 
 fi nally mounted on a slide for epi fl uorescence or 
laser-scanning confocal microscopy analysis. The 
three-dimensional organization of the nuclear 
components is typically preserved by mounting 
the samples between a coverslip and a glass slide 
supported by small columns of a mixture of 
Vaseline and paraf fi n and gently compressing 
them between slide and coverslip. Alternatively, 
living (not  fi xed) oocytes can be observed under 
an inverted  fl uorescence microscope, while main-
tained in suspension in drops of medium contain-
ing Hoechst dyes, which are cell permeable and 
can bind to DNA both in live and in  fi xed cells 
 [  21–  23  ] . Fluorescence microscopy is frequently 
used in combination with differential interference 
contrast microscopy and/or phase contrast micros-
copy in order to verify the presence of an intact 
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nuclear envelope and/or the nucleolus. Finally, 
chromatin con fi guration can be assessed in ovar-
ian cryosections after DNA  fl uorescent staining. 

 Using these techniques, Matson and Albertini 
in 1990  [  22  ]  described changes in the organiza-
tion of the mouse oocyte’s chromatin with respect 
to progressive stages of follicular development. 
In their study, chromatin organization was 
classi fi ed into discrete patterns in which the chro-
matin mass is initially found dispersed through-
out the nucleoplasm and appears mainly 
decondensed, with the exception of some aggre-
gates of condensed chromatin. Thereafter, chro-
matin condensation increases, and few chromatin 
foci start to associate with the nucleolar periph-
ery until a complete rim of heterochromatin is 
formed in close apposition with the nucleolus, 
which is not active at this stage and is referred to 
as “nucleolar-like body,” or nucleolar remnant. 
Further studies con fi rmed these observations. 
Consequently, the presence or absence of a com-
plete rim of condensed chromatin around the 
nucleolus is considered to be the morphological 
discerning element for the classi fi cation of mouse 
GV oocytes. The con fi guration in which the peri-
nucleolar chromatin rim is absent is typically 
named “non-surrounded nucleolus” (NSN), while 
the con fi guration where the perinucleolar chro-
matin rim is present is termed “surrounded nucle-
olus” (SN)  [  24–  26  ] . Intermediate con fi gurations 
have been described as “partly NSN” and “partly 
SN”  [  27  ] . Notably, NSN-type con fi guration is 
typical of oocytes collected from primordial to 
growing preantral follicles. Nonetheless, NSN 
oocytes are also found in antral follicles that 
indeed enclose both NSN and SN oocytes, with 
the percentage of SN oocytes increasing with the 
increase in follicle diameter. The origin of the 
oocyte should always be carefully considered 
when studying mouse oocytes with NSN chro-
matin con fi guration, since oocytes from preantral 
follicles and oocytes from antral follicles differ 
signi fi cantly. Some authors refer to such oocytes 
as to “fully grown” NSN oocytes, indicating that 
they originated from antral follicles  [  11  ] . 

 Starting from studies in the mouse model, GV 
chromatin con fi gurations have been assessed in 
several mammals by means of  fl uorescence 
microscopy analysis. Thus, changes in large-scale 

chromatin organization during oocyte growth and 
differentiation as it occurs within the ovarian fol-
licle have been reported in monkey  [  28  ] , pig  [  29  ] , 
human  [  30,   31  ] , and horse  [  32,   34  ]  and reviewed 
in  [  33  ] , cattle  [  21,   35–  37  ] , goat  [  38  ] , sheep  [  39  ] , 
rabbit  [  40  ] , buffalo  [  41  ] , dog  [  42–  44  ] , ferret  [  45  ] , 
and cat  [  46  ]  (see Table  7.1 ).  

 The formation of the perinucleolar rim of con-
densed chromatin has been reported to be a typical 
feature in some of the mentioned above species, 
including human, pig, and monkey. However, 
notable exceptions have also been described. For 
example, in cattle and horse, chromatin condenses 
into a single compact clump instead of forming a 
clearly detectable rim around the nucleolus  [  21, 
  33,   34  ] . Further electron microscopy studies in 
cow, though, have revealed that chromatin in these 
oocytes is mainly located near the inactive nucleo-
lar structure, or nucleolar remnant, that in turn 
appears to be partially or completely encapsulated 
by heterochromatin  [  47  ] . 

 It is worth mentioning here that to describe 
GV chromatin con fi guration, many different cri-
teria of classi fi cation together with a great vari-
ety of names and acronyms (Table  7.1 ) have been 
proposed, differences that, beyond some species 
speci fi cities, can also depend on the research 
group. This might add complexity into the pro-
cess and generate confusion in data interpretation. 
Therefore, whenever possible, labs are encour-
aged toward more uniformity on the issue. 

 Nevertheless, what is clear from scienti fi c lit-
erature is that con fi guration of chromatin enclosed 
within the GV of the prophase I-arrested mamma-
lian oocyte condenses and progressively rearranges 
passing through intermediate con fi gurations. In 
fact, chromatin occurs in a less condensed state, in 
which it is dispersed throughout the nucleoplasm, 
and then remodels into a more condensed state 
where its mass is concentrated in a small area of 
the nucleoplasm, often in close association with 
the inactive nucleolus (Fig.  7.1 ).  

 This process of chromatin condensation and 
spatial reorganization typically occurs during 
growth and differentiation of the oocytes within the 
ovarian follicle, reaching high level of condensa-
tion before meiotic resumption. Numerous studies 
on different mammals report and demonstrate that 
increase in chromatin condensation can be related 
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to progressive increase in oocyte size and to forma-
tion and development of the antral follicle  [  21,   22, 
  24,   26,   28,   29,   31,   35–  37,   39–  41,   46,   48,   49  ] . 

 Both the exact role of the perinucleolar rim of 
heterochromatin and the mechanisms of its forma-
tion are not known and remain thought-provoking 

DiploteneZygoteneLeptotene Pachytene Diakinesis Metaphase II

Bivalents condensation,
individualization and segregation

Homologous chromosomes
pairing and recombination

Mouse
Mattson and Albertini [22],
Zuccotti et al. [26],
Bouniol-Baly et al. [27]

Cow
Lodde el al. [21]

Horse
Hinrichs, [32],
Franciosi et al. [34],

GV0 GV1 GV2 GV3

Fibrillar Intermediate Condensed

Preantral NSN  antral NSN Partly NSN Partly SN SN

Uncondensed

Intermediate CondensedUncondensed

Large-scale chromatin configuration changes

Meiotic arrest

Meiotic resumption

Ovulation

  Fig. 7.1    Schematic representation of large-scale chromatin con fi guration changes in mammalian oocytes       

   Table 7.1    Chromatin con fi gurations in diplotene I arrested oocytes of different mammalian species   

 Species  Chromatin Con fi guration  Reference 

 Mouse  Stage I GV; Stage II GV; Stage III GV; 
Stage IV GV 

 Mattson and Albertini  [  22  ] , 
Wickramasinghe et al.  [  25  ]  

 NSN; SN  Debey et al.  [  24  ] , Zuccotti et al.  [  26  ]  
 NSN; partly NSN; partly SN; SN  Bouniol-Baly et al.  [  27  ]  

 Monkey  GV1; GV2; GV3  Schramm et al.  [  28  ]  
 Human  Group 1; Group 2; Group 3  Miyara et al.  [  31  ]  

 Pattern A; pattern B; pattern C; pattern D (occurring 
mainly after culture) 

 Combelles et al.  [  30  ]  

 Horse  Fibrillar; intermediate; loose condensed; tight 
 condensed;  fl uorescent nucleus (=degenerated) 

 Hinrichs et al.  [  32,   33  ]  

 Fibrillar; intermediate; condensed  Franciosi et al.  [  34  ]  
 Cattle  GV0; GV1; GV2; GV3  Lodde et al.  [  21  ]  

 Category 1; Category 2; Category 3  Fuhrer et al.  [  36  ]  
 GV I; GV II; GV III; GV IV; GV V  Chohan and Hunter  [  35  ]  
 NSN; N; C; SN; F (occurring only after culture)  Liu et al.  [  37  ]  

 Goat  GV1; GV2n; GV2c; GV3n; GV3c; GV4  Sui et al.  [  38  ]  
 Sheep  NSN; SN; SNE  Russo et al.  [  39  ]  
 Pig  FC; SC; GVI  Bui et al.  [  29  ]  
 Rabbit  NSN; NL; LC; TC; SC  Wang et al.  [  40  ]  
 Buffalo  GV I; GV II; GV III; GV IV; GV V  Yousaf and Chohan  [  41  ]  
 Dog  GV I; GV II; GV III; GV IV; GV V  Lee et al.  [  42  ] , Jin et al.  [  43  ]  

 Type I; Type II; Type III  Reynaud et al.  [  44  ]  
 Cat  Filamentous; reticular  Comizzoli et al.  [  46  ]  
 Ferret  FC; ICC; CC  Sun et al.  [  45  ]  
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questions to answer. In mouse and human, this 
structure goes under the name of the “karyo-
sphere”  [  8,   11,   50  ]  that is regarded as “ the result of 
all chromosomes of the gametocyte joining in a 
limited nuclear volume with  fi nal formation of a 
single complex chromatin structure ”  [  51  ] . 
Considering this de fi nition, it is clear that the sin-
gle compact clump of chromatin found within the 
oocyte GV at the end of the process of chromatin 
condensation in bovine, in horse, and in other 
mammals resembles the karyosphere. Strikingly, a 
similar structure, named karyosome, exists in 
Drosophila as well as in many other phylogeneti-
cally distant organisms studied so far  [  51  ] . It has 
been hypothesized, but not experimentally proved 
yet, that this structure may fasten the chromo-
somes into a precise and restricted volume within 
the large GV  [  51  ] . 

 The exact role of the karyosphere also requires 
further and careful studies. Undoubtedly, if we 
knew more about its composition, we would bet-
ter understand its function. For example, studies 
in mouse oocytes have revealed that centromeres 
are an important component of the karyosphere 
 [  50,   52,   53  ] . This is crucial in that centromeres are 
the speci fi c regions in each chromosome where 
the kinetochores that provide interaction sites with 
the spindle microtubules are assembled. In mouse 
SN oocytes, the transient disruption of the karyo-
sphere, obtained by a pharmacological treatment 
using an inhibitor of histone deacetylases, tricho-
statin A (TSA), results in errors during the subse-
quent meiotic division. This is a clear indication 
of the importance of the karyosphere formation 
for the function of the centromeres  [  50  ] . Whether 
this mechanism is conserved among mammals, 
especially in those where the perinucleolar rim is 
not evident, remains to be established.  

   Signi fi cance of Large-Scale Chromatin 
Con fi guration Changes on Oocyte 
Competence 

 An important developmental step during mam-
malian oocyte growth and differentiation is rep-
resented by the transition from less condensed to 
more condensed states of chromatin con fi guration. 
In fact, oocytes showing high levels of chromatin 

condensation have been related to an increased 
embryonic developmental potential when com-
pared with oocytes whose chromatin is less con-
densed, a relation that much experimental 
evidence has con fi rmed. 

 For example, in different species it occurs that 
oocytes have a higher capability to mature in vitro 
when isolated from large antral follicles that 
enclose a big proportion of oocytes showing 
advanced stages of chromatin condensation, in 
comparison with oocytes derived from smaller 
follicles where uncondensed chromatin is mainly 
noticed  [  17,   25,   28,   36,   38,   40,   41,   49  ] . Similar 
correlative relations are found when comparing 
chromatin con fi gurations and meiotic competence 
of oocytes isolated from adult versus prepubertal 
or fetal ovaries  [  25,   35  ] . Moreover, in human and 
mouse, meiotically incompetent oocytes have 
been shown to retain GV with uncondensed chro-
matin after in vitro maturation  [  25,   48  ] . 

 Further and direct evidence that oocytes with 
condensed chromatin are more capable of in vitro 
early embryonic development was  fi rstly provided 
by murine studies, where living oocytes from 
antral follicles were divided into NSN and SN 
oocytes after staining with Hoechst 33342 and 
then subjected to standard procedures for in vitro 
embryo production  [  23,   54  ] . These studies dem-
onstrated that after in vitro maturation and fertil-
ization, NSN oocytes were incapable of any 
development beyond the two-cell stage, whereas 
SN oocytes progressed into the blastocyst stage. 
In cattle, a similar experimental approach gave 
further insights into this process  [  21  ] . For animals 
in this species, living bovine oocytes were consid-
ered and classi fi ed into four stages based on their 
chromatin con fi guration under  fl uorescence 
microscopy analysis and cultured in vitro with a 
system that enables embryonic development of 
denuded oocytes  [  55  ] . Speci fi cally, the GV0 stage 
is characterized by a diffuse  fi lamentous pattern of 
chromatin in the whole nuclear area; the GV1 and 
GV2 con fi gurations represent early and interme-
diate stages, respectively, of chromatin remodel-
ing, a process starting with the appearance of few 
foci of condensation in GV1 oocytes and proceed-
ing with the formation of distinct clumps of con-
densed chromatin in GV2 oocytes; the GV3 is the 
stage where the maximum level of condensation is 
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reached with chromatin organized into a single 
clump. Importantly, when matured in vitro, 
oocytes with a GV0 con fi guration showed a very 
limited capacity to resume and complete meiosis 
I, while virtually all the GV1, GV2, and GV3 
oocytes were able to reach MII stage, despite their 
GV con fi guration. On the contrary, after in vitro 
fertilization and embryo culture, only a limited 
percentage of GV1 oocytes reached the blastocyst 
stage, while GV2 and GV3 oocytes showed a 
higher embryonic developmental potential  [  21  ] . 

 These results further support the notion that 
competencies are acquired concomitantly with 
changes in large-scale chromatin structure at 
sequential stages of oogenesis  [  11,   56  ]  and, more 
precisely, they indicate that meiotic competence 
acquisition is timely related with the appearance 
of early signs of chromatin condensation, while 
embryonic developmental competence is acquired 
before the highest level of chromatin condensa-
tion is reached  [  21  ] . 

 Whereas acquisition of meiotic competence at 
the beginning of the process of chromatin con-
densation seems to be a common feature in mouse 
and horse  [  23,   24,   57  ] , the embryonic develop-
mental potential in oocytes with intermediate 
chromatin con fi gurations has not yet been 
assessed in species other than the cow. Moreover, 
it remains to be established whether transition to 
the highest level of chromatin condensation is 
strictly required for the successful completion of 
meiosis and early embryonic development.  

   Large-Scale Chromatin Con fi guration 
Changes and Transcriptional Activity 

 In all mammals studied so far, changes in chro-
matin con fi guration are temporally correlated 
with the onset of transcriptional silencing in the 
oocyte nucleus  [  27,   31,   38,   40,   46,   47,   58–  60  ] . In 
the mouse, NSN oocytes are transcriptionally 
active and synthesize all classes of RNA, whereas 
the acquisition of the SN con fi guration correlates 
with global repression of transcription in vivo as 
well as in cultured cumulus-oocyte complexes 
 [  27,   31,   58–  61  ] . More precisely, transcriptional 
activity seems to cease completely as soon as 
condensed chromatin begins to associate around 

the nucleolar-like body  [  27  ] . Likewise, in bovine 
oocytes, the GV0 con fi guration, with uncon-
densed chromatin, is always associated with high 
levels of transcription, which in turn is globally 
silenced in GV3 oocytes, where condensed chro-
matin is organized in a single clump. Importantly, 
a major drop in transcription is temporally linked 
to initial chromatin condensation that occurs dur-
ing the GV0 to GV1 transition  [  47,   62  ] . 

 These observations may indicate that chroma-
tin architecture regulates transcriptional activity 
directly. The reciprocal connection of the two 
events is, to some extent, demonstrated by the 
recent  fi nding that the NSN to SN transition is 
signi fi cantly impaired and transcriptional repres-
sion is incomplete in mouse oocytes in which the 
developmental pluripotency-associated protein 3 
(Dppa3, also known as PGC7 or Stella) is knocked 
down  [  63  ] . However, studies in mouse have illus-
trated that transition into the SN con fi guration is 
not strictly required for transcriptional repression. 
In fact, both large-scale chromatin con fi guration 
changes and global transcriptional silencing 
can be experimentally dissociated in in vivo as 
well as in vitro models. For example, in oocytes 
from nucleoplasmin 2 null females, transcrip-
tional silencing occurs even though chromatin 
does not organize into the SN con fi guration, 
while transcription remains silenced when the 
SN con fi guration is disrupted and reverted to 
an NSN-like con fi guration after treatment with 
TSA  [  50  ] . Moreover, transcriptional silencing 
fails to occur in oocytes from histone 3 lysine 4 
methyltransferase (MLL2) conditional knockout 
females, even though chromatin reorganizes into 
the SN con fi guration  [  64  ] . Therefore, large-scale 
chromatin condensation does not seem to be the 
direct and primary cause of transcriptional silenc-
ing, and, conversely, the establishment of the SN 
con fi guration does not depend primarily on the 
acquisition of global transcriptional repression. 
Hence, these two events might be controlled, 
at least partially, by independent mechanisms. 
Accordingly, recent  fi ndings in the murine model 
indicate that RPB1, the largest subunit of RNA 
polymerase II, is bound to DNA in NSN tran-
scriptionally active mouse oocytes, while it is 
found DNA-dissociated in SN transcriptionally 
inactive oocytes, which indicates that global 
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repression of transcription may be due to RNA 
polymerase II dissociation from the DNA of the 
oocyte  [  61  ] . These results also suggest that chro-
matin condensation state is the cause of RNA 
polymerase II dissociation from DNA. However, 
experimental disruption of SN con fi guration with 
TSA does not cause reassociation of RPB1 with 
DNA in loosely structured chromatin resembling 
NSN con fi guration. Additionally, when the SN 
con fi guration is experimentally induced by use 
of RPB1 inhibitor (5,6-dichloro-1- b -D-ribo-
furanosylbenzimidazole, DRB), RPB1 remains 
bound to DNA  [  61  ] . All together these data sug-
gest that RNA polymerase II dissociation from 
DNA occurs independently of the chromatin con-
densation state  [  61  ] , which might explain why 
transcription could persist in SN oocytes under 
certain circumstances  [  64  ] . On the other hand, 
the fact that transition from NSN to SN chroma-
tin con fi guration occurs after treatment with the 
RNA polymerase II inhibitor DRB suggests that 
chromatin condensation may be a consequence 
of RNA polymerase II-dependent transcriptional 
silencing  [  63  ] . Interestingly, it has been proposed 
that increase in chromatin condensation may rein-
force transcriptional repression once it is initiated 
 [  50  ] . A hypothesis to be con fi rmed, similarly, 
primary mechanisms triggering transcriptional 
repression in mammalian oocytes deserve inten-
sive investigation. 

 Consistent with the state of global transcrip-
tional repression that characterizes oocytes with 
highly condensed chromatin, their nucleoli are 
typically found as inactive structures, referred to 
as “nucleolar-like bodies” (NLB) or “nucleolar 
remnants.” Ultrastructurally, these nucleoli appear 
compact and composed of dense material, as 
those described in mouse and human oocytes  [  8, 
  24,   27,   31  ] , or as electron-dense  fi brillar spheres 
with a remnant  fi brillar center on the surface, as 
those described in bovine and pig oocytes  [  47, 
  65,   66  ] . On the contrary, nucleoli of bovine 
oocytes with decondensed chromatin (GV0 stage) 
show the typical morphology of nucleoli that are 
actively engaged in rRNA synthesis, with eccen-
tric  fi brillar centers and electron-dense granules 
aggregated in the form of electron-dense clusters. 

Nucleoli of NSN antral oocytes in mouse and 
human are in a more advanced stage of nucleolar 
inactivation than those described in bovine GV0 
oocytes, and therefore they are still referred to as 
NLB, but possess vacuoles  [  8,   24,   27,   31  ]  and, in 
mouse, accumulation of  fi brillar/granular mate-
rial at the periphery corresponding to rRNA tran-
scription sites  [  27  ] . 

 Clearly, such diversities re fl ect dissimilar met-
abolic properties of oocytes showing diverse 
chromatin con fi gurations, which in turn could be 
the basis for different capacities of in vitro devel-
opment, as the synthesis and storage of maternal 
transcripts before transcriptional repression 
enables the oocyte to complete meiosis and to 
initiate embryogenesis. In this view, oocytes with 
uncondensed chromatin are still in the process of 
accumulating transcripts and other molecules 
indispensable for further development. 

 Recently, by using a microarray analysis 
approach, the metabolic states of two classes of 
oocytes – metaphase II (MII) stage oocytes 
obtained after in vitro maturation of NSN and SN 
antral oocytes – were de fi nitively con fi rmed to 
differ. Importantly, Oct-4 expression was shown 
to be dysregulated in MII oocytes obtained from 
NSN oocytes, when compared with MII from 
SN, which also leads to an altered expression of 
other important genes involved in several bio-
chemical pathways  [  67–  69  ] .  

   Large-Scale Chromatin Con fi guration 
Changes and Cytoplasmic Maturation 

 Coordination between chromatin con fi guration 
changes and rearrangement of cytoplasmic com-
ponents before meiotic resumption was  fi rst exam-
ined and described in mouse  [  22,   25  ] . Microtubules 
form an extensive interphase-like network in the 
cytoplasm of the oocytes of preantral follicles with 
highly uncondensed chromatin and start to local-
ize to perinuclear areas of the ooplasm in con-
comitance with the initial increase in chromatin 
condensation. A step followed by a progressive 
reduction in the density of the microtubule net-
work that is eventually replaced when prominent 
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microtubule-organizing centers (MTOC) appear 
in oocytes with SN con fi guration  [  22  ] . This cor-
relation, together with the  fi nding that more than 
80 MTOCs form in the cytoplasm of the oocyte 
before GVBD, was de fi nitively demonstrated by 
using high-resolution confocal imaging in living 
mouse oocytes  [  70  ] . This outstanding work also 
revealed that the vast majority of MTOCs form 
de novo from the cytoplasmic microtubule net-
work and con fi rmed that this process is important 
for spindle assembly during later stages of mei-
otic progression  [  70  ] . 

 Additional con fi rmation that chromatin 
con fi guration changes are temporally correlated 
with cytoplasmic events comes from studies in 
cow  [  47  ] , in which the progressive increase in 
chromatin condensation and its large-scale reor-
ganization have been related to key structural 
modi fi cations and redistribution of the cytoplas-
mic organelles that are in turn necessary for the 
oocyte to achieve meiotic and developmental 
competences  [  47,   71,   72  ] . Typical features denot-
ing completion of the oocyte growth phase, such 
as undulation of the nuclear envelope and reduc-
tion in size of the Golgi complex in the oocyte 
cortex, were found to be associated with high lev-
els of chromatin condensation in oocytes with 
GV2 and GV3 con fi gurations, thus resembling 
the process of “oocyte capacitation”  [  72  ]  that 
typically characterizes the bovine oocyte differ-
entiation within the dominant follicle, during 
preovulatory development before LH surge  [  72, 
  73  ] . It is interesting to mention here that struc-
tural changes associated with oocyte degenera-
tion in subordinate follicles, usually referred to as 
“pseudo-maturation”  [  73  ] , also show similarities 
to the process seen during capacitation in domi-
nant follicles  [  73,   74  ] . Therefore, it is not surpris-
ing that some features of early atresia, such as 
degeneration of cortical granules and reduction 
in the intercellular coupling between the oocyte 
and cumulus cells (see below), are typical of GV3 
oocytes, since oocyte developmental competence 
appears to be improved by low levels of atresia 
 [  75–  79  ] , reviewed in  [  74,   80,   81  ] . Thus, oocytes 
with the highest level of chromatin condensation 
could represent that proportion of gametes that 

had reached a high developmental capability dur-
ing follicular growth and that were undergoing 
early events of atresia at the time of collection, as 
hypothesized in other species  [  21  ] .  

   Mechanisms Involved in the Control 
of Large-Scale Chromatin 
Con fi guration Changes 

 The molecular mechanisms regulating changes in 
large-scale chromatin con fi guration in the mam-
malian oocyte still remain largely unknown. 
Nonetheless, it is clear that multiple factors can 
contribute to this process. In the following 
paragraph(s) we discuss some of the latest stud-
ies and their  fi rst success in approaching this 
complex mechanism, though aware that this 
review cannot possibly be comprehensive. 

 As discussed above in section “Large-scale 
chromatin con fi guration changes and transcrip-
tional activity”, interferences with the expres-
sion and function of several molecules can affect 
the process of chromatin reorganization into the 
SN con fi guration. Thus, nucleoplasmin 2  [  50, 
  82  ]  and DPPA3 depletions  [  63  ]  all prevent the 
establishment of the SN con fi guration in mouse 
oocytes. Whether these molecules participate in 
the control of large-scale chromatin con fi guration 
remodeling through independent mechanisms 
or rather they are interconnected remains to be 
established. Moreover, the extent to which the 
function of these molecules is conserved among 
mammals is of utmost importance. 

 Histone tail modi fi cations (acetylation, methy-
lation, phosphorylation, ubiquitination, etc.) 
as well as changes in the global level of DNA 
methylation, known to in fl uence chromatin 
structure and function, have been proposed as 
possible modulators of large-scale chroma-
tin con fi guration in mammalian oocytes (for 
examples, see:  [  11,   34,   39,   83–  87  ] ). However, 
to date, there has been more research focused 
on identifying modi fi cations rather than provid-
ing extensive insight into their function. To verify 
the speci fi c role of each modi fi cation, research 
should stress on the function of the enzyme(s) 
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responsible for such modi fi cation, as already done 
for H3K4 methylation and MLL2  [  64  ] . Among 
histone-modifying enzymes, histone deacetylases 
(HDACs) seem to participate in the maintenance 
of the SN con fi guration in mouse oocytes  [  50  ] ; in 
fact, in oocytes exhibiting the SN con fi guration, 
pharmacological inhibition of HDACs with TSA 
induces chromatin decondensation and forma-
tion of NSN-like con fi guration. However, as TSA 
treatment does not change the levels of H3 and 
H4 acetylation, the mechanism by which HDACs 
alter SN con fi guration remains undetected. 

 Interestingly, the function of the histone H2A 
kinase (NHK-1) has been proved necessary for 
the formation of the karyosome, a structure that 
resembles the mammalian karyosphere (see sec-
tion Large-Scale Chromatin    Con fi guration(s) in 
Mammalian Oocyte”) in Drosophila oocytes  [  86, 
  88  ] , as chromatin of oocytes from nhk-1 mutant 
females fails to organize into a karyosome and is 
rather located at the nuclear periphery in a beaded 
aspect.    Moreover, H2AT119 phosphorylation and 
H3K14 and H4K5 acetylation, while present in 
wild-type karyosomes, are altered in the chroma-
tin of oocytes bearing nhk-1 mutation, which 
indicates that these modi fi cations are likely to be 
involved in karyosome formation  [  88  ] . Whether 
these functions are conserved in mammalian 
oocytes is still an intriguing question. 

 Additional experiments in nhk-1 mutant 
Drosophila oocytes have revealed that disassem-
bly of the synaptonemal complex and condensin 
loading are impaired in the absence of NHK-1 
function, thus suggesting that these two processes 
may also be implicated in the formation of karyo-
some  [  86,   88  ] . Noticeably, studies in mouse and 
pig oocytes can con fi rm a critical role for con-
densin I and II in many aspects of chromosome 
segregation during meiosis such as individualiza-
tion and resolution  [  89,   90  ] . Moreover, they can 
indicate that while some of the speci fi c subunits 
of condensin I localize in the cytoplasm before 
GVBD, subunits of condensin II are present in 
the nucleus of the oocyte. Therefore, if condensin 
function in mammalian karyosphere formation is 
conserved, it is probably due to condensin I rather 
than to condensin II.  

   Role of Cumulus Granulosa Cells 
and Gap Junction-Mediated 
Communications in the Control of 
Large-Scale Chromatin Con fi guration 
Changes and Transcriptional Silencing 

 As discussed in the previous sections, to date, the 
mechanisms involved in the control of large-scale 
chromatin con fi guration changes and transcrip-
tional silencing are poorly understood. Moreover, 
how these two events are coordinated during 
oocyte growth and differentiation remains largely 
unknown. Most likely, strategies set in place for 
the control and coordination of these events are 
part of a complex physiological process that ulti-
mately confers the oocyte with meiotic and devel-
opmental competence. 

 Studies in mouse and bovine indicate that 
ovarian granulosa cells and their coupling with 
the oocytes through gap junctions are implicated 
in such a process. In the mouse, when gap junc-
tion-mediated communication (GJC) between 
the oocyte and cumulus cells is prevented, due to 
targeted deletion of the connexin 37 gene (Gja4), 
transcriptional silencing, normally occurring in 
wild-type mice during oocyte growth, is impaired 
and chromatin remains in an uncondensed state 
instead of acquiring the typical SN con fi guration 
 [  91  ] . Similarly, when mouse oocytes from prean-
tral follicles are cultured in vitro, the presence of 
associated granulosa cells is necessary for the 
coordination of large-scale chromatin con fi gu-
ration with the onset of transcriptional silencing, 
at chronological stages equivalent to those of 
in vivo grown oocytes. On the contrary, if the 
oocytes are cultured in the absence of granulosa 
cells, as denuded oocytes, transcriptional silenc-
ing fails to occur and chromatin does not orga-
nize into the SN con fi guration, but remains 
uncondensed with transcription sites that appear 
to be uniformly distributed instead of being more 
pronounced in certain areas of the chromatin, as 
judged by Br-UTP incorporation  [  59  ] . 

 The central role of oocyte-cumulus cells GJC 
in the modulation of chromatin con fi guration 
and transcription has been con fi rmed in bovine 
oocyte-cumulus cells complexes. At the time of 
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collection from antral follicles, the pattern of 
uncondensed chromatin in bovine GV0 oocytes 
associates with a fully open state of GJC between 
the oocyte and the surrounding cumulus cells, 
whereas the percentage of oocytes with function-
ally open communications signi fi cantly decreases 
with the increase of chromatin condensation, from 
GV1 to GV3 oocytes  [  21  ] . Furthermore, when 
cumulus-oocyte complexes from early antral fol-
licles, in which chromatin is mostly decondensed 
(GV0), are cultivated in vitro with low doses of 
FSH, the maintenance of a patent bidirectional 
coupling allows chromatin to gradually organize 
into the GV1 con fi guration, thus acquiring the 
ability to mature and be fertilized in vitro  [  62  ] . 
On the contrary, in the absence of hormonal 
treatment, coupling is not sustained, and chro-
matin remains mainly in an uncondensed state. 
Strikingly, treatment with higher doses of FSH 
does not support functional coupling either, and it 
seems likely to force the oocyte to resume meio-
sis, without an orderly remodeling of chromatin 
con fi guration. Thus, the apparent increased abil-
ity to resume meiosis is not accompanied by an 
equal increase of fertilization competence  [  62  ] . 

 Additional experiments in the bovine model, 
where low doses of FSH sustain GJC functionality 
in cumulus-oocyte complexes from early antral 
follicles, give further insight into the mechanisms 
by which GJC may modulate changes in large-
scale chromatin con fi guration and transcription. 
In this system, treatment with the uncoupler 
1-heptanol induces sudden condensation of chro-
matin and decrease in transcription. However, this 
effect is nulli fi ed by addition of cilostamide to cul-
ture medium  [  62  ] . This indicates that the func-
tional status of GJC may affect both transcriptional 
activity and remodeling of large-scale chromatin 
con fi guration, potentially through cAMP-depen-
dent mechanism(s), because cilostamide acts as a 
speci fi c inhibitor of the oocyte-speci fi c PDE3, an 
enzyme-degrading cAMP  [  92–  94  ] . Besides the 
well-characterized mechanisms of action by which 
cAMP is known to regulate meiotic resumption 
(Reviewed in  [  95,   96  ] , also see chapter by L. 
Mehlmann (Chap.      12    ) in this book), the present 
results may suggest that cAMP could be also 

involved in the control of the activity of factors 
that modulate transcription and large-scale chro-
matin remodeling during the  fi nal phase of oocyte 
growth and before the resumption of meiosis. 

 Interestingly, while in mouse the absence of a 
patent bidirectional communication caused the 
majority of oocytes to remain transcriptionally 
active with uncondensed chromatin  [  59,   91  ] , in 
the bovine GJC disruption by means of 1-hep-
tanol caused premature chromatin condensation 
and transcriptional interruption. However, it 
should be noted that these experimental models 
differ substantially in some aspects; thus, it 
remains to be fully investigated whether this dis-
crepancy might be due to a different physiologi-
cal status of the animal model or to the growth 
phase of the follicle from which an oocyte is iso-
lated. Notably, it cannot be excluded that simply 
the timing when the functional coupling between 
oocytes and cumulus cells is interrupted could 
determine the effect on chromatin structural and 
functional changes  [  62  ] .  

   Implications of Large-Scale Chromatin 
Con fi gurations in Basic Science and in 
Assisted Reproductive Technologies 

 No doubt that the analysis of the functional and 
structural modi fi cations that accompany large-
scale chromatin con fi guration changes in the 
oocyte will have wide-ranging implications for 
understanding: the role of nuclear organization in 
meiosis, the events of nuclear reprogramming, 
and the spatiotemporal regulation of gene expres-
sion during oocyte and embryo development. 
Moreover, experimental manipulation of large-
scale chromatin con fi guration in vivo and in vitro 
will provide a tool to determine the key cellular 
pathways and oocyte-derived factors involved in 
genome-wide chromatin modi fi cations. In this 
context, micromanipulation techniques, such as 
GV transfer  [  46,   97,   98  ]  that allows the trans-
plantation of an isolated GV from one oocyte 
to another, would deepen the knowledge of 
 fundamental processes in oocyte biology, for 
example, the coordination between nuclear and 
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cytoplasmic events and the relative contribution 
of the nuclear and cytoplasmic compartments to 
the competence of the oocyte. Using this tech-
nique, for instance, the nuclei of SN and NSN 
mouse antral oocytes were reciprocally 
exchanged, and the meiotic and developmental 
competences of the reconstructed oocytes were 
assessed. Results of these experiments indicate 
that cytoplasmic factors are responsible for the 
oocyte’s meiotic competence, while nuclear fac-
tors are responsible for the embryonic develop-
mental competence  [  97  ] . 

 Assessment of large-scale chromatin 
con fi gurations has also large implication in assisted 
reproductive technologies (ART) in humans and 
domestic species. It has been shown that different 
patterns of chromatin con fi guration are indica-
tive of different metabolic properties; thus, they 
could represent a morphological marker to select 
a population of oocytes with different culture 
requirements. Several studies support the idea that 
treatments aimed to improve the developmental 
capability of immature oocytes can have a differ-
ent effect with “prematuration culture” depending 
on the metabolic status of the oocyte at the moment 
of its removal from the follicular environment  [  99–
  101  ] . They suggest that prematuration culture may 
be of greater bene fi t to growing oocytes, allowing 
them to accelerate through their growth phase and 
achieve developmental competence  [  102  ] . This 
is con fi rmed also by morphological studies in 
bovine, which demonstrated that pharmacological 
pretreatment can negatively affect oocyte belong-
ing to medium antral follicles when compared 
with those isolated from smaller follicles  [  103  ] . 
Accordingly,  fi ndings in the mouse indicate that it 
is crucial to consider the transcriptional activity of 
the oocyte when attempting to maintain the female 
gamete in meiotic arrest in vitro for protracted peri-
ods; in fact, experimentally extending the interval 
between transcriptional inactivation and resump-
tion of meiosis may be deleterious to subsequent 
embryonic development  [  59  ] . In view of these con-
siderations, success in attempting to improve the 
oocyte developmental capability in vitro may be 
dependent on the actual growth stage of the oocyte, 
when subjected to treatment. Surely, the possibil-
ity to predict large-scale chromatin con fi guration 

on the basis of morphological characteristics of 
the oocyte or of the cumulus-oocyte complex, as 
found in mouse and human  [  104,   105  ] , would con-
siderably improve the application of such cultural 
strategies. 

 It is of extreme importance noticing here that 
attempts to manipulate in vitro large-scale chro-
matin con fi guration must be performed cau-
tiously. In fact, even though it is true that the 
chromatin con fi guration of an oocyte is indicative 
of its developmental capability  at the time of its 
collection from the follicle,  pharmacological treat-
ments forcing chromatin abruptly into a high con-
densed state may not necessarily be bene fi cial to 
the oocyte competence although fundamental in 
basic science-type investigation  [  46  ] . Therefore, 
design of prematurative strategies must take into 
account that chromatin condensation and spatial 
reorganization should occur gradually and orderly, 
recapitulating the process that normally occurs 
in vivo. For example, maintenance of a proper 
functional coupling between oocyte and cumulus 
seems to be crucial in sustaining an orderly chro-
matin condensation in vitro  [  62  ] . Thus, if cou-
pling is prematurely interrupted – that is, when 
oocytes have not yet acquired full competence as 
it is when they are still committed to accumulat-
ing transcripts and other molecules – unexpected 
chromatin condensation can be triggered, thus 
preventing proper and gradual differentiation of 
large-scale chromatin con fi guration and function. 
In view of all given considerations, knowledge of 
the molecular mechanism(s) leading the oocyte to 
remodel its chromatin con fi guration under physi-
ological conditions will be of great help for ART.      
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 Abstract 

 Because of the improvements in ef fi cacy of cancer treatments, the rates of 
cancer survivors are constantly increasing; however some of these more 
aggressive anti-cancer therapies endanger fertility. 

 Although the use of classical Assisted reproduction techniques, like  in 
vitro  fertilisation (IVF) and embryo freezing/transfer (Frozen embryo 
transfer, FRET), are an option for certain adult patients, these techniques 
depend on the amount of oocytes obtained after controlled ovarian stimu-
lation. This treatment is not suitable for children or adolescent patients, 
and potentially unsafe when using it in breast cancer patients. Therefore, 
adolescent and adult female cancer patients are being offered the possibil-
ity to cryopreserve pieces of their ovarian tissue with the ultimate goal of 
restoring their fertility when they are disease free. 
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 The constant progress    in oncological diagnosis 
and treatments has greatly improved the long-
term survival of adolescent and adult female 
cancer patients. However, the use of alkylating 
agents or ionizing radiation induces one of the 
most unbearable side effects: the premature ovar-
ian failure (POF)  [  1  ] . Fertility preservation and 
 restoration is a fastly evolving  fi eld in assisted 
reproductive technologies (ART): it aims to 
offer patients the possibility to bank gametes or 
gonadal tissue to restore their fertility after cur-
ing from cancer or other benign fertility threaten-
ing diseases. 

 Ovarian tissue cryopreservation is currently 
the only possible alternative to preserve the fertil-
ity of patients who cannot delay their treatment 
or who are not sexually mature to undergo ovar-
ian stimulation for oocyte retrieval and/or embryo 
cryopreservation after fertilization. Once the 
treatment is completed and the patient is disease-
free, the reimplantation of frozen/thawed ovarian 
cortical tissue offers the possibility to restore 
endocrine and reproductive function. To date, 18 
live births have been reported worldwide after 
orthotopic transplantation of frozen/thawed 
tissue. 

 With transplantation, there is always a risk 
that in cases of aggressive metastatic cancers, 
malignant cells residing in the transplanted ovar-
ian tissue pieces could retransmit the disease to 
cured cancer survivors  [  2  ] . In vitro folliculogenesis 

emerges as a safe technique, which would allow 
the growth of follicles and ultimately the produc-
tion of fertilizable oocytes. 

 The fact that the gametes at the very immature 
stage (primordial follicles) are better suited to 
stand the cryopreservation procedure makes cur-
rently available ART techniques, like oocyte 
in vitro maturation (IVM) or IVF, insuf fi cient as 
a stand-alone prophylactic procedure. 

 Growing primordial follicles in vitro, after cry-
ostorage, imposes the need to develop in vitro sys-
tems, which at  fi rst would allow the reinitiation of 
growth and further sustain follicular development 
and the obtainment of healthy mature oocytes. 

 Over the last two decades, several culture sys-
tems have been developed with the ultimate aim 
to produce oocytes in vitro from small follicles. 
This in vitro production requires a good under-
standing of the physiological processes that occur 
within the ovarian follicle and determine the right 
environment for the development of the oocyte. 

 Although some studies had already proven 
the feasibility of growing follicles or oocyte-
granulosa cell complexes in vitro, which were 
previously cryopreserved as follicles or within 
the ovarian tissue  [  3–  8  ] , the optimization of cur-
rently available techniques for both cryopreser-
vation and in vitro culture will allow the mass 
production of oocytes that could be fertilized 
and give rise to live births (for review see Smitz 
et al.  [  9  ] ). 

 Ovarian tissue grafting has proven successful, however the latent 
risk for reintroducing malignant cells, enforces the search for alterna-
tives.  In vitro  culture of cryopreserved tissue, and of ovarian follicles 
isolated from this tissue, are challenging alternatives. Techniques for 
culturing ovarian tissue and follicles are under development and may 
bene fi t from advances in molecular techniques, innovative culture 
devices and arti fi cial extracellular matrices. 

 This review focuses on state-of-the-art culturing techniques for 
ovarian follicles and reports on the most recent advances in the  fi eld in 
animal models and in human.  

  Keywords 
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   In Vitro Folliculogenesis 

 Recruitment of primordial follicles into the grow-
ing pool is a tightly controlled event, which is 
responsible for the growth of a selected cohort of 
follicles. During follicular growth, the formation 
of an antral cavity is induced by the differentia-
tion of granulosa cells into two populations with 
distinguishable characteristics. Cumulus cells 
surrounding the oocyte are responsible of its 
nourishment and contribute to the acquisition of 
oocyte competence  [  10,   11  ] . Mural granulosa 
cells (together with theca cells) are responsible 
for the steroid biosynthesis during the growing 
phase  [  12–  14  ] . After the ovulatory stimulus, 
cumulus cells expand and secrete the extracellu-
lar matrix (muci fi cation), while cells of the folli-
cular wall (granulosa and theca cells) develop 
into the secretory corpus luteum, changing from 
being estrogenic to progestogenic  [  15  ] . 

 The oocyte development was previously 
thought to be determined by the somatic cells sur-
rounding it; however, there is compiling evidence 
that the oocyte rather drives the development of 
the ovarian follicle and therefore its own develop-
ment by actively regulating the environment 
within the follicle. It has been shown that the 
oocyte induces the functional changes observed 
in cumulus and mural granulosa cells  [  16  ] . 

   Acquisition of Meiotic 
and Developmental Competence 
In Vitro 

 In mammalian species, it is known that the oocyte 
initiates the prophase of meiosis before birth and 
gets arrested at the dictyate stage as soon as the 
primordial follicles are formed; this happens 
either before (human, bovine, ovine) or early 
after birth (murines and hamster)  [  17–  19  ] . The 
meiotic arrest is maintained during the entire fol-
licular growth, and meiosis resumes when the 
fully grown follicles respond to the LH ovulatory 
stimulus. The capacity of an oocyte to resume 
meiosis (named nuclear competence) is achieved 
when its volume has reached at least 80 % of its 
maximal size (mouse,  [  20  ] , human  [  21  ] ). 

 The ability of an oocyte to be fertilized and 
develop further into an embryo (developmental 
competence) is also acquired during follicular 
growth and after the oocyte has reached nuclear 
competence. It involves the relocation of ribo-
somes and mitochondria, the reorganization of 
the endoplasmic reticulum, the storage of essen-
tial transcripts required during early embryo 
development, and the ability to modulate both the 
Ca 2+  release upon fertilization (calcium oscilla-
tions) and the calcium-dependent secretion of 
cortical granules  [  22–  28  ] . 

 Replication of these events in in vitro models 
has been the focus of several research groups, 
and some progress has been made in growing 
ovarian follicles starting from follicles at differ-
ent stages of development (mainly, from late pre-
antral follicles), especially in small animals. 
However, because cryopreserved primordial fol-
licles are the main source of oocytes for fertility 
restoration, it still remains a challenge to culture 
these very immature follicles and to make them 
grow entirely in vitro. Furthermore, the species 
differences make it dif fi cult to directly apply the 
expertise raised in one species to another  [  29  ] .  

   Folliculogenesis from Primordial 
Follicles 

 Until today, the speci fi c mechanism(s) responsi-
ble for initiation of growth of primordial follicles 
is yet unknown. Several oocyte or somatic cells-
derived factors have been proposed as important 
for follicle activation to occur. For instance, Kit 
ligand (a granulosa cell-derived factor) has been 
shown to induce growth initiation  [  30,   31  ] , while 
anti-Müllerian hormone (AMH, produced by 
granulosa cells of growing follicles) has been 
shown to inhibit follicular recruitment  [  32  ] . 

 Few studies have attempted the culture of iso-
lated primordial follicles of different species but 
with limited success  [  33–  37  ] . This is most likely 
due to the need of follicles to progress to an ade-
quate stage of development with some layers of 
granulosa cells that will support oocyte growth in 
an isolated environment. The advantage of cultur-
ing such small follicles within the ovarian tissue is 
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that follicles are grown in a physiological support 
which allows the interaction among growing fol-
licles and with the stromal cells  [  38  ] . Nevertheless, 
some reports suggested that oocytes can be grown 
under the support of putative theca stem cells, 
without the need for granulosa cells, and poten-
tially give rise to fertilizable oocytes  [  39,   40  ] . 

 Studies of Eppig and collaborators have shown 
that mice newborn ovaries can be cultured to 
obtain follicles growing from the primordial to 
the primary or secondary stage  [  41,   42  ] . These 
growing follicles were enzymatically isolated 
and further cultured until they reached maturity, 
achieving sizes slightly smaller than their in vivo 
counterparts. Later studies have also succeeded in 
 activating primordial follicles by culturing ovaries 
(or cortical tissue pieces) in presence or absence 
of extracellular matrices (murine  [  43,   44  ] , bovine 
 [  45–  47  ] , human  [  38,   48–  51  ] , and others  [  52  ] ). 

 Depending on the methodology used, a prob-
lem that may occur during tissue culture is that 
the basement membrane of growing follicles is 
not preserved, and therefore, oocytes would grow 
without the normal compartmentalization with 
granulosa and stromal cells. This issue has been 
solved by supplementation of ascorbic acid to 
culture media, which protects the basement mem-
brane (by inhibiting matrix metalloproteinases), 
to stimulate collagen biosynthesis and to prevent 
apoptosis  [  51,   53–  55  ] . 

 A generalized concern of the tissue culturists 
is that growing follicles tend to inhibit the growth 
of other follicles in the tissue (growing or non-
growing). Therefore, many strategies make use 
of culture systems including two or more steps: 
 fi rst starting as culture of ovarian tissue until fol-
licles reach a multilayered preantral stage and 
then a second or more culture steps where prean-
tral follicles are isolated and grown until the 
oocyte reaches its fully grown size and acquires 
both nuclear and developmental competence. 

 The idea of introducing a multistep culture for 
ovarian follicles was  fi rst proposed for mouse ova-
ries by Eppig and O’Brien  [  41  ]  and later improved 
by the same group  [  42  ] . Although the improved 
protocol showed a higher offspring number after 
embryo transfer, the success rate was still low (6 % 
of the transferred two-cell embryos developed to 
term) and con fi rmed the principle that competent 

oocytes can be obtained from culturing primordial 
oocytes. Similar achievements in large animal spe-
cies have not been proven yet. Consequently, it 
was not until recently that the ef fi cacy of the step-
wise-controlled growth of follicles from the pri-
mordial stage has been demonstrated by Telfer 
et al.,  [  51  ]  who developed a two-step serum-free 
culture system for human follicles that allowed the 
production of antral follicles in 10 days of culture. 
The belief until today is that a similar in vivo 
development would take several months in human 
 [  56  ] . The same principle was later applied to 
bovine follicles, demonstrating the interspecies 
validity of this culture system  [  47  ] . A similar 
approach involving secondary follicle culture in alg-
inate beads has also been attempted in mouse  [  57  ] .   

   Primordial Follicle Activation 

 The precise mechanisms underlying activation of 
a selected cohort of primordial follicles are yet 
unknown. Nevertheless, some studies have shown 
that follicular activation can be achieved in vitro 
by culturing ovaries or cortical pieces (depending 
on the species) in medium containing or not 
serum as protein source [mouse  [  41,   42  ] , baboon 
and bovine  [  45,   58,   59  ] , goat  [  52  ] , and human 
( [  38,   48,   51  and unpublished data from the 
Follicle Biology Laboratory; Vrije Universiteit 
Brussel, Brussels.   ]) (Fig.  8.1 ).  

 The primordial to primary transition character-
izes the entry of an awaking primordial follicle into 
the pool of growing follicles. Morphologically, pri-
mordial follicle activation is de fi ned by a signi fi cant 
oocyte growth (from around 30  m m to more than 
60  m m in mouse) accompanied by a transition from 
 fl at to cuboidal granulosa cells and acquisition of 
a zona pellucida  [  56  ] . Although full knowledge 
of the precise biological mechanisms underlying 
primordial follicle activation is still lacking, there 
is evidence that a multidirectional communication 
among oocytes and surrounding somatic cells, act-
ing in an autocrine and paracrine manner, is crucial 
in this process  [  60,   61  ] . Knowledge on the function 
of the majority of growth factors and hormones 
acting on the primordial follicle activation has 
been obtained mainly from animal models  [  62–
  71  ] . For instance, Activin A, GDF9, and BMP15 
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have been assessed for their potential physiologi-
cal signi fi cance in regulating the earliest stages of 
follicular development in human  [  72,   73  ] . 

   Control of Primordial Follicle Activation 
by the Phosphatidylinositol 3-Kinase 
(PI3K) Signaling Pathway in Oocytes 

 Recent genetic studies have reported that primor-
dial follicle activation may require certain common 
pathways that are involved in cell proliferation and 
survival, such as the PI3K pathway, which can be 

activated in vitro by some growth factors  [  74,   75  ] . 
The PI3K pathway including Akt and FOXO3A 
(Forkhead box O3A)  [  76  ]  establishes cascades of 
intracellular signaling that are  fundamental for the 
regulation of cell proliferation,  survival, migration, 
and metabolism. The phosphatase and tensin 
homolog deleted on chromosome ten (PTEN) 
antagonizes the activity of PI3K by converting 
PIP 

3
  to PIP 

2
   [  77  ] . Thus, the balance between PI3K 

and PTEN activities determines PIP 
3
  levels, which 

affect the Akt pathway mainly involved in follicu-
logenesis  [  75,   78  ] . Particularly, PTEN indirectly 
inhibits the  phosphorylation of Akt, which can no 

a b

c d

  Fig. 8.1    Human ovarian tissue in culture. Tissue 
 fragments were obtained from a patient (13 years old) that 
underwent oophorectomy for ovarian tissue cryopreserva-
tion before undertaking chemotherapy for cancer. Tissue 
fragments were cultured in medium containing 10 % fetal 
bovine serum as protein source and under a non-attaching 
condition. ( a ) Microscopical observation of ovarian tissue 
after 13 days of culture. Numerous translucent growing 
follicles can be observed within the tissue. ( b  and  c ) 

Hematoxylin-eosin staining of serially sectioned tissue 
before ( b ) or after ( c ) 13 days of culture. Tissue before 
culture contained mainly primordial follicles, while after 
culture time, some secondary follicles were observed. ( d ) 
Granulosa cells of the follicle depicted in ( c ) stained posi-
tively for PCNA, suggesting their proliferative status and 
the healthiness in the growing follicles (Data from the 
Follicle Biology Laboratory)       
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longer phosphorylate FOXO3A, prohibiting its 
nuclear export and the inhibition of transcriptional 
activities leading to apoptosis and cell cycle arrest 
 [  79  ]  (Fig.  8.2 ).  

 Using an in vitro culture system, treatment of 
mouse and rat cultured oocytes with Kit ligand 
(KL, also known as stem cell factor) was shown 
to activate the PI3K network, leading to the phos-
phorylation of Akt and FOXO3A  [  76  ] . Moreover, 
initiation of follicular growth was dramatically 
increased by the addition of recombinant KL to 
the culture system of rat and mouse ovaries, rela-
tive to the unstimulated controls  [  43,   80  ] . 

 Insulin has been found to in fl uence mouse fol-
licle development through the insulin receptor/

PI3K/Akt signaling pathway  [  81  ] . Furthermore, 
the in vitro effect of insulin in the primordial 
to primary transition appeared stage-speci fi c. 
In a 3-dpp mouse ovarian culture, continuous 
insulin exposure has been reported to repress 
the phosphorylation of Akt and the subsequent 
follicle activation, whereas it was promoted 
during culturing of the 16.5-dpc mouse ovaries 
 [  81  ] . Previous studies have shown that supple-
menting the medium with insulin and insulin-
like growth factors (IGF) I and II may stimulate 
follicle activation when present during cultur-
ing of human ovaries. However, the precise 
mechanism remains unknown in human model 
 [  82,   83  ] . 
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  Fig. 8.2    Strategies to activate primordial follicles in vitro. 
Due to its nature (small size and volume), primordial fol-
licles stand well the cryopreservation procedure; therefore, 
they become an important source of gametes for fertility 
restoration. The process of primordial follicle activation is 
not well understood; however, in vitro evidence has pro-
vided some information on the key players involved in the 
process. It has been proposed that somatic cells-derived 
factors may signal the primordial follicles to initiate the 
growth process. Factors like leukemia inhibitory factor 
( LIF ), platelet-derived growth factor ( PDGF ), and bone 
morphogenetic proteins 4 and 7 ( BMP4  and  BMP7 ) have 
been shown to promote the transition between primordial 
( left in  fi gure ) and primary follicles ( right in  fi gure ). 
Among others, Kit ligand ( KL ), a peptide produced by 
granulosa cells and suggested to stimulate both oocyte 
growth and theca cell function, has been shown to be 

 stimulated by factors secreted by the oocyte itself (i.e., 
basic  fi broblast growth factor,  bFGF ) or by somatic stromal 
cells (i.e., keratinocyte growth factor,  KGF ). Recently, it 
has been reported that activation of the AKT pathway in 
the oocyte would phosphorylate and translocate FOXO3 
( forkhead box O3A ) from the nucleus to the cytoplasm, 
relieving its action as repressor of follicular activation and 
stimulator of apoptosis (detailed explanation in text). 
Moreover, KL and insulin had been suggested as potential 
triggers of the AKT pathway. In contrast, AMH (anti-Mül-
lerian hormone) produced by granulosa cells of growing 
follicles has been reported to inhibit primordial follicular 
activation.  GC  granulosa cells,  OO  oocyte,  PTC  precursor 
theca cells,  TC  theca cell,  PTEN  phosphatase and tensin 
homolog deleted on chromosome ten,  PI3K  phosphati-
dylinositol 3-kinase;  PIP2  phosphatidylinositol 4,5-bis-
phosphate,  PIP3  phosphatidylinositol (3,4,5)-triphosphate       
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 Manipulating key signaling pathway such as 
PI3K/Akt might be an original way to maximize 
in vitro yields of growing follicles from an ovar-
ian tissue. In this regard, Li et al. (2010)  [  84  ]  
showed that after a short-term incubation of mice 
and human ovaries containing primordial  follicles 
with the PTEN inhibitor and the activator of the 
PI3K, a larger amount of developing follicles was 
observed in comparison with an untreated ovary. 
Moreover, the addition of Activin A during the 
culture of ovarian tissue pieces pretreated with the 
PTEN inhibitor and the activator of the PI3K has 
been found to increase follicular growth in com-
parison with untreated controls. Treatment with 
Activin A alone led to improved follicle survival 
and larger harvest of secondary follicles (unpub-
lished results of Follicle Biology Laboratory, 
Vrije Universiteit Brussel, Brussels   ) (Fig.  8.3 ).   

   Regulation of Primordial Follicle 
Activation by Growth Factors, 
Hormones, and Cytokines 

 The addition of FSH has shown positive effects 
on the development of the early stages of 
human and goat follicles  [  83,   85  ] ; however, 
contradictory effects have been shown on the 

development of primordial follicles in pieces 
of bovine cortex  [  86  ]  supported by the fact that 
FSH receptor message is absent in primordial 
follicles  [  87  ] . 

 Keratinocyte growth factors (KGF)  [  68  ] , 
leukemia inhibitory factor (LIF)  [  63  ] , basic 
 fi broblast growth factors (bFGF)  [  62,   67  ] , and 
platelet-derived growth factor (PDGF)  [  69  ]  were 
also shown to enhance the primordial to primary 
follicle transition in neonatal rat organ cultures.  

   Regulation of Primordial Follicle 
Activation by Some Members 
of the TGF- b (Beta) Family 

 AMH (also called Müllerian inhibitory sub-
stance) belongs to the TGF- b (beta) superfamily, 
which also includes activins, bone morphoge-
netic proteins (BMPs), and growth and differen-
tiation factors (GDFs)  [  88  ] . It was demonstrated 
that AMH in culture inhibits the early develop-
ment of human  [  49  ]  and mouse  [  89  ]  follicles in 
culture. In contrast, a study involving culture of 
human ovarian biopsies in the presence of 
recombinant AMH challenged the inhibitory 
role of AMH in the activation of primordial fol-
licles  [  90  ] . 

D15D1

a b c

  Fig. 8.3    In vitro production of secondary follicles from 
primordial follicles in mouse. Mouse ovarian primordial 
follicles can be activated and grown in vitro up to the sec-
ondary preantral stage. Preliminary data shows that these 
secondary follicles can be isolated and further cultured, 
reach the antral stage, and ovulate in vitro. Examples of 
the culturing steps are depicted in ( a – c ). ( a ) Piece of ovar-

ian tissue treated for 24 h with a PI3K activator and a 
PTEN inhibitor. ( b ) Piece of ovarian tissue cultured for 
15 days containing growing follicles in the primary and 
secondary stage. ( c ) Early secondary follicles isolated 
from ovarian tissue pieces after 18 days of culture. Scale 
bars:  black  = 10.0  m m,  white  = 5.0  m m       

 



116 S. Romero et al.

 The in vitro effects of GDF-9 in the primordial 
to primary transition are controversial. Although 
the in vitro culture of neonatal rat ovaries with 
GDF-9 did not affect primordial follicle develop-
ment  [  64  ] , GDF-9 has been shown to facilitate 
the activation of primordial follicles in cultured 
human ovarian tissues  [  91  ] . Similarly, GDF-9 has 
been reported to stimulate follicular activation in 
cultured goat and hamster ovaries  [  70,   92  ] . 

 BMP-4  [  66  ]  and BMP-7  [  93  ]  were also shown 
to act as positive regulators of follicular activa-
tion by increasing the primordial to primary fol-
licle transition in neonatal rat organ cultures.  

   Activin A and Primordial Follicle 
Activation 

 Effects of Activin A on primordial follicle activa-
tion are unclear: the few in vitro experiments have 
reported contradictory data. While it has been 
shown to regulate the formation of the initial pool 
of follicles after occurrence of the germline cysts 
breakdown in mouse ovaries  [  94  ] , an inhibition of 
spontaneous follicular activation has been 
described in human  [  72  ] . Another study has shown 
that Activin A promotes the growth of transitional 
(primordial-primary) bovine follicles  [  95  ] .   

   The Preantral to Antral Phase 

 Most of the models for in vitro growth of pre-
antral follicles have been developed in mouse. 
The advantage against other models is that its 
 follicular cycle is relatively short, which makes 
it feasible to be entirely reproduced in vitro. 
Therefore, most of the information provided here 
has been reported in mice, and when available, 
information on large species is pointed out. 

 Because oocyte competence in cultured fol-
licles is still suboptimal when compared to 
in vivo grown oocytes  [  29,   42,   96–  99  ] , in vitro 
conditions need to be optimized, so that oocytes 
with good developmental competence can be 
obtained. 

 For instance, the presence of both insulin and 
FSH has been described to in fl uence the  regulation 
of the follicular environment, with physiological 

levels stimulating follicular survival and growth, 
while high levels were inducing inappropriate 
differentiation of granulosa cells and more impor-
tantly affecting oocyte competence  [  100–  104  ] . 
The improvement of culture conditions should 
allow for the maintenance of a normal cumulus 
cell phenotype, which probably re fl ects the qual-
ity of the oocyte  [  101  ] . 

 The culture of secondary follicles is relatively 
well standardized. Over the years, many models 
for culture of isolated secondary follicles have 
been developed and further optimized; however, 
culture of isolated primary follicles has proven 
more dif fi cult to achieve  [  33,   38,   48,   105,   106  ] . 
An overview of the main achievements in the 
quest for the most adequate system for growing 
secondary follicles is provided hereafter. 

   Attachment Permissive Versus 
Non-attaching Culture Conditions 

 Protocols for culture of secondary follicles 
involve different procedures for follicle isola-
tion, culture supports, and culture media; never-
theless they could be divided into two main 
categories: the attaching permissive systems 
(also referred to as bidimensional systems) and 
the non-attaching systems (also referred to as tri-
dimensional). The main difference between these 
two ways of culturing is the spatial distribution 
of the follicular cells including the localization 
of the oocyte. 

 Methods for follicular isolation involve enzy-
matic or mechanical isolation, the latter being 
more advantageous when maintenance of base-
ment membrane and theca cell layer matters. 

 In the attaching permissive systems, follicles 
are cultured in microdroplets or small volume of 
media, with/without oil overlay. The culture 
dishes (or plates) are usually treated for ensuring 
the adherence of cells to the plastics. Once in cul-
ture, granulosa cells quickly breach the follicular 
basement membrane, and both granulosa and 
theca cells adhere to the bottom of the culture 
dishes. The follicle remodeling results into the 
development of the oocyte in an open system 
where nutrients, hormones, and gases diffuse 
freely via the culture medium  [  24,   107,   108  ] . 
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 The non-attaching systems prohibit the adher-
ence of the follicles to the plastic. This can be 
obtained (1) by growing the follicles on cellulose 
or polycarbonate membranes  [  109–  112  ] ; (2) by 
frequently transferring the follicles from a culture 
well to another  [  113–  115  ] ; (3) by culturing folli-
cles embedded in a matrix such as matrigel, col-
lagen  [  116–  118  ] , or alginate  [  5,   119–  125  ] ; (4) by 
combining the use of non-adherent surfaces, like 
hydrogel-coated plates, and transferring the folli-
cles daily to a new culture well  [  126,   127  ] ; or (5) 
by using culture plates coated for ultra-low attach-
ment with an hydrophilic hydrogel  [  128  ] . The 
embedding of follicles in alginate matrix is lately 
used the most and has proven to be useful for cul-
turing follicles from different species including 
mouse, bovine, primate, and human. Examples of 
cultured mouse follicles under attaching and non-
attaching conditions are shown on Fig.  8.4 .  

 Evaluation parameters to monitor progress 
during culture include follicular survival, follicle 
and oocyte growth, morphology (sometimes 
accompanied by histological analysis), steroido-
genesis (measurement of androgens and estro-
gens in spent medium), response to the ovulatory 
stimulus (muci fi cation and expansion of cumulus 
cells and the capacity of the oocyte to reinitiate 
meiosis), fertilization, and embryo development 
 [  5,   107,   109,   110,   119–  125,   129–  131  ] . More 
recently, molecular biology analysis has also 
been used as a way to better characterize in vitro 
grown follicles and de fi ne in vitro conditions 
which will favor oocyte and embryo quality 
 [  103,   104,   124  ] . Having all these techniques at 
hand, they could all be used for a broad range of 

applications; however some models are more 
suitable for studying certain aspects of folliculo-
genesis than others. Obviously, follicle rupture 
and ovulation are better studied in models where 
the basement membrane is maintained during 
culture  [  111  ] . 

 In general, it has been shown in mouse that 
preantral follicles cultured with these techniques 
grow and reach the preovulatory stage and can 
give rise to fertilizable oocytes that can develop 
further to form blastocysts  [  111,   114,   132,   133  ] . 
In mouse, live offspring has been reported  [  41, 
  42  ] . Moreover, few comparative studies assess-
ing the bene fi ts of one technique over the others 
had been reported  [  134  ] .  

   Follicle Maturation and Length 
of Culture 

 Studies on oocyte competence in mice revealed 
that an optimal length of culture would guarantee 
a better chance to obtain developing embryos. For 
instance, an important parameter to be considered 
when determining the appropriate length of cul-
ture is the follicular diameter at the start of culture. 
Thus, studies have shown that inadequately pro-
longed cultures affect follicular development caus-
ing follicles to degenerate  [  135  ]  and that oocytes 
of follicles cultured for an optimal period of time 
have better chances to produce blastocysts  [  133  ] . 

 An event that precedes the acquisition of 
developmental competence is the reorganization 
of chromatin around the oocyte nucleolus [from 
the nonsurrounded (NSN) to the surrounded (SN) 

a b c

  Fig. 8.4    Examples of follicle culture models. All follicles 
were isolated from 13-day-old mice (as type 3b follicles; 
Pedersen classi fi cation) and cultured for 9 days. ( a ) Mouse 
follicle in an attachment permissive system. ( b  and  c ) 

Mouse follicles cultured in a non-attaching condition, in 
ultra-low attachment plates ( b ), or embedded in an alg-
inate bead ( c ).  Arrowheads  indicate position of the cumu-
lus-oocyte complex. Scale bar, = 20.0  m m       
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stage]  [  136–  138  ] . This reorganization is repro-
duced by cultured follicles; however, the time 
between the establishment of the surrounded 
nucleolus (SN) chromatin con fi guration and fer-
tilization should be kept to the minimal, so that 
oocyte quality is not compromised  [  139  ] . 

 The concept of an innate growth time for fol-
licles is challenged by recent work including 
Activin in a two-step culture system of short 
duration  [  47,   51  ] . However, competence of 
cultured oocytes under those conditions remains 
as yet unproven.  

   Gonadotropins 

 Several factors have been claimed to be bene fi cial 
for follicular growth; among them, hormones like 
FSH had been shown to help not only as survival 
factor (preventing atresia) but also stimulating 
follicular growth when follicles reach the antral 
stage and estrogen production  [  140–  142  ] . The 
dose of FSH administered to growing follicles 
varies from system to system; however, 10–100 
mIU/ml is most commonly used. Some studies 
have also reported that addition of small doses of 
LH induces the differentiation of the follicle and 
determines the transition between preantral and 
antral stage  [  143  ]  as well as changes in the 
expression pattern of the cumulus-oocyte com-
plex  [  104  ] . 

 The interplay of factors such as the dose and 
timing of FSH and the follicular con fi guration 
(imposed by attaching or non-attaching condi-
tions) has an in fl uence on the transcript levels of 
marker genes in the oocyte and cumulus cells, 
which re fl ects the oocyte developmental capac-
ity  [  128  ] . Consequently, in vitro conditions that 
closely reproduce the physiological follicular 
environment will de fi nitely favor the production 
of good quality oocytes.  

   Protein Source and Other Factors 

 Many culture systems make use of fetal bovine 
serum as preferred protein source; however, speci fi c 
protein composition of the serum (hormones and 

growth factors) is mostly unknown and varies from 
batch to batch. Therefore, a more de fi ned culture 
medium (certainly for clinical applications) 
requires a serum-free composition in which pro-
teins and growth factors are added in known quan-
tities. Some studies attempted to lower serum 
concentration in culture or its total or partial 
replacement by albumin, ovalbumin, synthetic 
serum supplements, or fetuin. Especially, fetuin 
was included to prevent zona hardening during cul-
ture under serum-free conditions  [  24,   120,   144  ] . 

 Among several growth factors, insulin-like 
growth factor 1 (IGF-1) and Activin A have been 
reported as bene fi cial for follicular survival, 
growth, and differentiation to the antral stage in 
mouse and other species  [  131,   145,   146  ] . 

 Studies with knockout mice for the androgen 
receptor revealed that androgens are also impor-
tant for follicular growth  [  147,   148  ] . Depending 
on the stage of follicles development, a critical 
amount of androgens in medium contributes to 
the appropriate development of follicles. For 
instance, androgens have been reported as factors 
promoting the growth of small preantral follicles 
in mouse, bovine, and primates  [  110,   149–  153  ] . 
Other studies have proven that excess of andro-
gens during the antral phase causes follicular 
atresia and is detrimental for oocyte quality 
 [  154–  157  ] .  

   Periovulatory Period 

 Periovulatory events have also been well repli-
cated in culture, and recent achievements have 
made clear that LH surge triggers different path-
ways within the follicle, preparing the oocyte to 
be released and fertilized. Shortly after the LH 
signal, membrane-bound EGF-like factors are 
produced in both mural granulosa and cumulus 
cells  [  158–  162  ]  and are further released into the 
follicular  fl uid so that they reach out the cumulus 
cells to induce muci fi cation and expansion and to 
trigger meiotic resumption in the oocyte. 

 The use of follicle culture systems has pro-
vided information on the importance of the 
oocyte in preparing the cumulus cells for its 
ovulatory role  [  10,   16,   163  ] . Lately, the in vitro 
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culture of follicles revealed that ovulatory sig-
naling via LH and/or EGF might play a distinct 
role to the one reported in in vivo grown fol-
licles  [  164  ]  and therefore points out to the fact 
that when  optimizing culture conditions some 
responses might differ from the expected ones. 
Nevertheless,  follicular rupture and the ovulation 
process have previously been successfully repro-
duced in vitro in a mouse model  [  111  ] .   

   At the End of Folliculogenesis: 
Oocyte In Vitro Maturation (IVM) 

 Patients undergoing ovarian hyperstimulation for 
ART are given high doses of FSH followed by a 
high dose of hCG to trigger oocyte maturation. 
Although the majority of the recovered oocytes 
are at the metaphase II stage and ready to be fer-
tilized, there are some that did not mature and 
remain in the germinal vesicle (GV) stage. IVM 
intends to provide culture time that allows for the 
oocyte to resume meiosis and reach the meta-
phase II stage. In spite of the fact that many of 
those initially immature oocytes can become 
mature in vitro, the developmental competence is 
not optimal; the embryos produced are often ane-
uploid  [  165  ]  and therefore give rise to half or less 
pregnancies than routine in vitro fertilization 
(IVF) procedures  [  166,   167  ] . 

 It is well accepted that the key strategy for 
improving the outcome of IVM is to provide an 
environment that will allow acquisition of devel-
opmental competence encompassing nuclear 
competence. An approach that has been imple-
mented into IVM is the prolongation of the mei-
otic arrest of the oocyte, while it acquires its 
developmental competence, and the provision of 
a more physiological succession of positive mat-
uration stimuli, in mouse  [  168,   169  ] , bovine  [  170, 
  171  ] , and human  [  172–  175  ] . 

 Fertility preservation may bene fi t from IVM 
in cases where ovarian hyperstimulation of onco-
logical patients is unsafe and where the retrieval 
of immature oocytes from small antral follicles 
becomes the preferred option. Therefore, further 
research is required to improve the IVM outcome 
and to make it a more reliable technique in ART.      
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 Abstract 

 Although, development of traditional and conditional transgenic knockout 
mice models has been critical in revealing how oocyte-expressed transcripts 
regulate oocyte growth and embryo development, many aspects concerning 
reproduction remain to be determined. Recent studies have demonstrated that 
oocyte-speci fi c transcriptional regulators play essential roles in regulating 
various stages of oogenesis, folliculogenesis and early embryonic develop-
ment. In this book chapter, we categorized and reviewed transcriptional regu-
lators based upon their known function in germ cells: (1) those that are 
speci fi cally expressed in the female germline and appear to function only in 
oocytes (Figla and Nobox); (2) those that are expressed in both male and 
female germline and affect both male and female fertility (Sohlh1 and 
Sohlh2); and (3) those that are highly expressed in germ cells, but show addi-
tional expression in other somatic tissues (Lhx8, Pou5f1 and Yy1).  These 
investigations will provide insight into the regulation of mammalian fertility.  
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    Introduction    

 Oogenesis is de fi ned as the formation,  development, 
and maturation of an oocyte. In mammals, it is a 
process that is initiated during fetal development 
but completed many years later at the time of 
fertilization. The precursors to oocytes are 
the primordial germ cells (PGCs), which are 
speci fi ed early in embryogenesis outside the 
embryo proper. Subsequently, PGCs migrate 
and colonize the urogenital ridge to estab-
lish the undifferentiated gonad. Oogenesis 
consists of several sub-processes including 
oocytogenesis  (transformation of oogonia into 
primordial oocyte) and ootidogenesis (develop-
ment of primordial oocyte into primary oocyte). 
Folliculogenesis, or development of the ovarian 
follicle, accompanies and supports oogenetic 
development (Fig.  9.1 ). Folliculogenesis begins 
when the oocyte is surrounded by somatic cells 
to form primordial follicles, which are generally 
believed to represent the stock of oocytes avail-
able to the female during her reproductive years. 
Development of the oocyte within the ovarian 
follicle requires synchronous growth and differ-

entiation of the oocyte and its companion somatic 
cells  [  1–  3  ] , and oocytes produce many factors that 
regulate granulosa cell development. In addition, 
oocytes must also synthesize and store maternal 
proteins that are important not only for success-
ful folliculogenesis and oocyte maturation but 
also for early embryonic development  [  4–  6  ] .  

 The advent of advanced genomic methodolo-
gies and transgenic mouse genetic technologies 
has led to the identi fi cation of genes involved in 
transcriptional regulation within the oocyte 
 [  7–  11  ] . Many of these germ cell- or oocyte-
speci fi c transcription factors have proved to be 
critical modulators in maintaining coordinated 
expression of oocyte-speci fi c genes necessary for 
oocyte and follicle growth, as well as chromatin 
organization and reprogramming during early 
embryonic development  [  12–  16  ] . In this chapter, 
we discuss these transcription factors based on 
their known function in germ cells (Table  9.1 ): 
(1) those that are preferentially expressed in the 
female germline [factor in the germline alpha 
( Figla ) and newborn ovary homeobox gene 
( Nobox )] and appear to function only in oocytes; 
(2) those that are preferentially expressed in both 

Germ cell
cyst

Follicle stage

Primordial Primary Secondary Antral

Figla Sohlh 1
Sohlh 2
Nobox
Lhx 8

Yy 1 ?

  Fig. 9.1    The role of oocyte-expressed transcription 
 factors during mammalian folliculogenesis. Oocytes ini-
tially develop in the ovary as clusters termed germ cell 
cysts ( GCC ). GCCs break down to form primordial folli-
cles, which constitute the quiescent pool of follicles dur-
ing the reproductive lifespan. Primordial follicles activate 
to become primary follicles. Primary follicles develop 
into secondary follicles with continued growth of the 
oocyte and the somatic granulosa and thecal cells. 
Stimulation of follicles by the pituitary gonadotropins 

results in the development of a follicular antrum (antral 
follicles), which de fi nes a gonadotropin-dependent stage 
of growth prior to ovulation. Mice lacking oocyte tran-
scription factors ( Figla ,  Nobox ,  Sohlh1 ,  Sohlh2 ,  Lhx8 , and 
 Yy1 ) display arrest at different stages of the folliculogen-
esis. While many of the transcription factors such as 
 Nobox ,  Figla , and  Lhx8  are also expressed at later stages 
of follicle development, their function at these times is 
currently unknown due to the postnatal loss of oocytes in 
knockout mouse models       
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the male and female germlines, but not other tis-
sues [spermatogenesis and oogenesis helix-loop-
helix 1 and 2 ( Sohlh1  and  Sohlh2 )], and affect 
both male and female fertility; and (3) those that 
are highly expressed in germ cells, but show 
additional expression in adult tissues [LIM 
homeobox 8 ( Lhx8 ), POU domain class 5 tran-
scription factor 1 ( Pou5f1 ), and Yin Yang 1 ( Yy1 )] 
and have known physiologic functions in other 
tissues. Knowledge of these differences in expres-
sion may be a key to understanding how these 
genes are individually regulated, as well as how 
they intersect to form the oocyte transcriptional 
network.   

   Transcription Factors Whose Function 
Is Limited to Oocytes:  Figla  and  Nobox  

 Very few transcription factors function exclu-
sively in oocytes. In mice,  Figla  and  Nobox  have 
the highest expression in the ovary, and mice null 
for  Figla  or  Nobox  have reproductive defects only 
in females. As might be predicted, these oocyte-
restricted transcription factors regulate a distinct 
set of genes whose expression is largely limited 
to oocytes. Thus,  Figla  and  Nobox  are necessary 
for establishing an oocyte-speci fi c gene expres-
sion pattern  [  18,   23  ] . In addition, recent data 
have also demonstrated that they may have addi-
tional functions to suppress the alternative testis-
speci fi c pattern  [  24  ] . As critical regulators of 

oocyte gene expression, not surprisingly, muta-
tions in these genes are being found in patients 
with ovarian dysfunction, including primary 
ovarian insuf fi ciency (POI). 

   Factor in the Germline Alpha ( Figla ) 

  Figla  encodes a germ cell-speci fi c basic helix-
loop-helix (bHLH) transcription factor and was 
 fi rst discovered in a screen used to identify tran-
scription factors that bind to the promoters of 
genes comprising the extracellular matrix that 
surrounds growing oocytes, the zona pellucida 
(ZP)  [  23  ] .  Figla  transcripts can be detected in the 
mice embryonic gonad as early as E15.5, shortly 
after the onset of sexual dimorphism of the 
gonads, but  Figla  expression undergoes a dra-
matic increase at the end of embryonic develop-
ment to peak by postnatal day 2 – a time when 
oocytes have become enclosed in primordial fol-
licles  [  17  ] . A similar timing of  FIGLA  expression 
during primordial follicle formation is found in 
humans, with  FIGLA  transcripts increasing 
between 17 and 19 weeks of gestation  [  25  ] . 
Functional homologs of  Figla  have been identi fi ed 
in  fi sh  [  26,   27  ]  and cow  [  28  ] . In bovine,  FIGLA  is 
expressed predominantly in ovaries and detect-
able when primordial follicles start to form, as 
early as 90 days of gestation  [  28  ] . Bovine  FIGLA  
mRNA and protein are abundant in germinal 
 vesicle and metaphase II-stage oocytes, as well as 

 Gene  KO phenotype  Germ cell loss  Mutations in POI  References 

  Functions exclusively in oocytes  
  Figla   Infertile  Oocyte loss by PN day 2  Present  Soyal et al.  [  17  ]  
  Nobox   Infertile  Oocyte loss by PN day 14  Present  Rajkovic et al.  [  18  ]  
  Functions in male and female germ cells  
  Sohlh1   Infertile  Oocyte loss by PN day 7  ND  Pangas et al.  [  47  ]  
  Sohlh2   Infertile  Oocyte loss by PN day 7  ND  Choi et al.  [  19  ]  
  Functions in multiple cell types  
  Lhx8   Infertile  Oocyte loss by PN day 7  Absent  Choi et al.  [  20  ]  
  Pou5f1   Infertile  Early PGC depletion  ND  Kehler et al.  [  21  ]  
  Yy1   Infertile  Arrested follicle 

development 
 ND  Grif fi th    et al.  [  22  ]  

   Abbreviations :  PN  postnatal day,  PGC  primordial germ cell,  ND  not determined  

 Table 9.1    Oocyte-expressed  transcriptional regulators required for oogenesis  
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in embryos from pronuclear to 8-cell stage, but 
barely detectable in embryos collected at morula 
and blastocyst stages, suggesting that  FIGLA  might 
be a maternal effect gene and may play a role dur-
ing bovine early embryonic development  [  28  ] . 

 Mice lacking  Figla  appear normal at birth and 
have normal mating behavior as adults  [  17  ] . In 
addition, aspects of PGC physiology, such as 
PGC speci fi cation, migration, and proliferation, 
are not affected in female  Figla   −/−   mice, nor is 
embryonic gonad development  [  17  ] . However, 
 Figla   −/−   females are sterile and lose all germ cells 
by postnatal day 7  [  17  ] . In addition, primordial 
follicles do not develop  [  17  ] . As expected, the 
FIGLA target genes,  Zp1 ,  Zp2 , and  Zp3 , are not 
expressed in the  Figla   −/−   ovaries  [  17  ] . 

 Additional genes beyond the zona pellucida 
genes are also regulated by FIGLA. By compar-
ing gene expression patterns in normal and  Figla  
null gonads,  Figla  was further identi fi ed as a key 
regulatory factor that coordinates expression of 
several known oocyte-speci fi c genes, especially 
the  Nlrp  ( NLR  family of pyrin domain-containing) 
genes, which are known to be essential for early 
embryogenesis. In addition, FIGLA regulates a 
set of functionally unannotated genes speci fi cally 
expressed in ovary  [  29  ] . Interestingly, proteomic 
analysis between normal and  Figla   −/−   ovaries 
found 18 testis-speci fi c proteins signi fi cantly 
upregulated in  Figla   −/−   ovaries compared to 
normal ovaries  [  24  ] . By using a human sperm-
speci fi c promoter ( TSPY1 , testis-speci fi c protein 
Y-encoded) to drive ectopic expression of  Figla  in 
spermatogonia and early primary spermatocytes, 
FIGLA was shown to downregulate a subset of 
testis-associated genes essential for spermato-
genesis and subsequently causes age-related ste-
rility associated with testicular dysmorphology, 
impaired meiosis, and germ cell apoptosis  [  24  ] . 
This suggests that FIGLA, in addition to acting 
as a positive regulator of  oocyte-speci fi c genes, 
acts as a repressor of testis-speci fi c genes, thereby 
promoting the female sexual differentiation path-
way during gonadogenesis. 

 Two plausible mutations in  FIGLA  have been 
found in patients with premature ovarian failure 
(a heterogeneous genetic disorder characterized 
by premature depletion of ovarian follicle before 
the age of 40)  [  30  ] . Molecular analyses of these 
mutations show that these variants adversely 

affect FIGLA’s interaction with TCF3 helix-loop-
helix domain and further substantiate the impor-
tance of  FIGLA  in the pathophysiology of ovarian 
failure. Such  fi ndings suggest that in addition to 
its role in the formation of primordial follicles, 
 Figla  may be critical in regulating primordial fol-
licle activation, but further research is needed to 
verify this proposed functional role.  

   Newborn Ovary Homeobox Gene 
( Nobox ) 

 Newborn ovary homeobox gene ( Nobox ) was 
identi fi ed by  in silico  subtraction of expressed 
sequence tags (ESTs) derived from the newborn 
ovaries  [  31  ] . The mouse  Nobox  expression pat-
tern is very similar to that seen for  Figla . Its tran-
scripts are detected as early as E15.5 in the 
mouse embryo  [  18  ] .  Nobox  mRNA and protein 
are preferentially expressed in oocytes of germ 
cell cysts and primordial and later-stage follicles 
throughout folliculogenesis  [  18,   31  ] . Functional 
homologs of  Nobox  have also been identi fi ed in 
human  [  32  ] , pigs  [  33  ] , and cows  [  34  ] . Human 
 NOBOX  expression is restricted to oocytes within 
the ovary, but  NOBOX  has detectable levels in 
the testis and pancreas within adult human tis-
sues  [  32  ] . Bovine  NOBOX  mRNA is restricted to 
ovarian samples with very minor expression in 
adult testis and can be detected in fetal ovaries 
harvested as early as 105 days of gestation period 
when primary follicles start to form  [  34  ] . Similar 
to mice, bovine NOBOX protein predominantly 
localizes to the nuclei of oocyte throughout fol-
liculogenesis  [  34  ] . Furthermore,  NOBOX  mRNA 
and protein are expressed in a stage-speci fi c 
manner during bovine oocyte maturation and 
early embryonic development and of maternal 
origin  [  34  ] . 

 Similar to the  Figla  knockout mouse model, 
deletion of the  Nobox  coding region (including 
the homeodomain) in female mice results in 
infertility and disrupts early postnatal stages of 
folliculogenesis  [  18  ] . Although  Nobox   −/−   mice 
have normal embryonic ovarian development 
(i.e., germ cell proliferation and initial formation 
of germ cell cysts), the majority of oocyte and 
follicle growth is inhibited beyond primordial 
follicle stage (Fig.  9.1 ), and oocytes are lost 
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 rapidly 2 weeks after birth  [  18  ] . Some primordial 
follicles form, but most oocytes are retained in 
germ cell cysts prior to their loss  [  35  ] . 

 A very clear pattern of gene expression 
changes quickly emerged during the analysis of 
 Nobox  null ovaries. There were no changes in 
genes implicated in initiation of primordial fol-
licle formation ( Kitl  and  Kit ), meiosis ( Mlh1  
and  Msh5 ), or apoptosis ( Bcl2 ,  Bcl212 ,  Casp2 , 
and  Bax )  [  18  ] . Moreover, normal expression 
was found for some secreted growth factors 
such as  Fgf2 ,  Bmp4 , and  Wnt4 , as well as tran-
scription factors,  Gcnf  and  Foxo3a   [  18  ] . 
However, transcripts speci fi cally expressed in 
oocytes are dramatically downregulated in 
 Nobox  knockout mice ovaries. These include 
 Mos ,  Pouf51 ,  Rfpl4 ,  Fgf8 ,  Zar1 ,  Dnmt1o ,  Gdf9 , 
 Bmp15 , and  H1oo   [  18,   36  ] . Some of these genes 
are direct targets of NOBOX regulation, such as 
 Gdf9  and  Pou5f1 , while others are likely indi-
rectly regulated  [  18,   37  ] . 

 Several high-af fi nity cis-acting sites (TAATTG, 
TAGTTG, and TAATTA) have been identi fi ed as 
NOBOX DNA binding elements (NBEs)  [  37  ] . 
Three putative NBEs are found in the mouse 
 Gdf9  and  Pou5f1  promoters  [  37  ] . GDF9 is an 
oocyte-speci fi c member of the transforming 
growth factor beta (TGFB) superfamily and a key 
mediator of granulosa cell function and follicle 
growth. Deletion of  Gdf9  in mice causes infertil-
ity due to an arrest during follicle growth such 
that only one layer of granulosa cells is formed 
(i.e., follicles arrest at the primary stage)  [  38  ] . In 
addition, because of disruptions in feedback 
between the granulosa cells and the oocyte, kit 
ligand ( Kitl ) is overexpressed and binds to its 
receptor,  Kit , on the oocyte, resulting in preco-
cious growth of the oocyte  [  39  ] . 

 While GDF9 is a critical oocyte-expressed 
protein and appears to be directly regulated by 
NOBOX,  Nobox  null ovaries lose follicles earlier 
than the stage at which  Gdf9  null ovaries arrest, 
likely because NOBOX regulates additional genes 
necessary for proper germ cell cyst (GCC) break-
down  [  35  ] . During GCC breakdown, oocytes, 
which were previously connected via intracellular 
bridges, are invaded by somatic cells to form pri-
mordial follicles. Oocytes in  Nobox  null ovaries 
improperly separate, leading to the development 
of syncytial follicles  [  35  ] . While alterations in a 

number of different signaling pathways cause 
defects in GCC breakdown (i.e., somatic deletion 
of activin, altered Notch signaling, and exposure 
to estrogens) (reviewed in  [  40  ] ), the mechanism 
by which this happens is still unclear. 

 Mutations in NOBOX have been found in 
women with primary ovarian insuf fi ciency (POI), 
with some estimates as high as 6.2 % of idiopathic 
cases, which would give  NOBOX  the highest prev-
alence for any currently described gene in nonsyn-
dromic POI  [  41  ] . These mutations occur as both 
nonsense and missense mutations, with variable 
severity in phenotypes  [  41,   42  ] . Many of these 
mutations occur in the homeobox domain and 
have a dominant negative effect on the binding of 
NOBOX to DNA  [  42  ]  or show haploinsuf fi ciency 
 [  41  ]  depending on the mutation. There also appear 
to be some differences in the association of these 
mutations with POI in different populations, with 
most of the mutations found in Caucasian or 
African patients  [  41,   43–  45  ] .   

   Transcription Factors Whose Function 
Is Limited to Male and Female Germ 
Cells ( SOHLH1  and  SOHLH2 ) 

 NOBOX and FIGLA are transcription factors that 
are predominantly expressed in oocyte and, as 
such, control the expression of the limited num-
ber of genes whose expression is, by de fi nition, 
restricted to oocytes. Even though  Nobox  and 
 Figla  have low levels of expression in the testis, 
male mice null for  Nobox  or  Figla  have normal 
fertility  [  17,   18  ] . In contrast, there are several 
transcription factors with expression restricted to 
male and female germ cells and which function 
in both cell types. These include the basic helix-
loop-helix transcription factors, SOHLH1 and 
SOHLH2. 

   Spermatogenesis- and Oogenesis-
Speci fi c Basic Helix-Loop-Helix 1 and 2 
( Sohlh1  and  Sohlh2 ) 

  Sohlh1  and  Sohlh2  were identi fi ed by the same 
silico subtraction strategy used to identify  Nobox  
 [  46,   47  ] .  Sohlh1  and  Sohlh2  are preferentially 
expressed in the male and female gonads and 
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detected in embryonic ovaries as early as E13.5 
 [  46,   47  ] . In the ovary,  Sohlh1  and  Sohlh2  mRNA 
and protein are expressed exclusively in oocytes 
in germ cell cysts and primordial and primary 
follicles (i.e., they are undetectable by the sec-
ondary follicle stage and beyond). This peculiar 
expression pattern is different from other oocyte-
restricted transcription factors,  Figla  and  Nobox , 
and suggests that  Sohlh1  or  Sohlh2  play unique 
roles in early folliculogenesis  [  46,   47  ] . Similar to 
 Nobox  and  Figla  knockout mice, female mice 
lacking  Sohlh1  and  Sohlh2  have normal germ cell 
migration and proliferation but display defects in 
early folliculogenesis.  Sohlh1  null ovaries lack 
primary follicles by postnatal day 3. In addition, 
by postnatal day 7, mutant ovaries are signi fi cantly 
smaller than the wild type and contain only a few 
remaining oocytes enveloped by the  fl at somatic 
cells (i.e., primordial follicles)  [  19,   47  ] . 

 Both  Sohlh1  and  Sohlh2  null ovaries have 
defects in expression of many oocyte-speci fi c 
genes such as  Figla  and  Nobox  and their respec-
tive downstream target genes  Gdf9 ,  Pou5f1 ,  Zp1 , 
and  Zp3   [  19,   47  ] . These data suggest that  Sohlh1  
and  Sohlh2  function earlier than these other 
oocyte-speci fi c networks (i.e., that for  Nobox  and 
 Figla ). Analysis of  Sohlh1  deletion in mice also 
uncovered a role for an additional homeobox gene, 
 Lhx8 , in oocyte development  [  47  ] . Interestingly, 
expression of  Sohlh2  is partially downregulated in 
 Sohlh1   −/−   ovaries, and  Sohlh1  is absent in  Sohlh2   −/−   
ovaries, suggesting that  Sohlh1  and  Sohlh2  might 
share similar regulation during oogenesis or poten-
tially cross-regulate each other’s transcription. 

 There are many questions that remain with 
respect to SOHLH1 and SOHLH2 function. In 
general, basic helix-loop-helix transcription fac-
tors act as dimers, and it is currently unknown as 
to whether SOHLH1 and SOHLH2 can form het-
erodimers or whether cooperation exists between 
these two pathways.  Sohlh1  mutations have been 
identi fi ed in nonobstructive azoospermia in males 
 [  48  ] , but  Sohlh1  or  Sohlh2  mutations in female 
reproductive disorders have not been reported. 
Further identi fi cation and characterization of 
the regulation of  Sohlh1  and  Sohlh2  will help 
to delineate germ cell-speci fi c pathways that 

 contribute to the molecular basis of the gonadal 
differentiation.   

   Transcription Factors that Are Highly 
Expressed in the Germ Cells but also 
Function in Embryonic or Adult 
Tissues [LIM Homeobox 8 ( Lhx8 ); 
POU Domain Class 5 Transcription 
Factor 1 ( Pou5f1 ); Yin Yang 1 ( YY1 )] 

 Very few transcription factors show a germ cell- 
or oocyte-restricted expression pattern, and the 
majority of transcription factors that are expressed 
in the oocyte are also utilized in other tissues. 
Therefore, their deletion in mice often results in 
embryonic lethality, unless their loss of function 
can be compensated by expression of other genes. 
This can be circumvented by the use of condi-
tional knockout technologies such as the loxP-cre 
recombinase system. In reproductive biology, 
this has been facilitated by the use of two oocyte-
restricted promoters ( Gdf9  and  Zp3 ) to express 
cre recombinase to generate targeted deletion in 
oocytes in a stage-speci fi c manner  [  49  ] . 

   Lim Homeobox Gene 8 ( Lhx8 ) 

 LIM homeobox ( Lhx ) transcription factors are 
unique to the animal lineage and highly con-
served from nematodes to mammals  [  50,   51  ] . 
They play critical patterning roles during embry-
onic development in invertebrates and  vertebrates, 
with a conserved role in specifying neuronal 
identity  [  52  ] .  Lhx8  mRNA is preferentially, 
though not exclusively, expressed in the male and 
female gonads and detected as early as E13.5 in 
the embryonic gonads, similar to the other oocyte-
speci fi c transcription factors discussed above  [  20, 
  47  ] . However, deletion of  Lhx8  causes a cleft pal-
ate in mice with incomplete penetrance resulting 
in the inability of newborn pups with a cleft  palate 
to suckle and, subsequently, their neonatal death 
 [  53  ] .  Lhx8  is also expressed in the brain, and sur-
viving  Lhx8   −/−   pups live to adulthood but lack 
cholinergic neurons  [  54  ] . 
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  Lhx8  transcripts localize to oocytes in germ 
cell cysts as well in oocytes during postnatal fol-
liculogenesis  [  20,   47  ] . Female mice null for  Lhx8  
are infertile  [  20,   47  ] . When analyzed from new-
born mice,  Lhx8   −/−   ovaries do not show any dif-
ferences in the number of oocytes; however, the 
number of oocytes enclosed as primordial folli-
cles is signi fi cantly less in  Lhx8   −/−   ovaries com-
pared to wild type  [  20  ] . Moreover, by postnatal 
day 7,  Lhx8   −/−   ovaries contain very few oocytes 
compared to the wild type, and most follicles in 
the  Lhx8   −/−   ovaries are degenerating. These data 
implicate  Lhx8  as a critical transcriptional regu-
lator of oocyte survival and differentiation  [  20  ] . 

 Several oocyte-speci fi c genes downregulated 
in  Sohlh1  and  Sohlh2  null ovaries were also 
downregulated in  Lhx8   −/−   ovaries and surpris-
ingly, this included  Nobox   [  20,   47  ] . These data 
suggest that  Nobox  functions downstream of 
 Lhx8 . This clari fi ed a question remaining from 
initial studies of  Sohlh1 , which indicated  Lhx8  
was a direct target of SOHLH1, but which did not 
determine the relationship between  Nobox  and 
 Lhx8   [  47  ] . Comparing gene expression changes 
between the various knockout mouse models was 
important in determining the potential epistatic 
relationship between these transcription factors. 
Microarray datasets from  Lhx8   −/−   and  Nobox   −/−   
newborn ovaries show that not all genes misregu-
lated in  Lhx8   −/−   ovaries are also misexpressed in 
the  Nobox   −/−   newborn ovaries     [  20  ] . For instance, 
 Nlrp5  and  Zp3  expressions are signi fi cantly 
downregulated in  Lhx8   −/−   ovaries, but not affected 
by  Nobox  de fi ciency. In addition,  Nobox  deletion 
shows differences not seen in the  Lhx8  knockout. 
Thus, these data indicate that some, but not all, of 
the defects in  Lhx8  are due to loss of  Nobox . The 
relationship between these transcription factors 
does not appear to be linear, and the networks 
they control yet to be determined.  

   POU Domain-Containing Class 5, 
Transcription Factor 1 ( Pou5f1 ) 

  Nobox  deletion results in loss of  Pou5f1  ( Oct4 ), a 
nuclear transcription factor that belongs to class 

V of the POU transcription factor family  [  55  ] . 
Most of our knowledge of  Pou5f1  function comes 
from studies that describe its key role in regulat-
ing transcriptional networks essential for stem 
cell renewal and differentiation  [  56  ] .  Pou5f1 -
de fi cient embryos develop to the morula stage, 
but do not form inner cell mass cells and fail to 
give rise to embryonic stem (ES) cell colonies 
in vitro  [  57  ] . Furthermore,  Pou5f1  determines the 
cell fate decisions of embryonic stem cells, and 
repression of  Pouf51  causes a loss of prolifera-
tion and induces differentiation of trophectoderm 
lineage  [  58  ] . In contrast, overexpression of 
 Pouf51  in ES cells leads to primitive endoderm 
differentiation  [  59  ] , while a minor (1.5-fold) ele-
vation of  Pou5f1  expression in germ cells leads to 
development of gonadal tumors  [  60  ] . Therefore, 
minute changes in the expression level of  Pou5f1  
can have signi fi cant impact on cell fate and 
growth properties of ES cells. 

 At E7.5,  Pou5f1  expression is strictly 
con fi ned to PGCs, which are the precursor of 
the gametes  [  61  ] . Targeted deletion of  Pou5f1  in 
PGCs at E7.5 (using TNAP-cre transgenic mice) 
results in premature apoptosis in PGCs prior to 
their colonization of the developing gonadal 
ridges  [  21  ] .  Pou5f1  mRNA and protein are 
expressed in the nuclei of proliferating PGCs 
present in the undifferentiated genital ridges at 
E11.5 and in the developing ovaries at E12.5 
and E13.5; however, its expression ceases when 
the oocytes enter into prophase of the  fi rst mei-
otic division (E14.5) and reappears after birth to 
remain expressed throughout folliculogenesis 
 [  61  ] . It has been speculated that NOBOX regu-
lates the re-expression of  Pou5f1   [  18  ] . However, 
the importance of  Pouf51  during postnatal 
 folliculogenesis is currently unknown.  

   Yin Yang 1 ( Yy1 ) 

 Yin Yang 1 ( Yy1 ) is a zinc  fi nger-containing 
transcription factor that functions as an activator 
or repressor of gene expression and is essential 
for mouse development  [  62–  67  ] .  Yy1  is 
expressed in multiple tissues including the 
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ovary, and  Yy1  null embryos die around the time 
of implantation  [  67  ] . In the ovary,  Yy1  is 
expressed in the oocytes and granulosa cells 
throughout folliculogenesis  [  22  ] . YY1 has been 
proposed to function as a modi fi er of target 
chromatin because it has been shown to recruit 
histone deacetylases and acetyltransferases  [  68  ]  
and also interacts with core transcriptional regu-
lator proteins, such as CREBBP (p300/CBP) 
and PRMT1  [  69  ]  and members of the polycomb 
repressive complex  [  70  ] . In addition, YY1 has 
been shown to negatively regulate TGFB signal-
ing by interacting with the SMAD transcription 
factor, SMAD4  [  71  ] . 

 Conditional deletion of  Yy1  in oocytes from 
primary follicles using  Zp3- cre transgenic mice 
results in infertility in female mice. These ova-
ries contain defects in folliculogenesis and oocyte 
maturation  [  22  ] . When  Yy1  is deleted, a suite of 
germ cell-expressed transcription factors changes 
in a pattern not seen in previous knockout mouse 
models for oocyte-expressed transcription 
 factors.  Sohlh1  is signi fi cantly increased, and 
 Figla ,  Lhx8 , and  Pou5f1  are signi fi cantly 
decreased  [  22  ] . Even though  Figla  is decreased, 
the zona pellucida genes are unchanged. In addi-
tion,  Nobox  expression does not change in  Yy1  
mutant oocytes though the NOBOX target genes 
 Gdf9  and  Pou5f1  are decreased. This may sug-
gest that YY1, perhaps by its ability to alter chro-
matin structure, is also required for NOBOX to 
appropriately regulate these genes  [  22  ] . Further 
complicating the understanding, the phenotype 
of  Yy1  null oocytes is that the deletion, unlike 
those for  Sohlh1 ,  Nobox ,  Lhx8 , and  Figla , occurs 
conditionally at the primary stage during postna-
tal follicle development. By using the  Zp3 -cre 
mouse to drive expression of the recombinase, 
the deletion thus coincides with the normal tim-
ing of  Sohlh1  suppression in oocytes of WT fol-
licles. It has been proposed that  Sohlh1  is a 
master regulatory gene that speci fi es an oocyte-
speci fi c gene expression pattern by establishing 
the initial expression of a set of transcription fac-
tors (i.e.,  Lhx8  and  Nobox ) that are capable of 
sustaining their own transcription throughout the 
remainder of folliculogenesis  [  47  ]  (Fig.  9.3 ). It is 
possible, though unproven, that perhaps YY1 is 

required by  Sohlh1  to establish this pattern of 
gene expression.   

   Conclusion 

 Over the past decade, the use of mouse genetic 
models has delineated the critical roles of 
multiple oocyte-expressed transcription fac-
tors in oogenesis, such as the  Sohlh1 ,  Sohlh2 , 
 Nobox , and  Figla . These mouse knockouts 
display depletion of their entire oocyte pool at 
the very earliest stages of follicle formation 
and development. Because of their dramatic 
phenotype and their high degree of conserva-
tion between species, these genes and their 
downstream target genes are excellent candi-
dates for analysis in primary ovarian 
insuf fi ciency (Table  9.1 )  [  72–  74  ] . It is clear 
that  Sohlh1 ,  Sohlh2 ,  Lhx8 ,  Figla , and  Nobox  
modulate the expression of genes essential for 
oogenesis (Fig.  9.2  and Table  9.2 ). However, it 
is not entirely understood whether, or how, 
these transcription factors cross-regulate each 
other and if they do so by interacting with 
input from other signaling pathways (Fig.  9.3 ). 
Recent advancements in conditional knockout 
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  Fig. 9.2    Venn diagram of gene expression changes in 
 Sohlh1 ,  Sohlh2 ,  Lhx8 , and  Nobox  knockout mouse mod-
els. The genes represented in the intersections indicate 
that they were downregulated in two or all four mutants. 
Genes involved in folliculogenesis are highlighted  red  and 
in early embryogenesis, as  blue        
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technology and generation of stage-speci fi c 
expression of cre recombinases will continue 
to provide new information about the involve-
ment of these and other genes in regulating 
transcriptional networks in the oocyte. Future 
research also needs to focus on elucidating the 
molecular mechanisms of transcriptional reg-
ulation during oogenesis using a variety of 
biochemical, molecular, genetic, and high-
throughput genomic approaches. Such studies 
will provide further insight into the transcrip-
tional networks during oogenesis and may 
uncover new therapeutic opportunities for 
women who experience premature reproduc-
tive senescence and infertility.         
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  Abstract 

 Successful fertilization and early development depend on the quality of 
the ovulated oocyte. Our knowledge lacks of links between morphological 
aspects described and the genomic and epigenomic features that work in 
the backstage. Bringing to light these links would permit the identi fi cation 
of molecular markers of the oocyte developmental competence. In this 
chapter, we will review our current understanding of the changes that 
occur to the oocyte epigenetic signature during folliculogenesis and in 
mature oocytes.  

  Keywords 

 Oocyte  •  Epigenomic  •  Chromatin organization  •  DNA methylation  
 Histone acetylation  •  Histone methylation  •  ssRNA     

      An Epigenomic Biography 
of the Mammalian Oocyte       

     Maurizio   Zuccotti,       Valeria   Merico,    
   Carlo   Alberto   Redi, and       Silvia   Garagna           

    Introduction 

 Successful fertilization and early development 
depend on the quality of the ovulated oocyte. 
Even though this is endorsed by both the experi-
mental and clinical practice, our still scarce 
knowledge of the biology of the mammalian 
oocyte makes it dif fi cult to identify parameters 
that de fi ne the quality or “developmental 
 competence” of an oocyte. The many attempts 
to establish markers of the oocyte’s develop-
mental competence have produced divergent 
results or have worked only in speci fi c experi-
mental contexts. To this respect, the oocyte 
morphology, the concentration of various fac-
tors in the follicular  fl uid, the role of the oocyte’s 
mitochondria, the telomere length, and the tran-
scription pro fi le of cumulus cell-speci fi c genes 
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are some of the most studied aspects of the 
oocyte and of the ovarian follicle biology. 

 The analysis of the level of cumulus cell-
speci fi c transcripts has identi fi ed groups of genes 
that are directly ( PTGS2 ,  HAS2 ,  GREM1 , and 
 PTX3 )  [  1–  3  ]  or inversely ( GPX3 ,  CXCR4 ,  CCND2 , 
and  CTNND1 )  [  4,   5  ]  correlated to human embryo 
preimplantation quality and pregnancy outcome. 
Recent studies analyzed the whole cumulus cell 
transcriptome in human  [  6  ]  and bovine  [  7  ]  cumu-
lus cell-oocyte complexes bringing up a new set 
of putative marker transcripts. 

 The concentration in the follicular  fl uid of 
myoinositol (a serum trophic factor), inhibin B 
 [  8,   9  ] , or AMH has been used for their predictive 
value of human preimplantation embryonic 
development, with the latter suggested as a better 
predictor of oocyte fertilizability  [  10  ]  and 
 pregnancy rate  [  11  ] . Some authors have proposed 
the presence of a high level of estradiol on the 
day of hCG administration as a candidate marker 
of low pregnancy rate  [  12,   13  ] , but these data are 
con fl icting with others that describe no correla-
tions with the  fi nal pregnancy outcome  [  14,   15  ] . 
Similarly, a reduction at the time of oocyte col-
lection in the level of progesterone receptor in 
human cumulus cells was associated with mor-
phologically good oocytes  [  16  ] . 

 Mitochondria have been the subject of a large 
number of studies, but how and whether they con-
tribute to the determination of the oocyte develop-
mental competence is still unclear. The whole 
preimplantation period is sustained by mitochon-
dria produced during oogenesis, and only when the 
embryo begins implantation, their production is 
resumed. Therefore, an unbalanced number of these 
organelles, an incorrect distribution, or an altered 
function may have negative effects on the early 
stages of development (for a review, see  [  17  ] ). 

 The number of mitochondria in mouse primor-
dial germ cells (PGCs) is very small, being 
approximately 10–100/cell; then, by the mature 
oocyte they sum up to ~90,000  [  18  ] . The total 
number of mitochondria seems to be critical to the 
developmental competence of an oocyte, since 
subnormal levels of these organelles correlate 
with premature maturation arrest of the oocyte 
and early death of the preimplantation embryo 

 [  19,   20  ] . A low mitochondrial complement may 
determine a bioenergetic/metabolic shortage with 
consequences on the oocyte’s ability of meiotic 
resumption, fertilization, and to sustain the early 
phases of development (reviewed in  [  20–  23  ] ). 
Along with these studies, ATP values have also 
been associated with the oocyte’s developmental 
competence; an ATP content of >2 pmol seems a 
threshold to distinguish between developmentally 
competent and incompetent human oocytes  [  24  ] . 

 During folliculogenesis, mitochondria are 
located in different regions of the oocyte  [  25–  28  ] , 
and by the mature oocyte they will have an asym-
metric polar distribution that will be maintained 
through segmentation resulting in blastomeres 
that will own a different number of mitochondria 
with a different spatial patterning. 

 A number of observations substantiate the 
involvement of these organelles not only as pow-
erhouse, producing most of the ATP in the cell, 
but they may also regulate development by mod-
ulating Ca 2+  signaling, reactive oxygen species 
(ROS), and intermediary metabolites and through 
their control of apoptosis. Oxidative stress and 
intracellular redox potential (IRP) have been 
shown to regulate the function of a number of 
transcription factors important in early develop-
ment. For example, NF-KB (nuclear factor kap-
pa-light-chain-enhancer of activated B cells) and 
GSK3 b  (glycogen synthase kinase-3 b ), expressed 
during preimplantation development, are acti-
vated by mitochondrial ROS production  [  29,   30  ] . 
S-glutathionylation of many transcription factors 
 [  31  ]  occurs after the oxidation of the IRP; thus, 
the ability of mitochondria to modulate the IRP 
will possibly change the activity of these pro-
teins. Altered mitochondrial Ca 2+  cycling and 
ROS production are determinants for the oocyte 
to enter and accomplish the apoptotic program 
 [  32  ] . Oxidative stress induces mitochondrial dys-
function that triggers apoptosis in the mouse 
oocyte and zygote  [  33  ] . 

 Speci fi c oocyte morphological features are 
used to select female gametes of good quality. 
Oocytes are graded as good, when they possess a 
cytoplasm with  fi ne granules, a single polar body, 
a narrow perivitelline space, and a ring-shaped 
zona pellucida  [  34  ] . On the contrary, they are 
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correlated with low fertilizability and develop-
mental competence, when they own vacuoles and 
refractile bodies within the ooplasm. Although 
used in some laboratories that practice human 
assisted reproduction, these morphological mark-
ers have been the subject of many criticisms and 
are not widely accepted  [  34–  40  ] . 

 As for nuclear morphological features, a large 
literature demonstrated the possibility to select 
between developmentally competent and incom-
petent antral oocyte, depending on their chroma-
tin con fi guration (see below). This selection, 
however, relies on the use of  fl uorochromes 
whose use, for obvious reasons, is not advisable 
in our species. 

 Up to date, our knowledge lacks of links 
between the morphological aspects described and 
the genomic and epigenomic features that work 
in the backstage. Bringing to light these links 
would permit the identi fi cation of molecular 
markers of the oocyte developmental compe-
tence. In this chapter, we will review our current 
understanding of the changes that occur to the 
oocyte epigenetic signature during folliculogen-
esis and in mature oocytes.  

   The Oocyte Epigenome 

   Chromatin Organization 

 While the oocyte grows within the follicle, its 
chromatin changes organization both locally 
(e.g., at speci fi c promoter regions) and globally. 
These changes appear to be functional to the 
acquisition of a developmental competence. 
Since the  fi rst work by Mattson and Albertini 
 [  41  ]  in the mouse, a large number of studies, 
based on the observation of the chromatin organi-
zation, have described the presence within the 
mammalian ovary of two main types of oocyte’s 
germinal vesicles (GV): one with a ring of het-
erochromatin surrounding the nucleolus (sur-
rounded nucleolus, SN, oocyte) and a threadlike 
nuclear chromatin, as evidenced after staining 
with the  fl uorochrome Hoechst 33342, and the 
latter, possessing a more diffused nuclear chro-
matin and lacking of a speci fi c heterochromatic 

ring surrounding the nucleolus (nonsurrounding 
nucleolus, NSN, oocytes). Besides the mouse, 
SN and NSN oocytes have also been found in 
other species, like monkeys  [  42  ] , rats  [  43  ] , pigs 
 [  44  ] , and humans  [  45  ] . Goats’  [  46  ]  and horses’ 
 [  47  ]  oocytes represent an exception, as the SN 
type of chromatin con fi guration has not yet been 
described in their germinal vesicles. 

 The smallest primordial oocytes, with a size in 
diameter comprised between 10 and 20  m m, have 
an NSN type of chromatin organization that per-
sists until the oocyte reaches a size of 40  m m. 
Then, at the time of follicle recruitment, about 
5 % of oocytes assume an SN type of chromatin 
organization. The frequency of SN oocytes 
increases with oocyte growth, reaching about 
50 % in the antral compartment of fully matured 
follicles. This equal frequency of the two classes 
is a characteristic of the ovaries of young females 
(4–6 weeks old); instead, during female aging, 
the frequency of SN oocytes greatly increases 
reaching about 90 % in >56-week-old mice  [  48  ] . 

 What we see through the  fl uorescence micro-
scope as a different chromatin organization has 
also a functional meaning. In fact, antral NSN 
oocytes are transcriptionally active, whereas in 
SN oocytes gene expression is downregulated. 
NSN is seen as an immature form that compacts 
the chromatin and acquires the SN type of chro-
matin con fi guration prior to meiosis resumption 
and ovulation. When mechanically isolated from 
the antral compartment, 48 h after pregnant mare 
serum gonadotropin (PMSG) treatment, SN 
oocytes complete preimplantation  [  49,   50  ]  and 
postimplantation  [  51  ]  development; on the con-
trary, NSN oocytes are developmentally incompe-
tent and always arrest development at the 2-cell 
stage. An explanation for the developmental 
incompetence of NSN oocytes may reside in the 
role that the transcription factor  Oct4  plays in the 
acquisition, during folliculogenesis, of the oocyte 
developmental competence. Oct4 is an important 
factor in the maintenance of pluripotency. It is 
expressed in cells with a high differentiation 
potential such as the primordial germ cells, the 
type A spermatogonia, the blastomeres of the very 
early preimplantation embryo, and the cells of the 
inner cell mass and their derived embryonic stem 
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(ES) cells  [  52  ] .  Oct4  downregulation correlates 
with loss of pluripotency and cell differentiation 
 [  52–  54  ] . Furthermore, a strong proof of its role as 
a key player in the induction of pluripotency is the 
demonstration that  Oct4  is one of four factors 
(together with  Sox2 ,  Klf4 , and  c - Myc ) that, when 
induced in  fi broblasts, will convert these termi-
nally differentiated somatic cells into pluripotent 
cells [induced pluripotent stem (iPS) cells]  [  55  ] . 

 The correct expression of maternal-effect 
genes such as  Stella  ( Dppa3 ),  Npm2 ,  Zar1 , 
 Smarca4  ( Brg1 ), and  Oct4  is crucial for preim-
plantation development since mis-regulation of 
their expression ends in developmental block at 
the time of zygotic genome activation (ZGA) 
( [  56–  60  ] , for a review see  [  61  ] ). 

 Our studies have shown that the expression of 
Oct4 and Stella proteins is upregulated in oocytes 
with an SN type of chromatin organization, 
beginning with follicles at the time of their 
recruitment to start growth; on the contrary, Oct4 
and Stella are both downregulated in NSN 
oocytes throughout folliculogenesis. This pattern 
of expression is maintained in MII oocytes 
derived from the maturation in vitro of SN or 
NSN fully matured antral oocytes  [  62,   63  ] . The 
downregulation of Oct4 in NSN oocytes leads to 
the upregulation of a number of Oct4-regulated 
genes involved in apoptosis and of the  Foxj2  gene 
that, interestingly, is located at the  Nanog  locus 
which includes also  Stella  and other genes 
involved in the regulation of cell pluripotency. 
The upregulation of Foxj2 has a deleterious effect 
as it provokes the arrest of preimplantation devel-
opment at the 2-cell stage  [  64  ] . Our data on the 
expression of Oct4 in SN oocytes suggest that 
the molecular cascade that Oct4 activates during 
the oocyte’s growth might govern the acquisition 
of the oocyte’s developmental competence. 
Hypothetically, this regulatory pathway might 
represent the molecular ground that functions 
when, in nuclear transfer experiments, a somatic 
nucleus is inserted into an enucleated oocyte. 
Oct4 has been shown to be an important regulator 
of local chromatin organization  [  65,   66  ] , the 
presence of maternally inherited Oct4 transcripts/
proteins  [  60,   62,   63  ]  in the enucleated oocyte 
may itself function to change the local epigenetic 

status of the transferred genome required to regu-
late the expression of genes necessary to initiate 
and continue development beyond the 2-cell 
stage. We have recently demonstrated the pres-
ence of an expanded Oct4 transcriptional network 
in oocytes and its persistence during early devel-
opment and in ES cells  [  67  ] .  

   DNA Methylation and Histone 
Acetylation and Methylation 

 These global changes observed in the chromatin 
con fi guration during oocyte growth coexist with 
a level of epigenetic chromatin modi fi cations of 
the DNA (i.e., methylation of cytosines at CpG 
sites) and histones (methylation and acetylation) 
that are still poorly known. 

 DNA methylation is provided by DNA methyl-
transferases (DNMTs). DNMT3a and DNMT3b, 
whose activity is catalyzed by DNMT3L  [  68  ] , 
are involved in the transfer of methyl groups 
to hemimethylated and unmethylated DNA in 
oocytes  [  69  ] . 

 The overall DNA methylation pro fi le, when 
analyzed with antibodies against 5-methyl cyti-
dine, remains constant from the primordial stage 
to the time of follicle recruitment, when it 
increases progressively until the fully matured 
antral stage  [  70  ]  (Fig.  10.1 ). This data was 
recently con fi rmed by identifying the presence of 
about 1,600 CpG islands in mouse oocytes and 
assessing their methylation status during oocyte 
growth with the bisul fi te method: 0.5 % of the 
CpGs are highly methylated in oocytes from day 
5 mice, 11.3 % in day 20 females, and 15.3 % in 
ovulated oocytes  [  71  ] . More speci fi cally, these 
CpG islands are preferentially located within 
active transcriptional sites, and their methylation 
is not completely removed after fertilization. 
Instead, by the blastocyst stage, a variegated 
pro fi le of methylation is observed. While so far it 
has been thought that the maintenance of CpG 
methylation after fertilization was a characteris-
tic that pertained only to imprinted sequences, 
this study suggests that also non-imprinted 
regions may account for the lack of methylation 
erasure  [  71  ] .  
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 At the single gene level, the group of imprinted 
genes that has been more extensively studied 
includes the majority of about 100 genes that 
have been identi fi ed as maternally imprinted, i.e., 
that are epigenetically modi fi ed at speci fi c time 
points during oogenesis. Some of these genes are 
methylated during the transition from primordial 
to primary follicles ( Zn fl 27  and  Ndn ) and others 
in secondary ( Peg3 ,  Igf2r  and  p57kip2 ) and ter-
tiary to early antral ( PegI ) or antral ( Impact ) fol-
licles  [  72  ] . The study of the  Snrpn  gene has taught 
that methylation of the two alleles may not occur 
synchronously, suggesting that a memory of their 
parental origin, other than the methylation, is 
maintained and recognized. The maternal allele 
is methylated  fi rst in early growing preantral 
 follicles, whereas the paternally inherited allele is 
methylated later at the antral stage  [  73  ] . 
Methylation of non-imprinted sequences occurs 
at the early stages of follicle growth  [  74  ] , and it 
appears to involve different types of DNMTs 
 [  75  ] . Once established, the methylation parental 
imprint is maintained during preimplantation 
development and in the somatic line and is erased 
sometime between the genesis of the PGCs, their 

travel to the primordial gonads, and the begin-
ning of the meiotic process in oocytes. 

 The level of histone acetylation (H3K9ac, 
H3K18ac, H4K5ac, and H4K12ac) remains low 
during the early stages of growth, but, as for DNA 
methylation, it increases abruptly following fol-
licle recruitment, consistently with an increase of 
gene expression  [  70,   76,   77  ]  (Fig.  10.1 ). SN 
antral oocytes have a higher level of histone 
acetylation than NSN oocytes  [  78  ] , despite the 
former being transcriptionally inactive. The 
maintenance of a propitious transcriptional epi-
genetic condition, in the heterochromatin of tran-
scriptionally silent SN oocytes, might be 
functional to the beginning of preimplantation 
development when transcripts from these 
 heterochromatic regions are functional to preim-
plantation progression  [  79  ] . 

 Instead, histone H3 is dimethylated (K4me2, 
K9me2) or trimethylated (K4me3 – controlled by 
the MLL2 methyltransferase  [  80  ]  – and K9me3) 
much later during oocyte growth, when follicles 
reach the antral compartment and oocytes have a 
size in diameter of 70–80  m m (Fig.  10.1 ). Histone 
methylation is more stable and plays an  important 

DNA methylation

Histone acetylation

Histone methylation

  Fig. 10.1    Pro fi le of DNA methylation, histone acetylation, and histone methylation in the mouse oocyte during 
folliculogenesis       
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role in the establishment and maintenance of 
genomic imprinting.  

   The Role of Small Silencing RNAs 

 During growth, the oocyte synthesizes a large 
number of transcripts that are partially used dur-
ing folliculogenesis and in part stored for further 
use during preimplantation development. Soon 
after fertilization and by the time ZGA occurs 
 [  81  ] , 90 % of the maternal transcripts are selec-
tively inactivated or degraded because their pres-
ence may be unnecessary or even detrimental 
during preimplantation development. Inactivation 
occurs through processes of deadenylation  [  82  ] , 
association with RNA-binding proteins  [  83,   84  ] , 
and elimination through the action of a class of 
small silencing RNAs (ssRNAs). These are short 
length (20–30 nucleotides) RNAs that, following 
their transfer to the cytoplasm, are processed by 
an RNase III-like enzyme, Dicer, and then joined 
to proteins of the Argonaute family to constitute 
a ribonucleic complex that binds to the target 
mRNAs to degrade them or inhibit their transla-
tion  [  85  ] . ssRNAs are distinguished in three main 
classes: small interfering RNAs (siRNAs or endo-
siRNAs), Piwi-interacting RNAs (piRNAs), and 
microRNAs (miRNAs). The few studies that have 
analyzed the presence of ssRNAs in oocytes have 
showed that their average amount does not vary 
during maturation, although single miRNAs may 
vary considerably  [  86  ] ; instead, it shows a three-
fold increase after ovulation in MII oocytes. 
These maternal ssRNAs represent the only con-
tribution to the zygote, since the sperm does not 
carry a signi fi cant contribution  [  87  ] . Within the 
miRNAs, the let-7 family (miR-17-92 cluster) is 
the most abundant  [  88,   89  ] . With the beginning 
of segmentation, coincidentally with a global 
RNA degradation that occurs between 1-cell and 
2-cell stage of development, the amount of 
miRNA decreases by 60 %, suggesting an active 
process of degradation  [  90  ] . The following stages 
of preimplantation development are character-
ized by an abundant and increasing production of 
miRNAs that, for some speci fi c clusters (miR-
290 and miR-295), reaches a 15- to 24-fold 

change. As for other cell types, Dicer plays in 
oocytes a central role in the production of miR-
NAs. Lack of Dicer leads to the production of 
developmentally incompetent oocytes that, after 
fertilization, do not proceed beyond the 1-cell 
stage  [  86  ] . These oocytes have an abnormal spin-
dle organization, and the expression of some key 
genes such as  C - mos ,  H2Ax ,  H1foo , and  SCP3  is 
altered. 

 The role that miRNAs play during early devel-
opment has been further supported by recent 
studies that have demonstrated their crucial 
involvement in regulating ES cell pluripotency 
and differentiation  [  91  ] . The miRNA pathway is 
predominant in ES cells whose main function is 
the regulation of cell cycle progression during 
stem cell differentiation. Speci fi c miRNAs, such 
as miR-290–296, play a role in the induction of 
mouse ES cells differentiation, whereas levels of 
miR-21 and miR-22 increase following the induc-
tion of differentiation. A recent study has shown 
that the mRNAs of the pluripotency genes  OCT4 , 
 SOX - 2,  and  KLF4  are direct targets of miR-145 
whose function represses pluripotency in human 
ES (hES) cells; furthermore,  miR - 145  promoter 
is bound and repressed by OCT4 in a double-
feedback loop that involves also the three pluri-
potency factors and switches hES cells between 
self-renewal and differentiation  [  92  ] .   

   Conclusions 

 The role of the oocyte in supporting and regu-
lating the life of the mammalian embryo dur-
ing its early stages of development is renown. 
To put it in the words of E.B. Wilson, 
“Embryogenesis begins during oogenesis” (as 
quoted in  [  93  ] ). It is therefore surprising how 
little we know of the molecular processes, the 
molecules, and the mechanisms that underlay 
the acquisition of the oocyte developmental 
competence. In this chapter, we have taken an 
oocyte-centered view, describing the  fi rst evi-
dences that are emerging indicating the criti-
cal role played by the epigenome. Clearly, our 
future challenge will be to consider the 
changes that the oocyte epigenome undergoes 
during folliculogenesis within the context of 
the whole follicle structure, thus considering 
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the complex interactions between the female 
gamete and its companion follicle cells. To 
this regard, we foresee that an important con-
tribution will be given by the use of a combi-
nation of ovarian follicle culture and 
micromanipulation techniques  [  94  ] . For exam-
ple, the injection of demethylating substances 
such as 5 ¢ -azacytidine or of supravital 
 fl uorochromes, to track the modi fi cations of 
particular cellular or nuclear structures during 
follicle growth, will allow the monitoring of 
the changes induced within each single oocyte/
follicle. Furthermore, this approach would 
make possible the injection of a variety of 
molecules such as plasmids containing speci fi c 
gene sequences (to induce the expression of 
speci fi c genes), signaling proteins, siRNAs (to 
interfere with translation), and antibodies (to 
inactivate proteins). Altogether, these micro-
manipulation experiments will aid the dissec-
tion of the composite interactions existing 
between the oocyte and the surrounding folli-
cle cells and help in the identi fi cation of the 
factors that regulate the acquisition of the 
oocyte developmental competence.      
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 Abstract 

 Epigenetic regulation is complex, integrating transcriptional states of chro-
matin together with structural information in fl uencing function and genome 
integrity. Some of these modi fi cations are temporal lasting minutes or 
hours while others are heritable. The DNA content of all nucleated cells in 
an organism is nearly identical yet myriad cell types derive from the zygote, 
having followed the blueprint to generate all cell types of the adult.  The 
orderly unfurling of this program of development with progressively 
restricted cellular plasticity, while maintaining cellular identity, requires 
mechanisms that uphold these heritable changes.  Remarkably within these 
strict guidelines the germline and the early embryo reprogram their epige-
netic information to restore pluripotency.  While detailed information is not 
yet available for high-resolution analysis of chromatin pro fi les focussing 
on histone modi fi cations, great advances have been made investigating 
DNA modi fi cations during oogenesis and early development. These stud-
ies con fi rmed that differentially methylated regions, well beyond the cohort 
of imprinted genes, were affected with >1000 CpG islands acquiring their 
DNA methylation late in oogenesis. Moreover, in the mouse, as many as 
15% of these methylated targets are maintained up to the blastocyct stage 
and are hence transgenerationally inherited. These reprogramming periods 
may be particularly sensitive to environmental disturbance and nutritional 
states making procedures such as those in the treatment of human infertility 
especially susceptible to epigenetic alterations that may be inherited and 
transmitted to future generations.   This chapter describes some of the most 
important aspects and exciting new discoveries in epigenetic regulation in 
oocytes and embryos and highlights their implications in the treatment of 
human infertility by assisted reproductive technologies.  

      Epigenetic Regulation of Oocyte 
Function and Developmental 
Potential       

     Wendy   Dean            
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 Epigenetic regulation    of cellular function is 
 complex, involving a cast of versatile mechanisms 
that may seamlessly share roles in maintaining 
tissue-speci fi c differentiation and cellular identity. 
This is no less the case for the mature female gam-
ete. Charged with the immortality of the species, 
the oocyte has by necessity maintained a broad 
repertoire of mechanisms that instruct the underly-
ing genetic code while treading the precarious 
pathway between meiotic and mitotic require-
ments. In order to support this versatility, the oocyte 
must be endowed with an extraordinary reserve of 
molecular resources. Yet, this too remains part of 
her ‘feminine mystic’ as it is still not clear how 
these reserves of proteins and activities are used 
and whether they are in fact used at all during the 
preimplantation period of development. 

 Epigenetic regulation was postulated by Conrad 
Waddington to explain the stepwise generation of 
the myriad of cell types found in the adult organ-
ism arising from the common origin of the fertil-
ized oocyte. Waddington gave the analogy of 
cellular differentiation with a series of descending 
channels, which he called canalization, that 
directed cells from the totipotency restored in the 
zygote through graded stem cell gates to ensure 
developmental progression in the ‘forward only 
direction’. In contemporary terms, epigenetic 
mechanisms regulate cellular specialization 
through developmentally and tissue-speci fi c gene 
expression and provide a mechanism of maintain-
ing that cellular identity once it has become estab-
lished upon completion of differentiation  [  1  ] . 

   What Constitutes Epigenetic 
Regulation- More than Just 
Transcriptional Regulation 

 In the postgenomic era, increasing attention has 
turned to the understanding of genomic regula-
tion by epigenetic modi fi cations that interpret 
the underlying genetic code often by specifying 

transcriptional states that de fi ne cellular identity. 
Perhaps the most interesting place in which to look 
at the in fl uences of these epigenetic marks is in the 
reproductive axis. While many varied de fi nitions 
have been supplied for the study of epigenetics, 
here our discussion will focus on the more canon-
ical de fi nition. Epigenetic modi fi cations refer to 
those processes whereby a heritable change in the 
phenotype is achieved by changes to the instruc-
tional content of the genome without any change 
to the underlying DNA sequences and hence the 
genetic code  [  2  ] . As such, these changes in both 
DNA-based modi fi cations and those of chroma-
tin, especially the histones of nucleosomes, sup-
ply an overlying informational layer that allows 
for the myriad cell types of developing organisms 
and the adult. In short, epigenetics explains the 
complexity of multicellular organisms from a 
single genetic blueprint. 

 In mammals, DNA methylation has long been 
recognized as the major epigenetic modi fi cation 
in the genome  [  3  ] . DNA methylation has essen-
tial roles in genomic imprinting, a non-Mendelian 
parent-of-origin form of inheritance; in genomic 
integrity through silencing of retrotransposons; 
in structural integrity supporting centromeric 
function and in whole X chromosome inactiva-
tion. DNA methylation may also serve to regulate 
certain key lineage-speci fi c genes and hence 
serves an essential role in the reinforcement of 
lineage speci fi cation  [  4  ] . 

 Beyond this immediate covalent modi fi cation 
of the cytosine base, additional complexity and 
genomic plasticity can arise from dynamic 
changes at the level of the nucleosome mediated 
by the inclusion of histone variants  [  5,   6  ] . These 
encompass both replication-dependent and repli-
cation-independent forms of histone variants that 
alter the readability of the genome and hence 
in fl uence transcriptional states. Multiple classes 
of RNA molecules including long non-coding 
RNAs and the small RNA families are also able 
to exert control over genome functions both in cis 

  Keywords 
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and trans that affect chromatin organization  [  7  ] . 
Collectively, they describe a highly complex but 
integrated set of instructions that guide and main-
tain cellular processes essential for growth, devel-
opment, and reproduction.  

   How to Read the Genome? 
The Histone Code and All That Jazz 

 The epigenetic code (1999) and quickly thereafter 
the histone code (2000–2001) were proposed to 
explain the means by which transcriptional states 
could be rationalized to account for the phenotype 
of differentiated cells. These hypotheses sug-
gested that covalent modi fi cation of N-terminal 
histone tails by addition of acetylation, methy-
lation, phosphorylation, ADP-ribosylation and 
ubiquitinylation would confer speci fi c instruc-
tions to every gene, at any given moment, thus 
orchestrating transcriptional states specifying cel-
lular identity  [  8–  11  ] . Some residues were found 
to be modi fi ed differentially; for example, lysine 
residues can be acetylated, a modi fi cation long 
known to correspond to transcriptional activity, 
or it can be methylated, a modi fi cation usually 
associated with silencing and the heterochromatic 
state. Furthermore, methylation of speci fi c resi-
dues can adopt mono-, di- or trimethylated states, 
which confers additional layers of instruction and 
discrimination between euchromatin and faculta-
tive heterochromatin  [  12  ] . Yet other speci fi c sig-
natures such as    H4 K20 me3 are associated to the 
largely gene poor regions of the genome or con-
stitutive heterochromatin with essential roles in 
maintaining centromeric function  [  13  ] . 

    Another layer of complexity in chromatin 
organization comes in through the use of different 
histone variants, where the contribution of core 
histones H2A and H3 has gained most attention 
as they are integral to the functional nucleosome. 
At present, histone variants have been found for 
H2A and H3 but interestingly not for histone 
H4. In the oocyte, a restricted number of the 7 
H2A variants are incorporated into newly formed 
chromatin presumably in keeping with speci fi c 
function and totipotency and the impending acti-
vation of the zygotic genome at the two-cell stage 
of development  [  14  ] . 

 A consensus for speci fi c chromatin signatures 
with de fi nitive structural features in somatic cells 
quickly emerged. The generation of an extensive 
battery of speci fi c antibodies permitted biochem-
ical and cellular analysis revealing the composi-
tion of chromatin in somatic cells  [  15  ] . However 
it became apparent that eggs, oocytes, and early 
embryos made use of these same components but 
created distinctive signatures that were associ-
ated with their unique totipotent and pluripotent 
status  [  16,   17  ] .  

   Epigenetic Reprogramming: How 
Embryos Make Eggs and How Eggs 
Make Embryos 

 In the mouse, there are two well-documented 
developmental periods when the genome is pro-
foundly remodeled  [  18  ] . One occurs on fertiliza-
tion and is completed by the blastocyst stage; the 
other takes places in the germline shortly after 
speci fi cation of germ cells at day 6.25 post-coitum 
and culminates, after an inde fi nite hiatus, in the 
generation of the oocyte and, by a somewhat dif-
ferent path, in functional spermatozoa  [  19,   20  ] . 

   Epigenetic Remodeling During 
the First Cell Cycle 

 On fertilization, the essential restoration of the 
diploid genome is initiated in the zygote  [  21  ] . 
This encounter triggers the requisite remodeling 
of both the haploid sperm nucleus, packaged 
in the compacted nucleoprotamine-rich con fi gu-
ration, and the oocyte that is widely arrayed in a 
somatic-like nucleohistone chromatin  [  22  ] . This 
initial asymmetry of organization is believed to 
require resolution in order to restore the zygote to 
a functional diploid cell. However, in so doing, a 
series of other signi fi cant epigenetic asymmetries 
must arise presumably to generate the only truly 
totipotent cell, all the while maintaining parental 
identity and chromatin isolation within the indi-
vidual pronuclei prior to the  fi rst mitosis. For 
more than 20 years, it has been appreciated that 
fertilization triggers a transition from highly 
methylated gametes that lose DNA methylation 
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in a very deliberate manner by  fi rst an active and 
then a passive mechanism  [  23–  25  ] . Now we have 
a much more detailed description of this process 
with molecular data that help unravel the targets 
and developmental implications. Despite our 
enhanced knowledge of the subject, this process 
still remains controversial and remarkably 
enigmatic. 

 Chromatin remodeling is initiated within an 
hour of penetration by the capacitated sperm and 
results in the remodeling of the sperm nucleus by 
the maternal environment  [  26,   27  ] . This process 
involves the removal of protamines, replacing 
them with nucleohistones in a replication-
independent manner. As such, the nucleo-
protamine is replaced with nucleohistones 
containing the speci fi c H3 variant H3.3  [  28  ] . At 
the same time, paternal-speci fi c active demethy-
lation of most DNA methylation in the CpG con-
text is initiated  [  29,   30  ] . Prior to the initiation of 
the  fi rst S phase, the male pronucleus is largely 
demethylated except for the centromeric satel-
lites that surround the nucleolar precursor bodies 
(NPBs). This essential residual DNA methylation 
is presumably maintained in part by chromatin 
marked by the H3K9me1 modi fi cation in con-
junction with heterochromatin protein-1 beta 
(HP1b), which is found in the centromeric region 
 [  31  ] . The functional homologue HP1 a  is not 
found in the early mouse embryo.    Other overt 
heterochromatin hallmarks such as H3 K9me2, 
H3 K9me3 and H4K20me3 are absent from the 
male pronucleus but abundant in the female at 
this stage  [  21,   31  ] . Although the chromatin of the 
male pronucleus is largely comprised of building 
blocks supplied by the maternal store, the chro-
matin of the male pronucleus remains highly dis-
tinctive suggesting an essential role for the 
maintenance of parental origin. 

 Polycomb-group (PcG) chromatin proteins, a 
further layer of transcriptional repressors, also 
becomes asymmetrically arrayed with enhanced 
accumulation of the Polycomb repressive com-
plex 1 (PRC1) component Ring1b in heterochro-
matin of the male pronucleus  [  32  ] . Here, in the 
absence of DNA methylation, PRC1 mediates 
genomic silencing through a polycomb-speci fi c 
response in the male but not the female pronu-
cleus. Interestingly, PRC2 proteins Ezh2/Eed and 

Suz12 are found in both compartments along 
with the H3K27 me3 they supply although their 
pattern clearly differs between the male and 
female pronuclei  [  31,   32  ] . Here too, these instruc-
tions are sequentially complied in the absence of 
overt transcription. Whether they serve another 
role outside of transcriptional repression in this 
context remains an interesting question. 

 Chromatin instructions are important for 
nuclear architecture and higher-order chromatin 
organization. Given the highly differential nature 
of the chromatin of the male and female pronu-
cleus, the  a priori  expectation would be that 
chromatin and nuclear organization should be 
profoundly different. In vitro fertilization (IVF) 
provides a means of studying temporal events in 
a detailed manner. IVF-generated pronuclear-
staged oocytes revealed an unexpected synchrony 
of the array of centromeric satellite sequences 
during epigenetic reprogramming events in the 
 fi rst cell cycle. Despite their remarkable differ-
ences, the dynamic organizational changes were 
synchronous in male and female pronuclei reveal-
ing a striking pattern of intercalation of major 
and minor satellites arrayed around the NPBs 
 [  33  ] . This pattern is completely distinctive to the 
chromocentric coalescence of centromeric 
regions which become apparent as a hallmark of 
a differentiated somatic cell  [  34  ] . Therefore, at 
synkaryogamy, the male and female chromo-
somes align uniquely, maintaining parental ori-
gins and restoring the totipotent diploid nucleus 
of the zygote ephemerally at anaphase. 

 Thus, at chromosome congression, the genome 
is able to maintain genomic integrity and parental 
identity through the combined efforts of DNA 
methylation (in the female), maternal speci fi c 
histone modi fi cations, histone variants and, in the 
male, PcG- ensured heterochromatin function in 
the absence of DNA methylation.  

   Remodeling Chromatin 
in the Absence of Transcription 

 Relatively few opportunities allow for the ordi-
nary study of epigenetic instructions in the 
absence of transcription. Details of heterochro-
matin landscapes are particularly relevant in the 
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 fi rst cell cycle as it takes place largely in the 
absence of transcription. 

 In the initiation of what may continue to be heri-
table patterns, epigenetic marks are dynamically 
changing but, importantly, not in order to support 
transcriptional requirements. Even those instruc-
tive elements associated to transcription at later 
stages are given to other tasks during the chromatin 
remodeling of pronuclei. The unique situation of 
these events occurring in a transcriptionally silent 
state implies that they occur by direct modi fi cation 
or active histone replacement in the nucleosome. 

 The oocyte is well equipped to handle the 
modulation of epigenetic marks, both adding and 
removing histone modi fi cations as part of the lay-
ers of information. Shortly after fertilization, his-
tone acetylation is asymmetric with an initially 
higher intensity of staining in the male pronu-
cleus but quickly becomes equalized with the 
female pronucleus con fi rming the presence and 
function of histone deacetylases (HDACs) in the 
oocyte  [  35  ] .    However, histone methylation is also 
in place, especially at lysine residues, con fi rming 
the presence of histone methyltransferases 
(HMTs often referred to as lysine methyltrans-
ferase KMTs or PMTs)  [  16,   31,   36  ] . 

 While an activity capable of orchestrating 
the direct loss of the covalent methyl group of 
the nucleotide cytosine (5 meC) has yet to be 
found, activities that remove methyl groups from 
protein lysine and arginine residues in nucleo-
histones have been described. These activities 
work by a number of mechanisms ranging from 
direct removal of methyl groups from lysine resi-
dues via oxidation to the proteolytic removal of 
symmetrical and asymmetrical methyl groups 
of arginine residues by deamination  [  37  ] . We 
now appreciate that individual classes of his-
tone demethylases are active on a narrow range 
of lysine residues and add an additional layer 
of regulation at this level of chromatin function 
 [  38  ] . Perhaps more importantly, early reports 
suggesting that histone modi fi cations possessed 
the same heritable status of DNA methylation 
are no longer regarded as true and point to fur-
ther potential for  fl exibility and susceptibility to 
environmental in fl uences beyond DNA methyla-
tion. Interestingly, the oocyte does not possess 
two major histone methyltransferases associated 

to modi fi cation of H3K9, a hallmark of hetero-
chromatin. Euchromatin methyltransferases 
(G9a/GLP) and the constitutive heterochroma-
tin modi fi er SUV39h1 are not expressed in the 
oocyte, potentially reinforcing the impending 
pluripotent state during preimplantation devel-
opment  [  32  ] .  

   Other Histones Modi fi cations 
and Variants 

 A unique chromatin con fi guration is further 
evident as the oocyte is missing some of the H2A 
class of variants later used in somatic tissues 
while possessing oocyte enriched variants of oth-
ers. Absent from the oocyte is the variant H2A.Z 
and    macroH2A  [  39  ]  while H2AX is found in 
abundance, a situation dramatically different 
from somatic tissues. This is thought to re fl ect 
the unique totipotent stage occupied by the fertil-
ized oocyte. Histone variants of H3 are also dif-
ferentially accumulated leading to signi fi cant 
differences in chromatin distribution between 
male and female pronuclei. The replication-inde-
pendent H3.3 variant allows for response-based 
remodeling and is  fi rst found in the male pronu-
cleus and later in the female. However, incorpo-
ration of the replication-dependent variants H3.1 
and H3.2 occurs simultaneously on entry into S 
phase. Other reports suggest something to the 
contrary. Flag-tagged H3 variants were shown to 
actively exclude H3.1 incorporation in favor of 
H3.3. DNA hypomethylation induces H3.3 incor-
poration into pericentric heterochromatin  [  40  ] . 
The assimilation of H3.3 into paternal chromatin 
consequently in fl uences the distribution of 
H3K27me1 in pericentric heterochromatin and in 
turn permits expression of pericentric dsRNA 
leading to the reinforcement of heterochromatin 
in the male pronucleus, which is otherwise largely 
devoid of canonical heterochromatin marks  [  41  ] . 
Remodeling of maternal chromatin may also take 
place with the suggestion that epigenetic infor-
mation encoded by H3.3 in growing oocytes is 
erased upon fertilization and then replaced  [  40  ] . 
This chromatin con fi guration may be essential to 
ensure pericentric stability and proper chromo-
some segregation following the  fi rst S phase. 
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 While some of the histone modi fi cations are 
differentially deposited and may reinforce parental 
identity over the entire period of preimplantation, a 
recent report identi fi es another heterochromatic 
mark, H3K64 me3, that is inherited maternally and 
contributes to pericentric heterochromatin only 
during the  fi rst cell cycle, before becoming rapidly 
degraded. Suggestions that in somatic cell types 
there is a connection between H3K9me3 and 
H3K64m3 and that K9me3 may be epistatic to 
H3K64me3 would not be the case for the oocyte 
nor the early embryo as H3 K9me is present in 
maternal chromatin and appears in paternal chro-
matin only from the two- cell stage onward despite 
the absence of H3 K64me3  [  42  ] . 

 Comprehensive surveys of the additional 200 
plus modi fi cations are slowly being compiled for 
the fertilized egg during the  fi rst cell cycle  [  43  ] . 
While biochemical studies to investigate the pre-
cise nature of the chromatin of these relatively rare 
samples and the sequences they in fl uence are still 
largely in their infancy, the antibodies essential 
to revealing these structural principles abound. 
They have been powerful tools in learning about 
the earliest stages of newly fertilized eggs and 
reveal in part the signatures that are characteristic 
of pluripotency, an idea that has validity in trans-
lation of basic research to regenerative medicine 
and novel therapeutic approaches.   

   DNA Methylation: Marking the 
Genome – Fidelity and Heritability 
Through the Generations 

 Centrally important to the study of epigenetics is 
the idea of heritability. This justi fi es the impor-
tance given to the study of the establishment of 
chromatin signatures that  fi rst support pluripo-
tency and then permit its step-wide decline dur-
ing early development. In considering this unique 
window for studying establishment of epigenetic 
signatures, the relevance of the immediate his-
tory of the oocyte becomes essential. 

 A second developmentally relevant wave of 
epigenetic reprogramming is known to take place 
in the germline  [  18,   44  ] . While de fi nitive experi-
mental con fi rmation is still awaited for germline 
reprogramming, it is widely accepted that this 
period of resetting is ultimately required in order 

to  fi rst erase and then re-establish instructional 
marks associated to genomic imprinting  [  45–  48  ] . 

 Consistent with the requirement for lifelong 
heritability, this erasure involves the removal of 
the methyl group from 5-methylcytosine such 
that at its culmination at the time of meiotic arrest 
in prophase at day 13.5pc, female germ cells have 
effectively little or no DNA methylation remain-
ing  [  49  ] . Yet, by the time oocyte maturation 
and growth is completed, the mature oocyte, in 
advance of fertilization, must be replete with fully 
restored DNA methylation at germline differen-
tially methylated regions (DMRs) (Fig.  11.1 ). It 
is important to note that the vast majority of those 
imprinted genes reliant upon DNA methylation 
for their allelic instructions acquire this methyla-
tion in the female germline. A small number of 
enzymatic activities – in the context of a speci fi c 
chromatin template – are known to be required 
to restore imprinted instructions to the grow-
ing oocyte in a temporally regulated manner 
 [  51–  53  ] .  

 As such, these activities should be regarded as 
essential for oocyte maturation supporting full-
term development. Further, as they are heritable 
throughout the life of the organism, these pro-
cesses are among some of the earliest and most 
assiduously maintained epigenetic marks found in 
mammals. Elegantly constructed genetic analyses 
using conditional deletion of Dnmt3a and its non-
catalytic family member Dnmt3L have con fi rmed 
that germline imposition depends on these activi-
ties to establish maternal methylation imprints  [  45, 
  54,   55  ] . Operating as a tetrameric complex, these 
DNA methyltransferases effectively ‘embrace’ 
the targeted regions speci fi ed by chromatin marks 
H3K4 in conjunction with KDM1B (also known 
as AOF1 or LSD2), H3K4me2, H3K4me3 dem-
ethylase to restore DNA methylation to CpG 
dinucleotides in imprinting control regions (ICRs) 
and DMRs. The so-established DMRs desig-
nate oocyte-speci fi c promoters. These promoters 
generate long coding transcripts that target DNA 
methylation in a transcription-dependent process to 
restore of ICRs  [  50,   56,   57  ] . Other imprinted genes 
seem to use additional speci fi c activities as cofac-
tors. It has been known for some time that ZFP57, 
a KRAB domain-containing protein, is essential 
for establishment in oogenesis of the genomic 
DMR of Snrpn and maintenance of a number 
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of other imprinted genes post-fertilization  [  58  ] . 
A breakthrough in understanding the relationship 
of ZFP57/KAP1 has led to the understanding that 
maintenance of histone signatures H3 K9me3 and 
DNA methylation at imprinted ICRs are intimately 
associated through KAP1. Thus, depletion of ZPF/
KAP1 will result in hypomethylation at ICRs and 
identify another essential feature that must remain 
intact and functional during ART  [  52,   59  ] . 

 Re-instruction of the oocyte methylome begins 
in haste during the postnatal period (Fig.  11.1 ). 
Thus, there is a switch from the maternal nutri-
tional in fl uence of the placenta to maternal nutri-
tion mediated by lactation. The earliest stage for 
which there is robust information about this 
 programming phase is postnatal day 1 when DNA 
methylation at imprinted loci can be detected 

 [  60  ] . DNA methylation can also be detected in 
IAPs, a speci fi c group of retrotransposons, some 
of which have important roles in regulating pla-
cental development  [  61–  63  ] . Until recently 
detailed information about DNA methylation 
programming during oocyte growth was largely 
restricted to CpG islands (CGIs) of imprinted 
loci and repeat families of the centromeric satel-
lites, as well as other retroelements of medium- 
to high-copy number. Using the combined value 
of reduced representation by selective enrich-
ment of genomic fragments containing CpG-
centered restriction sites (MspI/HpaII) together 
with bisulphite mutagenesis and direct sequenc-
ing (RRBS), Smallwood and colleagues have 
supplied a richer and much deeper pro fi le of the 
oocyte methylome  [  50  ] . 
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  Fig. 11.1    Epigenetic reprogramming    cycles establish 
DNA methylation between generations. The two de fi ned 
reprogramming cycles during mammalian development 
are bounded by the period following meiotic arrest in the 
female germline. Oocyte growth and maturation is charac-
terized by the restoring of DNA methylation in de fi ned 
windows. Imprinted DMRs and imprinting centers are 
restored during this period. Two recent studies have 
revealed that DNA  methylation is restored to  non-imprinted 

loci with signi fi cant numbers of loci undergoing de novo 
methylation between the germinal vesicle stage and the 
mature MII oocyte. Estimates of the changing dynamic 
methylation are included for select stages and presented 
as a proportion of total CpG dyads ‘ P < 0.05’ signi fi es sta-
tistical signi fi cance between pairs (Portions of this  fi gure 
are reprinted by permission from Macmillan Publishers 
Ltd: Nature Genetics  [  50  ] ,  copyright 2011)       
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 Remarkably, RRBS identi fi ed >1,060 CGI 
with >75 % DNA methylation in mature oocytes. 
This unexpectedly high number of DMRs extends 
the genomic sites for this speci fi c signature sub-
stantially as there are only around 90 imprinted 
genes. However, in contrast to imprinted genes 
whose DMRs are maintained during the preim-
plantation period, methylation of most of these 
other ~1,000 CGIs were not fully maintained up 
to the blastocyst stage. Many CGIs were found to 
have a mosaic pattern of DNA methylation lend-
ing credence to the provocative suggestion that 
on fertilization, reprogramming of the genome by 
active and passive mechanisms leads to the pos-
sibility of epigenetic heterogeneity at the time of 
lineage speci fi cation  [  64  ] . 

 Thus, the oocyte methylome is a critical junc-
ture for the brokerage of DNA methylation that 
may have impact throughout the preimplantation 
period and beyond. 

 Of special signi fi cance in the Smallwood et al. 
 [  50  ]  results was the comparison of germinal vesi-
cle (GV)-staged oocytes and the fully mature ovu-
lated oocyte. Eighty-nine CGIs were methylated 
in MII oocytes that were not fully methylated at 
the GV stage. These results would highlight the 
importance of the  fi nal stages of oocyte matura-
tion when nearly 10 % of methylatable GCIs are 
still actively acquiring DNA methylation marks by 
de novo processes. These  fi ndings should serve to 
extend substantially the experimental targets avail-
able to evaluate the ef fi cacy of oocyte maturation 
in vitro as part of the many procedures associated 
to assisted reproduction technologies (ART) in the 
treatment of human infertility. Furthermore, these 
data reveal that the maintenance of DNA methy-
lation at imprinted loci represents a minority of 
genomic targets that may be sensitive to manipu-
lation around this critical time point.  

   Mechanisms for Epigenetic 
Reprogramming 

 There has been a renaissance for the importance 
and instructional signi fi cance of methylcytosine 
in DNA over the last few years. Genome-wide 
investigation by next generation sequencing in 
pluripotent embryonic stem cells (ESCs) and 
oocytes has identi fi ed the presence of signi fi cant 

non-canonical modi fi cation of DNA methylation. 
These have included asymmetric DNA methyla-
tion as well as the report of a new epigenetic 
modi fi cation, hydroxymethylcytosine, which is 
an oxidative derivative of 5mC and provides a 
substantial conceptual shift in the  fi eld of cova-
lent DNA modi fi cations after nearly 60 years. 

 Asymmetric DNA methylation has been 
widely accepted in the epigenome of plants, but 
robust demonstration of these signatures in mam-
mals has not been consistently reported until now. 
Asymmetric DNA methylation may include 
hemimethylation of a CpG dinucleotide, the 
canonical context for most DNA methylation in 
mammals. However, the classes of DNA methy-
lation recently reported included CpHpGp and 
CpHpHp, both common to the plant kingdom. 
Anecdotal reports of asymmetric DNA methyla-
tion have frequently cropped up when reporting 
bisulphite-modi fi ed DNA results in oocytes and 
ES cells  [  65  ] . Yet, the absence of rigorous inves-
tigation has made it impossible to distinguish it 
from unconverted sequences, and as such it has 
remained an unresolved issue. Indeed, analyses 
that relied on restriction enzyme digestion in tar-
get regions would have failed to detect such 
arrays of asymmetric DNA methylation. 

 High-resolution analysis of imprinted DMRs 
and ICRs in gametes and early embryos has now 
offered convincing evidence in oocytes, but not in 
sperm, of non-CpG methylation  [  66  ] . Interestingly, 
in a similar fashion to the non-imprinted DMRs 
reported in oocytes, asymmetric DNA methyla-
tion does not get maintained throughout the pre-
implantation and is substantially reduced by the 
blastocyst stage. While no speci fi c function has 
been assigned as yet, in mouse oocytes there is a 
preferred context, CpHpH, and not the symmetri-
cal trinucleotide CpHpG, that might lend itself to 
some underlying role in the genome  [  66  ] .  

   Demethylation and Demethylase- 
Hydroxymethylation as a Mechanism 
for DNA Methylation Reprogramming 

 The idea of the process of active demethylation 
has courted adherents and skeptics in equal mea-
sure  [  67  ] . Most of the interest in active demethy-
lation has been focused on the process of 
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paternal-speci fi c active demethylation in the male 
pronucleus in the newly fertilized oocyte, best 
described in the mouse but evident among a wider 
group of mammals  [  21,   29,   30,   37  ] . Originally 
de fi ned by loss of DNA methylation prior to rep-
lication, or outside of S phase, active demethyla-
tion should be strictly regarded as loss of DNA 
methylation due to removal or modi fi cation of 
the base or methyl group prior to, or during, 
S phase. As such, it has to occur as a consequence 
of some modifying process and not due to the 
exclusion of the maintenance methylase, Dnmt1, 
from the replication fork. 

 But what of the other mechanisms which have 
been proposed for this enigmatic process of dem-
ethylation? To date, a reasonably wide and 
diverse list of candidate activities have been pro-
posed as active DNA demethylases  [  68  ] . 
Activities have included DNA methyl-binding 
proteins (Mdb2, Mbd4) and de novo DNA meth-
ylases themselves (Dnmt3b). These classes of 
proteins have speci fi city for cytosine in DNA 
(e.g., Mbd2) and are able to bind to and accom-
modate the methyl-leaving group by delivering 
it to an acceptor molecule (Dnmt3 and 
S-adenosylhomocysteine) as part of a direct 
mechanism. However, fertilized oocytes null for 
Mbd2 and Mbd4 readily undergo demethylation. 
Attention has also focussed on an indirect mech-
anism that relies upon deamination of the meth-
ylcytosine base generating thymidine  [  69  ] . This 
mechanism would require a downstream repair 
of the mismatched T-G base pair. A family of 
activities have the ability to deaminate methylcy-
tosine and are found in the mammalian oocyte. 
Activation-induced cytosine deaminase (Aicda) 
and its family members, Apobec 1–3, are 
expressed in a wide number of tissues and serve 
various functions including the predominant role 
of AID in activated B cells where it brokers the 
variation essential to the repertoire of antibodies 
of the immune system by class switch recombi-
nation and somatic hypermutation. Experimentally 
it is not yet clear what role it may have as part of 
the DNA demethylation machinery in the fertil-
ized mouse oocyte. A detailed review that con-
siders these and other mechanisms has recently 
been published  [  70  ] . 

 Of the growing list of possible candidates for 
a demethylase, among the most plausible is 

TET3, an oocyte-enriched activity that uses 
methylcytosine as a substrate and modi fi es it 
through its capacity as an oxidase into hydroxym-
ethylcytosine  [  71–  73  ] . 

 Arguably the identi fi cation of hydroxymethyl-
cytosine has been a ‘eureka’ moment in the  fi eld 
of epigenetics. At the time of its discovery, meth-
ylcytosine was originally called the  fi fth base of 
DNA. Hence, a signi fi cant modi fi cation of this 
base invites considerable interest and excitement 
in the realm of the epigenetic landscape. Indeed, 
very early on the potential for this modi fi cation 
was seen as a means of achieving active demeth-
ylation in a single step under physiological 
conditions  [  74  ] . Initial reports using 
immuno fl uorescence (IF) in fertilized oocytes 
described a concomitant increase in hydroxym-
ethyl (hm) cytosine with a loss of methylcytosine 
predominantly in the male pronucleus  [  75,   76  ] . 
This seemingly symmetrical dynamic transition 
was thought to supply suf fi cient evidence for an 
active demethylation pathway. 

 Suggestions that TET3 may further modify the 
hydroxyl group through two further oxidative 
stages, formyl and carboxyl methylcytosine, have 
been made following similar results in ES cells 
 [  77,   78  ] . Thereby methylcytosine would be 
restored to cytosine- qed. In oocytes, experimental 
evidence using a genetic deletion of the TET3 
activity results in loss of hydroxymethylation in 
the male pronucleus. Indeed, molecular analysis 
con fi rms the results observed by IF. Genetic loss of 
TET3 results in an increase in DNA methylation 
among single-copy genes as well as genomic 
repeat elements of the retrotransposon family. 
However, while methylation increases in the 
male pronucleus as suggested by IF, some speci fi c 
demethylation still occurs revealing a more com-
plex regulation of methylation reprogramming 
during early development  [  79  ] . Beyond the ini-
tial one-cell stage, recent analysis con fi rms that 
hydroxymethylation diminishes in parallel with 
DNA methylation in accordance with the expec-
tations of a passive mechanism for demethyla-
tion  [  80  ] . These are early days for understanding 
how this process works and the targets it can 
modify. Much remains to be worked out about 
the role and function of this oocyte-speci fi c 
hydroxymethylase and its signi fi cance for later 
development.  
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   Transgenerational Epigenetic 
Inheritance: Fidelity, Erasure 
and Heritability in the Germline 

 The generation of gametes is the guarantee for 
any species that immortality is assured. In this 
regard, it may not be surprising that after repro-
gramming in the germline, a second genome-
wide reprogramming is initiated triggered by the 
completion of meiosis at fertilization. This places 
the oocyte  fi rmly between the generations, and its 
reprogramming provides a form of genomic 
refreshing after what may be a >30-year hiatus 
without the bene fi t of the resetting afforded by 
the replication of DNA. 

 Transgenerational epigenetic inheritance is 
concerned with those genomic targets ordinarily 
subject to germline erasure but which from time 
to time may elude this erasure event and conse-
quently transmit epigenetic information into the 
next generation that may result in a heritable 
phenotype. 

 DNA methylation has been demonstrated to 
play an important role in this process. Among the 
most clearly studied genomic regions where this 
spurious inheritance can be demonstrated is the 
agouti locus in the mouse. In studying inbred 
genetic strains of mice, it became apparent that 
agouti locus controlled coat color variation was 

observable and was differentially heritable. This 
metastable behavior of the agouti-viable yellow 
locus is conferred by an intracisternal A particle 
(IAP) retrotransposon LTR linked to the gene 
which is able to affect agouti gene expression 
depending on the DNA methylation state of the 
cryptic promoter. Importantly, this effect is trans-
mitted along the maternal line such that the phe-
notype of the mother affects the phenotype of the 
offspring. Moreover, this effect can be further 
in fl uenced by the genetic background of the 
mouse as well as nutritional aspects of dietary 
supplements that comprise part of the biochemi-
cal pathway associated to methylation  [  81,   82  ] . 
Collectively these genomic targets act as biosen-
sors for the sum of these effectors and produce 
what has been called ‘intangible variation’. 

 These ideas have sparked a renewed interest in 
Lamarckian inheritance  [  83  ] . This controversial 
form of inheritance suggested that adaptation 
over a lifetime to environment and as a conse-
quence of behavioral in fl uences could be trans-
mitted heritably throughout generations. What 
remains unknown is the mechanism by which the 
effect registered by the somatic tissue is trans-
duced to the germline where the heritable instruc-
tion would be laid down. Separating these issues 
can be dif fi cult, and examples of how it might 
occur can be appreciated by considering a preg-

  Fig. 11.2    Epigenetic changes may    be acquired by envi-
ronmental exposure in fl uencing multiple generations. ( a ) 
Lamarckian inheritance has long been controversial in 
the wake of the Mendelian inheritance and a modern 
view of genetic and epigenetic mechanisms. However, 
the potential for the environment to in fl uence multiple 
generations via inheritance through the female may be 
potentially more complicated. The example below is a 
pregnant female. Ingestion or inhalation of a genotoxic 
substance may simultaneously affect the pregnant mother 
(F0) her developing foetuses (F1) and the germline of 
these foetuses (F2 ). Substances that might be mutagenic 
to the mother may in turn in fl uence epigenetic mecha-
nisms essential to the erasure of the germline of the fetus 
that will only have impact on the F2 generation. Nutrition 
regulation, rarely seen as detrimental, may well have the 
potential to in fl uence transgenerational epigenetic 
instructions by perturbing the genome-wide erasure of 
the maternal germline during its development. The com-
bination of both gametic effects and post-zygotic effects 

may still have transgenerational impact but with varying 
penetrance and phenotypic severity. These possibilities 
suggest that a wider and more comprehensive consider-
ation of family histories including socioeconomic con-
sideration may prove useful in the treatment of human 
infertility. ( b ) Following fertilisation, both active and 
passive demethylation processes serve to modulate levels 
of DNA methylation for subsequent development. DNA 
methylation inherited by oocytes is largely lost by the 
blastocyst stage; however, >15 % of methylated sites are 
retained at the blastocyst. Two examples from Borgel 
et al., where DNA methylation is inherited from the 
oocyte, are retained at the blastocyst stage. The interme-
diate morulae stage is included to infer that this loss of 
DNA methylation occurs by a passive mechanism. Thus, 
a signi fi cant contribution of DNA methylation is inher-
ited across generations highlighting the potential for the 
inheritance of transgenerational epimutations (Portions 
of this  fi gure are reprinted by permission from Macmillan 
Publishers Ltd: Nature Genetics  [  84  ] , 2010)       
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nant mouse at midgestation. The pregnant female, 
her  offspring, and their germline, especially the 
female progeny, could all be in fl uenced by an 
external environmental event where exposure or 
ingestion of food or a toxic substance may have 
enduring impact over generations (Fig.  11.2a ).  

 Genome-wide studies are beginning to chal-
lenge the view that gametic epigenetic inheritance 

may be a relatively rare event in mammals. Recent 
evidence points to a much deeper and wider selec-
tion of both germline and somatic genes that resist 
the reprogramming events that were believed to 
reset the methylomes of oocytes and sperm and 
thus become inherited  [  50,   84  ] . These genes are 
distinctive from imprinted genes and may be 
methylated in one or both parental alleles but fail 
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to be maintained throughout development 
(Fig.  11.2b ). Notwithstanding that these genes are 
subsequently demethylated, these results would 
indicate that a substantial portion of the epige-
nome may fail to be cleared during a signi fi cant 
developmental window ordinarily typi fi ed by 
dynamic DNA methylation reprogramming. The 
implications are profound. Should these genes 
retain their parental methylation, this opens the 
way for many additional genomic targets to be 
subject to variable phenotypic possibilities.  

   Epigenetic Regulation and Infertility 
in Humans: Causes and Cures 

 While it has been more than 30 years since the 
 fi rst baby was born by assisted reproductive tech-
nologies (ART) in the treatment of infertility, 
very little information is available to systemati-
cally assess the potential risks that may arise 
from conception ex vivo. Indeed, this original 
pioneering technology may now claim that a 
future generation of children has since been born 
from this original cohort of ART births. At pres-
ent, it is too early to know whether these children 
will also have requirements for the same proce-
dures that facilitated their birth. 

 In the developed world, greater than 1 in 60 
live births is achieved as a consequence of one of 
the many procedures available for the treatment 
of human infertility. As such, it is imperative that 
we recognize and continue to identify genomic 
targets, as well as the underlying mechanisms 
that are able to alter the epigenome if subjected to 
extraordinary conditions, and therefore may 
result in perturbed phenotypes leading to disease 
pathologies. 

 The prospect of signi fi cant issues pertaining 
to epigenetic regulation as a function of ART 
may well have been overlooked early on owing to 
limited genomic information. Indeed, the fre-
quency of multiple births and their consequent 
reduced birth weight contributed to the ideas we 
now know as developmental origins of adult 
health and disease. However, the de fi ning con-
junction of the misregulation of epigenetic marks 
and ART came to the attention of biologists and 

biomedical scientists in 2003 with a  fl urry of 
reports suggesting that children born following 
ART were found to have an increase frequency of 
Beckwith-Wiedemann syndrome (BWS). BWS 
is a fetal-overgrowth syndrome associated to the 
loss of imprinting of H19 and the KvDMR both 
allelic targets with inappropriate DNA methyla-
tion on the maternal allele. These reports origi-
nating from the UK and the USA were regarded 
as cause for concern about the procedures of 
in vitro fertilization (IVF) and intracytoplasmic 
sperm injection (ICSI). In the years immediately 
following these initial results, a steady stream of 
results continued to seemingly support the 
assertion that children born after ART proce-
dures were at signi fi cantly increased risk of the 
likelihood of having an imprinting disorder 
 [  85–  88  ] . However, these studies were universally 
retrospective in nature and reported only small 
increases in risk for disease. 

 More recent studies have addressed these lim-
itations, and prospective analyses have been con-
ducted together with comprehensive retrospective 
meta-analysis. 

 These studies suggest that rather than ART 
being a causal factor in these increased incidences 
of imprinting disorders, in fact the underlying 
infertility may be to blame for the aberrant epig-
enotype  [  89  ] . To date, reports have identi fi ed nine 
imprinted syndromes associated with ART births, 
but only a minority are statistically linked to these 
procedures  [  90  ] . Among those linked to ART are 
loci where maternal alleles are most severely 
affected  [  90  ] . Interestingly, 90 % of patients with 
BWS born following ART have associated 
imprinting disorders  [  91  ] . 

 Recent studies in animal models have identi fi ed 
that superovulation may have a dosage-dependent 
effect on imprinted loci affecting both maternal 
and paternal alleles  [  92  ] . This type of outcome is 
consistent with reports that imprinting errors 
associated to both hypermethylation (e.g., BWS) 
and hypomethylation (Silver- Russell syndrome) 
have been reported from ART births resulting in 
fetal growth-associated syndromes. These effects 
cannot be regarded as restricted to the germline 
alone but may have downstream impact during 
the later post-fertilization period of  reprogramming 
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during preimplantation thought to be critical for 
lineage determination. Growth restriction such as 
that observed in Silver-Russell syndrome may 
arise as a consequence of placental epimutations 
 [  93  ] . Hypomethylation of the paternal H19 gene 
has been reported to arise owing to the instability 
of imprinting maintenance during early develop-
ment  [  94  ] . This instability may result from a 
mutated version of the de novo methylase Dnmt3b 
that has been reported to arise speci fi cally under 
conditions of in vitro culture in the mouse  [  95  ] . 
These reports can now be better understood in 
light of mouse studies that reveal that even DNA 
methylation imprints, thought to be robustly heri-
table, are dynamic and undergo constant renewal 
during the preimplantation period of develop-
ment  [  66  ] . Indeed, studies focusing on the effect 
of ovarian hyperstimulation in the mouse model 
concluded that establishment of imprinted meth-
ylation proceeded correctly but that the machin-
ery required for the regulation of imprinting 
maintenance was found to have been altered. 
These results highlight that studies including the 
embryo, and not just the ovulated oocyte, are 
vitally important to properly study potential 
effects of procedures routine in the treatment of 
infertility  [  96  ] . 

 It is likely that while attention has been 
focussed on changes in the epigenome associated 
predominantly to altered imprinting, other non-
imprinted targets also sensitive to exposure from 
environmental modulations may also have been 
affected. These effects, while subtle in their ini-
tial impact, may lead to more serious health-
related outcomes that only become apparent in 
later life  [  97  ] . That multiple imprinted loci may 
be misregulated routinely would be consistent 
with the metabolic alterations now thought to be 
a consequence of environmental exposure in vitro 
as part of the treatment of infertility  [  98  ] . 

 In light of signi fi cant new results demonstrat-
ing the wide array of methylation targets that 
acquire their modi fi cation immediately prior to 
oocyte maturation, the assessment of many more 
subtle epigenetic changes affecting both short-
term and long-term effects is warranted in the 
clinic; several lines of evidence point in this 
direction. In vitro maturation of immature oocytes 

(IVM) is employed clinically in the treatment of 
infertility where ovarian hyperstimulation syn-
drome is suspected  [  91,   99  ] . If in humans during 
the latter stages of oogenesis >1,000 targets must 
still acquire DNA methylation as is the case in 
the mouse  [  50,   84  ] , this may pose additional 
complications in ensuring that the epigenome is 
maintained when using IVM. Indeed, studies in 
human and bovine where IVM was investigated 
reported increased incidences of imprinting errors 
associated to maternal methylation  [  100–  102  ] . 

 Beyond the procedures of direct consequence 
to the oocyte in the course of ART is an interesting 
report that identi fi es critical nutritional aspects 
for the mother during the late maturation period 
of the oocyte prior to retrieval. Studies have sug-
gested that as little as an 8 % reduction in mater-
nal protein consumption 3 days prior to ovulation 
may affect the  fi nal stages of meiotic maturation 
 [  103,   104  ] . 

 This  fi ts neatly with data from Smallwood 
et al., indicating a large number of genes are meth-
ylated between the GV and MII stages in the 
mouse  [  50  ] . Interruption of this process as a con-
sequence of changes in maternal nutrition imme-
diately prior to the harvest of oocytes in addition 
to the usual changes encountered with in vivo han-
dling may collectively introduce deleterious alter-
ations in the oocyte methylome that lead to the 
epimutations often identi fi ed at imprinted loci. 

 Collectively there is growing evidence that in 
humans, children born following ART procedures 
are phenotypically and biochemically different 
from those conceived naturally  [  98,   105  ] . Whether 
these changes involve deleterious effects remains 
to be seen. The extent to which these changes 
may be inherited over generations is also a key 
issue. Clearly much of the underlying causes 
arise from subtle and not so subtle changes in the 
epigenome, the instructional interpreter of the 
underlying genetic blueprint. Suggestions that 
DNA methylation changes in late-stage oocyte 
maturation involve a vast number of targets lend 
credence to the likelihood of these changes hav-
ing a lifelong impact on reproductive ability and 
healthy aging. Still, much of what we know 
derives from studies of animal models. Recent 
genome-wide studies have revealed some cause 
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for concern with important implications for 
growth and development beyond the well-studied 
targets of genomic imprinting. What remains is 
for concerted and integrated studies that allow us 
to learn more about the speci fi c differences as 
they apply to human reproductive biology in the 
context of the human genome as a prelude to 
speci fi c direct improvements in all aspects of the 
treatment of human infertility. Internationally 
coordinated initiatives such as IHEC, the 
   International Human Epigenome Consortium, 
will play an essential role in the path to such 
understanding in this area.      
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    Introduction    

 The preovulatory mammalian follicle is comprised 
of a meiotically competent oocyte, arrested in 
prophase I, surrounded by two different types of 
granulosa cells. The cells immediately surround-
ing the oocyte are cumulus cells, and the cells 
that line the outer wall of the follicle are mural 
granulosa cells (Fig.  12.1 ). The two types of 
granulosa cells are separated from each other by 
a large,  fl uid- fi lled antral cavity. The mural gran-
ulosa cells communicate with each other and 
with the cumulus cells through gap junctions 

composed of connexin 43 (Cx43), while the 
cumulus cells maintain contact with the oocyte 
via gap junctions composed of connexin 37 
(Cx37). Gap junctional communication is essen-
tial for maintaining meiotic arrest.  

 The pituitary gonadotropin, follicle-stimulat-
ing hormone (FSH), causes the growth of folli-
cles once they reach the preantral stage. The 
oocyte grows as well, reaching a diameter of 
~75  m m in the mouse, but it remains arrested in 
prophase I until luteinizing hormone (LH) from 
the pituitary signals the oocyte to resume meio-
sis. Toward the end of follicular growth (~500  m m 
diameter in the mouse), FSH stimulates the 
expression of the LH receptor on the mural gran-
ulosa cells. The LH receptor is not expressed on 
the cumulus cells or on the oocyte  [  1,   2  ] . 
Therefore, the actions of LH to stimulate meiotic 
resumption are not a direct effect on the oocyte. 
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 Abstract 

 Mammalian oocytes are arrested in prophase of meiosis I until a surge of 
luteinizing hormone from the pituitary signals them to resume meiosis and 
progress to metaphase II.  Prophase arrest prior to the LH surge, and mei-
otic resumption following the LH surge, are regulated by an interplay 
between the oocyte and the surrounding follicle cells.  This chapter reviews 
what is currently known about the maintenance of meiotic arrest and the 
mechanisms that bring about meiotic resumption in the rodent oocyte.  
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In the oocyte, meiotic resumption is character-
ized by the disappearance of the large nucleus 
(GV), termed “germinal vesicle breakdown” 
(GVBD). The oocyte then completes the  fi rst 
meiotic division and continues to metaphase II, 
where it undergoes a second arrest that lasts until 
fertilization. 

 The mechanisms that regulate meiotic arrest 
and resumption have been examined for decades. 
Recently, convincing evidence has been obtained 
to explain how the oocyte and follicle cells com-
municate to regulate follicular growth, meiotic 
arrest, and meiotic resumption. Most of these 
studies have been performed in rodents; there-
fore, the discussion here will be limited mainly to 
meiotic arrest and resumption in rodent oocytes.  

   Prophase I Arrest: Regulation 
by the Oocyte 

 It has long been known that levels of cyclic ade-
nosine monophosphate (cAMP) within the 
oocyte regulate both meiotic arrest and resump-
tion. Release of the oocyte from the follicle 
causes the oocyte to mature spontaneously  [  3,   4  ]  
and is associated with a decrease in oocyte 
cAMP  [  5,   6  ] . This spontaneous maturation can 
be inhibited by incubating oocytes in the 

 presence of phosphodiesterase inhibitors or ana-
logs of cAMP  [  7,   8  ] . During meiotic arrest, 
cAMP levels within the oocyte are relatively 
high, whereas they fall in response to LH, prior 
to meiotic resumption  [  5,   9  ] . 

 Cyclic AMP levels regulate meiotic arrest and 
resumption by affecting the balance between an 
inactive and an active protein complex made up 
of cyclin B and the kinase CDK1  [  10,   11  ] . When 
cAMP is high in the oocyte, protein kinase 
A (PKA) is activated. Meiotic resumption pro-
ceeds in isolated oocytes in the presence of phos-
phodiesterase inhibitors when oocytes are injected 
with PKA inhibitors, and meiotic arrest is main-
tained by injecting the catalytic subunit of PKA 
in isolated oocytes in the absence of phosphodi-
esterase inhibitors  [  12  ] . The basal level of cAMP 
in the oocyte, ~650 nM  [  9  ] , is high enough to 
stimulate both PKAI and PKAII  [  13,   14  ] , both of 
which are expressed in the oocyte  [  15–  17  ] . 
Protein kinase A phosphorylates and inactivates 
the phosphatase, CDC25B, and phosphorylates 
and activates the kinases WEE1B and MYT1 
 [  11  ] . This causes a net phosphorylation on tyrosine 
and threonine residues in CDK1, resulting in its 
inactivation. Low cAMP levels that occur follow-
ing the LH surge or in an oocyte released from the 
follicle cause a decrease in PKA activity and sub-
sequently the dephosphorylation and activation of 
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  Fig. 12.1    Preovulatory 
follicle from a mouse ovary       
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CDC25B, such that there is a dephosphorylation 
of tyrosine and threonine and activation of the 
CDK1/cyclin B complex. This protein complex, 
termed MPF (for meiosis promoting factor, mito-
sis promoting factor, or metaphase promoting fac-
tor), is responsible for GVBD as well as other 
early events of meiotic resumption  [  11  ] . 

 It was once thought that cAMP was produced 
in the cumulus cells and diffused into the oocyte 
through gap junctions to provide the oocyte with 
cAMP to maintain meiotic arrest  [  18  ] . Evidence 
to support this hypothesis came from studies in 
which gap junctional communication was dis-
rupted. The gap junction inhibitor carbenoxolone 
effectively inhibits gap junctional communica-
tion and stimulates meiotic resumption  [  19,   20  ] . 
In addition, experiments in which gap junctional 
communication between the cumulus cells and 
the mural granulosa cells was disrupted within an 
intact follicle demonstrated that patent gap junc-
tions must be maintained between the cumulus 
and mural granulosa cells to maintain meiotic 
arrest  [  21  ] . However, if follicle cells produce 
enough cAMP to “feed” the oocyte, it is unclear 
how they would do so, as PKA activity in the fol-
licle is low prior to stimulation by LH  [  22  ] . The 
permeability of gap junctions comprised of Cx37 
and Cx43 to cAMP is also unknown; it is thus 
possible that cAMP cannot pass through gap 
junctions. 

 Recently, the ability to microinject an oocyte 
while it is still in an intact follicle has provided 
strong evidence that cAMP is generated within 
the oocyte itself. The  fi rst evidence of this came 
when oocytes within isolated antral mouse folli-
cles were microinjected with an antibody that 
inactivates the G a  

s
  G-protein. This antibody 

stimulated meiotic resumption within follicle-
enclosed oocytes as well as in isolated oocytes 
maintained in meiotic arrest with the phosphodi-
esterase inhibitor hypoxanthine  [  23  ] . Additionally, 
a dominant negative form of G 

s
  stimulated mei-

otic resumption in follicle-enclosed oocytes  [  24  ] . 
An essential role for oocyte-derived adenylate 
cyclase in maintaining meiotic arrest is supported 
by the observation that oocytes from adenylate 
cyclase type 3 knockout mice undergo spontane-
ous meiotic resumption in vivo  [  25  ] . Interestingly, 
the ability of G 

s
  inhibition to stimulate meiotic 

resumption is not limited to mouse oocytes, and 
inactivation of G 

s
  has also been shown to trigger 

meiotic resumption in  Xenopus , zebra fi sh, and 
human oocytes  [  24,   26,   27  ] . 

 G 
s
  activity requires stimulation by a G-protein-

coupled receptor. Therefore, the next step in 
determining how cAMP might be produced by 
the oocyte was to identify this receptor. A search 
of an EST database from fully grown, prophase 
I-arrested oocytes yielded a list of 15 candidate 
receptors, of which one in particular was of inter-
est due to its known ability to stimulate G 

s
  activ-

ity  [  28  ] . This receptor, called GPR3, had been 
found to produce high levels of cAMP when 
overexpressed in mammalian cells, in the absence 
of exogenous agonist  [  29,   30  ] .  Gpr3  mRNA is 
expressed in the mouse oocyte and is ~10–20 
times more abundant in the oocyte than in the 
surrounding follicle cells  [  28,   31  ] . Importantly, 
oocytes from  Gpr3  knockout mice undergo spon-
taneous meiotic resumption within intact preovu-
latory follicles in the absence of an LH surge  [  28, 
  32,   33  ] . Exogenous expression of GPR3 in folli-
cle-enclosed knockout oocytes restores the abil-
ity of these oocytes to maintain meiotic arrest, 
and reducing  Gpr3  RNA within wild-type folli-
cle-enclosed oocytes using RNA interference 
causes spontaneous meiotic resumption  [  10,   28  ] . 
In the rat, GPR3 is absent and a related receptor, 
GPR12, appears to be responsible for maintain-
ing meiotic arrest  [  31  ] , whereas human oocytes 
express GPR3 and not GPR12  [  27  ] . In oocytes 
overexpressing a  fl uorescently tagged GPR3, 
GPR3 is localized in the plasma membrane of the 
oocyte and within early endosomes, and signal-
ing at the plasma membrane appears to be neces-
sary to produce enough cAMP to maintain 
meiotic arrest  [  34  ] .  

   Prophase I Arrest: Regulation 
by Granulosa and Cumulus Cells 

 If cAMP is generated within the oocyte, what is 
the role of the follicle cells in maintaining meiotic 
arrest? The follicle cells are clearly important, as 
removal of the oocyte from the follicle causes the 
oocyte to mature spontaneously in culture  [  3,   4  ] . 
As mentioned earlier, patent gap junctions between 
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the mural granulosa and the cumulus cells are 
essential for maintaining meiotic arrest. These 
observations led to the hypothesis that follicle cells 
provide the oocyte with a meiosis inhibitory sub-
stance that diffuses through gap junctions to some-
how inhibit meiotic resumption. This inhibitory 
substance is unlikely to be cAMP because oocyte-
derived cAMP is suf fi cient to maintain meiotic 
arrest in oocytes from  Gpr3  −/−  mice  [  28  ] , and 
depleting GPR3 speci fi cally within the follicle-
enclosed oocyte prevents the oocyte from main-
taining arrest  [  10,   33  ] . LH stimulating the follicle 
could then reverse the effect of this meiosis inhib-
iting substance, either by inhibiting its production 
or by closing gap junctions through which the 
inhibitory substance diffuses into the oocyte. 

 Early experiments investigating meiotic arrest 
found that in addition to cAMP, levels of another 
cyclic nucleotide, cyclic guanosine monophos-
phate (cGMP), decrease in the oocyte following 
removal from the follicle and in response to LH 
treatment  [  6  ] . In addition, isolated mouse oocytes 
microinjected with cGMP undergo spontaneous 
meiotic resumption at a slower rate than unin-
jected oocytes  [  6  ] . Because cGMP inhibits 
cAMP phosphodiesterase activity in oocyte 
lysates  [  35  ]  and inhibitors of an enzyme required 
for the production of cGMP (inosine monophos-
phate dehydrogenase) cause GVBD in follicle-
enclosed oocytes  [  36  ] , cGMP thus became an 
attractive candidate for the meiosis inhibitory 
substance. 

 More recently, using FRET-based sensors to 
measure cGMP within follicle-enclosed oocytes, 
it has been shown that oocyte cGMP levels are 
~900 nM prior to LH but fall to ~40 nM within an 
hour after LH treatment, before GVBD  [  9  ] . This 
basal level of cGMP is suf fi cient to inhibit the 
activity of phosphodiesterase 3A (PDE3A), the 
main phosphodiesterase involved in meiotic 
arrest  [  37,   38  ] , whereas the drop to 40 nM should 
lead to a  fi vefold increase in PDE3A activity  [  9, 
  37,   39  ] . Additional evidence that cGMP could be 
the meiosis inhibitory substance includes the 
 fi nding that injection of the catalytic domain of 
the cGMP-speci fi c phosphodiesterase 9A causes 
GVBD in follicle-enclosed oocytes, but only if 
PDE3A is active  [  9  ] . Both LH and the catalytic 

domain of PDE9A cause a decrease in oocyte 
cAMP, and these oocytes undergo meiotic 
resumption. 

 Evidence that cGMP from the follicle cells 
diffuses to the oocyte through gap junctions was 
provided by the  fi nding that experimental closure 
of gap junctions in intact follicles decreases 
cGMP in the oocyte  [  9  ]  and stimulates meiotic 
resumption  [  9,   19,   40  ] . Moreover, recent mea-
surements of follicular cGMP have demonstrated 
that prior to LH, cGMP levels are relatively high 
(2–3  m M), whereas they fall rapidly after the LH 
surge (to ~100 nM at 1 h)  [  9,   39,   41  ] . 

 How cGMP is generated in the somatic follicular 
cells is beginning to be understood. Recent work 
has shown that a ligand–receptor interaction exists 
between the follicle cells that generate cGMP. 
Mural granulosa cells express mRNA encoding 
C-type natriuretic peptide (CNP, or NPPC); its 
cognate receptor, NPR2, is expressed predomi-
nantly in the cumulus cells, with lower expression 
in the mural granulosa cells  [  42,   43  ] . NPR2 is a 
membrane-bound guanylate cyclase  [  44  ] , and 
CNP elevates cGMP levels in isolated cumulus–
oocyte complexes  [  42,   43,   45  ] . Levels of  Nccp  
mRNA and protein change throughout the rat 
estrus cycle, being highest at proestrus, when large 
preovulatory follicles are present, prior to the LH 
surge  [  46  ] . mRNA and protein are also higher in 
ovaries from eCG-primed mice, which contain 
many preovulatory follicles, compared to unstim-
ulated ovaries  [  45,   47  ] . CNP inhibits spontaneous 
GVBD of oocytes within cumulus–oocyte com-
plexes  [  42,   43,   47  ] . Importantly, oocytes from 
 Nppc  or  Npr2  mutant mice undergo spontaneous 
meiotic resumption in vivo  [  42  ] , demonstrating 
the essential role of both ligand and receptor in the 
maintenance of meiotic arrest. 

 The interaction of the oocyte and somatic cells 
is critical for the proper expression of NPR2. For 
example,  Npr2  mRNA levels are signi fi cantly 
lower in cumulus cells from which oocytes are 
microsurgically removed  [  42  ] .  Npr2  mRNA lev-
els are restored when such cumulus cells are co-
cultured with fully grown isolated oocytes. In 
addition, paracrine factors are involved in the 
maintenance of  Npr2  expression. For example, 
 Npr2  mRNA levels are high in freshly isolated 
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cumulus–oocyte complexes obtained from hor-
monally stimulated mice but fall over time in cul-
ture;  Npr2  levels can be sustained in 
cumulus–oocyte complexes in the presence of 
estrogen or testosterone, which is produced dur-
ing the period of follicular growth, when meiotic 
arrest must be maintained  [  43  ] . 

 In summary, meiotic arrest depends on high 
levels of cAMP within the oocyte. Mammalian 
oocytes produce the cAMP through the constitu-
tive activity of the G 

s
 -linked receptor GPR3 (or 

GPR12). For their part, the follicle cells produce 
cGMP, which diffuses into the oocyte through 
gap junctions to inhibit PDE3A and thus prevent 
the hydrolysis of cAMP.  

   Meiotic Resumption: Pathways 
by Which LH Stimulates Oocyte 
Maturation 

 Luteinizing hormone (LH) from the pituitary is 
the stimulus for meiotic resumption. In response 
to LH, the oocyte undergoes the dissolution of 
the germinal vesicle (“germinal vesicle break-
down,” or “GVBD”) and progresses to meta-
phase II, where it undergoes a second arrest 
until fertilization. The  fi rst effect of LH on the 
follicle is to bind to and activate the LH recep-
tor. LH receptors are located only on the mural 
granulosa cells, not on the cumulus cells or 
oocyte  [  1,   2  ] . It is well characterized that the 
LH receptor is coupled to G 

s
   [  48,   49  ] . LH bind-

ing to its receptor stimulates an increase in ade-
nylate cyclase activity through G 

s
  activation, 

leading to the production of cAMP. Thus, para-
doxically, an increase in cAMP production in 
the follicle cells leads to a decrease in cAMP in 
the oocyte; the decrease in cAMP in the oocyte 
is due to an increase in cAMP phosphodi-
esterase activity  [  9,   39,   50  ] . Meiotic resumption 
can be stimulated by transiently elevating folli-
cular cAMP levels using forskolin, which acti-
vates adenylate cyclase  [  31,   51  ] . The LH 
receptor also couples to G 

q/11
 , which activates 

phospholipase C, resulting in Ca 2+  release  [  48, 
  49,   52  ] . This is based on the observation that 
 Xenopus  oocytes or cultured mammalian cells 

overexpressing the LH receptor can mobilize 
Ca 2+  when stimulated with LH. In addition, LH 
stimulates the formation of inositol 1,4,5-tris-
phosphate (IP 

3
 ) and Ca 2+  release in dispersed 

granulosa cells from porcine  [  53  ]  or rat  [  54  ]  
ovarian follicles in vitro. Meiotic resumption 
can be stimulated by increasing Ca 2+  in the fol-
licle  [  55,   56  ] , and there is evidence that Ca 2+  
signaling is important for FSH-induced mei-
otic resumption in cumulus–oocyte complexes 
 [  57–  59  ] . However, whether LH acting on intact 
follicles causes Ca 2+  release and triggers mei-
otic resumption under physiological conditions 
has yet to be investigated.  

   LH Stimulates a Decrease in Gap 
Junction Permeability as well 
as a Fall in Follicular cGMP 

 LH stimulation of the mural granulosa cells 
could reverse the inhibitory effect on the oocyte 
from the follicle cells, could produce a signal 
that overrides the inhibitory substance, or could 
have effects on speci fi c pathways in the oocyte 
that lead to cAMP production. In support of a 
positive stimulus that promotes meiotic resump-
tion, isolated cumulus cells incubated in the 
presence of phosphodiesterase inhibitors or 
cAMP analogs undergo GVBD when treated 
with FSH or EGF  [  60  ] . In the oocyte, there is 
evidence that LH signaling does not act at the 
level of cAMP production in the oocyte to stimu-
late meiotic resumption. This is based on the 
observation that GPR3-dependent G 

s
  activity 

does not change in response to LH  [  61  ] . In addi-
tion, LH-induced meiotic resumption in the 
oocyte is independent of a G 

i
  G-protein, the acti-

vation of which would cause a decrease in cAMP, 
nor does it act through a Ca 2+ -dependent path-
way in the oocyte  [  62  ]  that might inhibit adeny-
late cyclase activity. However, there is evidence 
that the AKT/PKB pathway could be involved in 
phosphorylating and activating PDE3A in the 
oocyte  [  63,   64  ] ; how this pathway might be 
stimulated in response to LH is unknown. More 
recent studies have focused on the role that LH 
plays to reverse the inhibitory effect the follicle 
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cells surrounding the oocyte exert to promote 
meiotic arrest. 

 As discussed above, there is strong evidence 
to support the hypothesis that cGMP from the 
follicle cells diffuses through gap junctions to 
inhibit meiotic resumption until the LH surge. 
The effects of LH on the follicle are twofold. 
First, LH stimulation leads to a decrease in gap 
junction permeability between the follicular 
somatic cells  [  19,   20  ] , which then leads to 
a decrease in oocyte cGMP  [  9  ] . The decrease in 
oocyte cGMP following gap junction closure per-
mits the activation of PDE3A in the oocyte, which 
hydrolyzes cAMP, and meiotic resumption is able 
to proceed. Second, LH stimulation causes a 
decrease in total [cGMP] in the follicle, which 
also lowers oocyte cAMP and permits meiotic 
resumption to occur. 

 It has been known for years that disrupting 
gap junctions using nonspeci fi c gap junction 
inhibitors stimulates meiotic resumption  [  19,   20, 
  40  ] . Connexin 43 (Cx43) is the main connexin 
comprising the gap junctions between follicular 
cells  [  65  ] , and its permeability is regulated by 
phosphorylation  [  66,   67  ] . Treating intact rat or 
mouse follicles with LH stimulates Cx43 phos-
phorylation on several serines  [  20,   68–  70  ] , with 
maximal phosphorylation occurring at 30–60 
min following LH treatment, a time that pre-
cedes GVBD  [  20  ] . Phosphorylation of Cx43 
leads to a decrease in gap junction permeability 
between the follicle cells  [  20,   70  ] , but not 
between the oocyte and surrounding cumulus 
cells, which are composed of Cx37  [  20,   71  ] . 
Breakdown of communication between follicle 
cells contributes to GVBD. 

 LH stimulation also causes a decrease in the 
concentration of follicular cGMP  [  9,   39  ] . The 
basal concentration of cGMP in preovulatory 
follicles prior to the LH surge is ~2–3  m M, 
whereas this level falls to ~100 nM within 1 h 
following LH treatment  [  9,   41  ] . The decrease in 
cGMP content in the follicle could result from a 
decrease in guanylate cyclase activity or from an 
increase in cGMP PDE phosphodiesterase activ-
ity. As already discussed, CNP is the ligand 
expressed in the mural granulosa cells that stim-
ulates cGMP production via its interaction with 

the transmembrane guanylate cyclase, NPR2, 
which is located on the cumulus and mural gran-
ulosa cells  [  42,   43  ] . Ovarian CNP protein levels 
fall in response to LH stimulation  [  47  ] , with a 
time course that precedes GVBD  [  45  ] . 
Mechanisms by which CNP levels fall are cur-
rently unknown; one possibility is a decrease in 
 Nppc  expression  [  47  ] . In addition to a fall in CNP 
levels, NPR2 activity also decreases in response 
to LH  [  45  ] .  

   Role of the MAP Kinase Pathway 
in Stimulating Meiotic Resumption 

 One of the early events associated with LH stim-
ulation of the follicle is the activation of mito-
gen-associated protein kinase (MAPK, or 
ERK1/2). MAPK activity has been observed in 
isolated, intact rodent follicles within 15 min fol-
lowing stimulation of the LH receptor  [  69,   70, 
  72  ] . The MAPK kinase (MEK) inhibitor, U0126, 
prevents LH-induced meiotic resumption in 
intact follicles  [  73  ] , although the dose required 
for half maximal to complete inhibition is in the 
range where the inhibitor has nonspeci fi c effects 
on other protein kinases  [  74  ] . At this dose, U0126 
also inhibits LH-stimulated expression of  Has2  
and  Ptgs2 , two proteins required for cumulus cell 
expansion, in cumulus cells  [  73  ] . Oocytes from 
granulosa cell-speci fi c  Erk1 / 2  −/−  mice fail to 
resume meiosis when the mice are injected with 
hCG to stimulate the LH receptor, and these mice 
do not ovulate  [  75  ] , supporting an important role 
for MAPK in more than one LH-stimulated 
pathway. 

 At the level of the oocyte, MAPK is also acti-
vated during maturation, but not until after GVBD 
 [  76  ] , and inhibiting its action with U0126 does 
not inhibit spontaneous oocyte maturation  [  77  ] . 
MAPK activity in oocytes is ultimately stimu-
lated by the oocyte-speci fi c proto-oncogene 
product c-MOS. Oocytes from  mos  −/−  mice are 
competent to mature, and in these oocytes, MAPK 
is not activated during maturation, yet they 
undergo GVBD in vitro  [  58,   76,   78  ] . Thus, 
oocyte-derived MAPK is not essential for the 
early stages of meiotic resumption.  



17712 Signaling for Meiotic Resumption in Granulosa Cells, Cumulus Cells, and Oocyte

   MAPK Is Stimulated by the Activity 
of EGF-Like Ligands Through 
Activation of the EGF Receptor 

 The transmission of the LH signal requires the 
activity of the EGF receptor (EGFR) on follicle 
cells. EGF receptors are expressed on both the 
mural granulosa and cumulus cells  [  79,   80  ] . It has 
long been known that EGF stimulates meiotic 
resumption in both intact follicles  [  70,   81  ]  and 
cumulus-enclosed oocytes cultured in the presence 
of hypoxanthine, which would normally hold 
them in meiotic arrest  [  60  ] . However, the relation-
ship between LH and EGF in meiotic resumption 
was not fully appreciated until relatively recently. 

 There is now strong evidence that rather than 
EGF, LH stimulates the expression of EGF-like 
ligands in both the mural granulosa  [  72,   82,   83  ]  
and the cumulus cells  [  84  ] . Two of these EGF-
like ligands, amphiregulin (AREG) and epiregu-
lin (EREG), have been implicated in transmitting 
the LH signal  [  72,   82,   83,   85  ] . AREG and EREG 
are small (~5 kDa) peptides that are synthesized 
as precursor proteins that are cleaved by the 
transmembrane matrix metalloprotease 
ADAM17/TACE and shed in their mature forms 
 [  86  ] .  Areg  and  Ereg  mRNAs are rapidly induced 
by LH in rodent follicles in vivo  [  82,   83  ]  and 
in vitro  [  72  ] , prior to GVBD.  Areg  mRNA has 
also been shown to be induced by FSH and for-
skolin within 30 min in cultured cumulus–oocyte 
complexes  [  84  ] . AREG and EREG precursor 
proteins have been identi fi ed in mural granulosa 
and cumulus cells following stimulation with LH 
or FSH, respectively  [  82,   84  ] . Incubating follicles 
with AREG or EREG stimulates meiotic resump-
tion with a time course faster than or similar to 
that of LH  [  41,   82  ] , and incubating isolated 
cumulus-enclosed oocytes with AREG stimulates 
GVBD when cultured in the presence of hypox-
anthine or dbcAMP, which would normally 
inhibit meiotic resumption  [  85  ] . 

 EGFR phosphorylation occurs rapidly in vivo 
 [  82  ]  and in vitro  [  72,   83  ]  following LH receptor 
stimulation, and the speci fi c EGFR kinase inhibi-
tor AG1478 inhibits the effects of AREG or 
EREG on meiotic resumption  [  82  ] . AG1478 like-
wise inhibits LH-induced meiotic resumption 

 [  41,   83  ] . At the level of the cumulus cells, 
AG1478 inhibits FSH- as well as AREG-induced 
meiotic resumption  [  85  ] . Disrupting the EGF sig-
naling network either by utilizing double mutant 
 Areg   −/−   mice in combination with mice homozy-
gous for a hypomorphic EGFR allele ( Areg  −/−  
 Egrf   wa2 / wa2  )  [  87  ]  or by deleting the EGFR 
speci fi cally in the granulosa cells  [  79  ]  impairs 
both meiotic resumption and ovulation. 

 The oocyte plays a pivotal role in EGFR 
signaling, as secreted factors from the oocyte 
regulate follicular EGFR expression. For exam-
ple, cumulus cells from cumulus–oocyte com-
plexes in which the oocyte was microsurgically 
removed have lower levels of  Egfr  mRNA and 
protein than cumulus cells within intact com-
plexes  [  80  ] . Co-culture of cumulus cells with 
wild-type oocytes restores the expression of  Egfr  
mRNA, whereas oocytes de fi cient in two oocyte-
speci fi c factors, growth differentiation factor 9 
(GDF9) and bone morphogenetic protein 15 
(BMP15), fail to restore the expression of the 
 Egfr . The addition of GDF9 and BMP15 to 
oocyte-removed cumulus cells promotes  Egfr  
mRNA expression  [  80  ] . GDF9 and BMP15 act 
through a SMAD2/3 signaling pathway in cumu-
lus cells and, interestingly, the EGFR–MAPK 
pathway in cumulus cells enables GDF9–SMAD3 
signaling  [  88  ] . Thus, cross talk between the 
oocyte and cumulus cells is key for successful 
EGFR signaling in response to EGF-like ligands.  

   LH Acts Through Redundant Pathways 
to Stimulate Meiotic Resumption 

 The activation of the EGFR and subsequent MAPK 
activation are important for both the decrease 
in follicular gap junction permeability and the 
decrease in cGMP concentration in the follicle. 
With respect to gap junction permeability, stimu-
lating the EGFR with EREG and AREG closes gap 
junctions, albeit only partially  [  41  ] . EGFR activity 
is clearly necessary for gap junction closure, as 
the EGFR inhibitor AG1478 prevents gap junction 
closure in response to LH  [  41  ] . MAPK activation 
is also important for gap junction closure. MAPK 
activation causes Cx43 phosphorylation on several 
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serines  [  20,   70  ] , and inhibiting MAPK using the 
inhibitor UO126 abolishes Cx43 phosphorylation 
and prevents gap junction closure in response to 
LH stimulation  [  20  ] . Interestingly, preventing the 
closure of gap junctions with a dose of U0126 
that is highly speci fi c is ineffective in inhibiting 
LH-induced meiotic resumption  [  20,   73  ] , illustrat-
ing that LH acts through separate, redundant path-
ways to initiate meiotic resumption. 

 EGFR activity is also necessary for at least 
part of the fall in cGMP that occurs in response to 
follicular stimulation by LH. The LH-induced 
decrease in follicular cGMP is reduced by a 

 concentration of AG1478 that is suf fi cient to 
completely inhibit EGFR kinase activity  [  41  ] . In 
addition, follicular cGMP levels fall in response 
to LH in granulosa cell-speci fi c  Egfr  −/−  mice  [  79  ] . 
However, in both of these cases, the effects are 
only partial, further demonstrating that LH acts 
through multiple mechanisms to lower cGMP.  

   Conclusion 

 It has long been known that the maintenance 
of meiotic arrest as well as meiotic resumption 
is the result of a highly coordinated  system 
between the follicle cells and the oocyte. 
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GPR3
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cAMP
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  Fig. 12.2    Model for the 
maintenance of meiotic arrest 
and resumption. Before LH, 
levels of cGMP in the somatic 
cell compartment are high, 
and cGMP diffuses freely into 
the oocyte, where it inhibits 
PDE3A and maintains high 
levels of cAMP. Following 
LH stimulation, gap junctions 
between the follicle cells 
close and cGMP levels in the 
follicle fall, both of which 
lead to a decrease in cGMP in 
the oocyte; this allows the 
activation of PDE3A and the 
hydrolysis of cAMP       
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Recent work has shed light on how these 
follicular compartments function together 
to maintain meiotic arrest until the surge 
in LH that stimulates meiotic resumption 
(Fig.  12.2 ). Prior to LH elevation, prophase 
arrest depends on high levels of intra-oocyte 
cAMP. This cAMP is generated by the consti-
tutively active G-protein-coupled receptor in 
the oocyte membrane, GPR3 (or GPR12), and 
its breakdown is prevented by cGMP, which 
inhibits PDE3A in the oocyte. Cyclic GMP is 
generated in the somatic cells by the ligand 
CNP that interacts with the membrane-bound 
guanylate cyclase, NPR2, which is located 
on the mural granulosa and cumulus cells. 
Cyclic GMP diffuses into the oocyte through 
gap junctions. Following LH receptor stimu-
lation of the follicle, cGMP in the oocyte falls 
as the result of gap junction closure as well as 
a decrease in total follicular cGMP content. 
As a result of decreased cGMP in the oocyte, 
PDE3A becomes activated and phosphodi-
esterase activity increases, thereby hydrolyz-
ing cAMP and permitting meiotic resumption. 
Future studies will no doubt unravel the 
questions that remain, including the mecha-
nisms by which CNP levels are regulated in 
the follicle, as well as all of the intermediate 
steps through which LH stimulates meiotic 
resumption.       
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  Abstract 

 Oocytes are made in the fetal ovary and are only ever fertilized some 
 considerable time later in the adult. During this time, they have to undergo 
two meiotic divisions (meiosis I and II), which must be executed faithfully 
and on time so as to produce a mature egg, with a haploid chromosome 
content, that is ovulated into the fallopian tube ready to be fertilized. The 
two meiotic divisions are controlled by both internal and external (hor-
monal) triggers, principally executed by changes in the activity of the 
kinase CDK1 in the oocyte. Here, we focus on how the oocyte controls 
CDK1 activity at three important time points: (1) the arrest at prophase I 
in the ovary and the hormone-driven release from this arrest, (2) the pro-
gression through meiosis I, and  fi nally (3) the rearrest at metaphase II and 
subsequent completion of meiosis triggered by a sperm calcium signal.  
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   Introduction 

 The passage through meiosis in mammalian 
oocytes is not smooth but instead punctuated by a 
series of stops and starts. These remarkable events 
collectively highlight a very sophisticated life for 
this unique cell. The processes ensure that the 
mature oocyte (in later sections referred to as an 
egg) gets ovulated at the right time ready for fertil-
ization and that this is ultimately done in a syn-
chronized way that ensures the female remains 
endowed with oocytes for the entirety of her repro-

ductive life. This has to be so given all oocytes 
ovulated in the adult are made in fetal life. 

 There are three distinct phases therefore that 
will be discussed here (Fig.  13.1 ). First, the period 
of prophase I/Germinal Vesicle (GV) arrest. An 
oocyte spends the vast majority of its life arrested 
here, and it is initiated in the fetal ovary following 
completion of meiotic recombination and termi-
nated only in the hours preceding ovulation, when 
a surge in luteinizing hormone (LH) signals for the 
prophase I-arrested oocyte to undergo GV break-
down (GVB) and resume its  fi rst meiotic division. 
The second period, the resumption of meiosis I, is 

GV
arrest Oocyte maturation 

Metll
arrest

Follicle growth
Ovulation

Fertilization

CDK1

External
/internal trigger 

LH SAC satisfaction Emi2 Sperm

Meiosis I Meiosis II

  Fig. 13.1    The stops and starts of meiosis in mammalian 
oocytes. This chapter focuses on three distinct periods of 
meiosis: (1) GV arrest and hormonal release from this 
arrest; (2) oocyte maturation during meiosis I, which 
results in the separation of homologous chromosomes; 
and (3) rearrest at metaphase of meiosis II (metII arrest) 

and the sperm induced trigger for meiotic completion. All 
three periods are principally regulated by changes in the 
activity of the kinase CDK1, which is the focus of this 
chapter. The triggers driving these alterations in CDK1 
activity are highlighted and detailed in the text       
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the ensuing time during which homologous chro-
mosomes (also known as bivalents) are segregated 
following the hormonal surge. In contrast to the 
 fi rst period, meiotic resumption lasts just a few 
hours but nonetheless is vitally important in mak-
ing sure that the  fi nal preparations are made to 
generate a fertilization-competent oocyte. The 
third period begins in the  fi nal few hours before 
ovulation and is marked by the rearrest of the 
mature oocyte at metaphase of the second meiotic 
division. Unfortunately, despite all the above 
events, the ovulated oocyte is most likely to degen-
erate within the uterine tube, unless fertilized by a 
sperm. Fertilization breaks this metaphase arrest, 
causing the oocyte to complete its second meiotic 
division. Only at this point does the oocyte, having 
undergone two meiotic divisions, actually become 
haploid. The union with the fertilizing sperm gen-
erates a diploid embryo.  

 The journey of the oocyte through these three 
transitions is timed primarily by the activity of 
just one kinase – cyclin-dependent protein kinase 
1/CDK1 (previously P34CDC2 or CDC2). For a 
more detailed examination of CDK1 biochemis-
try and function in the mitotic cell cycle, excel-
lent reviews exist  [  1,   2  ] . During GV arrest, the 
primary goal of the oocyte is to keep CDK1 activ-
ity low, since an increase in its activity is the trig-
ger for entry into meiosis I. During meiosis I, 
CDK1 activity rises, and once the oocyte is ready 
to segregate its homologous chromosomes, 
CDK1 activity falls. Entry into meiosis II requires 
a CDK1 activity resurgence, then the goal of 
sperm at fertilization is to cause CDK1 loss. In 
this chapter, our focus will be on how CDK1 
activity is controlled with emphasis on the mouse 
oocyte, the mammalian model for which most is 
known, putting CDK1 control in the context of 
the unique nature of meiosis timing in females.  

   Maintenance of Germinal Vesicle 
Stage Arrest 

 The ability of the oocyte to maintain a lengthy 
prophase I arrest represents a regulatory phenom-
enon of the cell cycle unique to the female gam-
ete. Oocyte prophase I arrest encompasses the 

developmental period from the nongrowing pri-
mordial oocyte onward, until the oocyte becomes 
a fully grown GV oocyte contained within an 
antral follicle. Despite this cell-cycle status quo, 
the oocyte remains intrinsically incapable of 
undergoing meiotic resumption until it reaches at 
least ~80 % of its full size  [  3  ] . In the mouse 
oocyte, CDK1 protein and that of its regulatory 
subunit, cyclin B1, accumulate during growth, 
and as such it has been suggested that small 
oocytes are meiotically incompetent due to lim-
ited CDK1/cyclin B1 content  [  4  ] . Since cyclin 
B1 levels always appear to be in excess of CDK1 
in immature oocytes, it is likely CDK1 is the rate-
limiting factor  [  4–  6  ] . Additionally, the ability of 
CDK1 to associate with cyclin B1 also seems to 
be acquired with oocyte growth in the mouse  [  6  ] . 
Limited CDK1 and/or cyclin B1 protein levels 
certainly appear to underlie the meiotic incompetence 
of immature oocytes in some larger mammalian 
species where meiotic resumption requires 
 protein translation even once the oocyte is fully 
grown  [  7–  9  ] . 

 Once the oocyte achieves meiotic competence, 
LH signals or removal of the oocyte from its mat-
uration-inhibitory follicular environment can 
precipitate the CDK1-mediated events of meiotic 
resumption including chromosome condensation, 
nuclear membrane breakdown, and assembly of 
the meiotic spindle  [  10,   11  ] . Therefore, prior to 
an ovulatory LH surge, the oocyte must limit 
CDK1 activity to prevent precocious meiotic 
resumption. CDK1 regulation in the oocyte is 
achieved in a similar manner to the mitotic cell 
cycle yet involves important differences which 
re fl ect the need for the oocyte to coordinate mei-
otic resumption with the somatic cells of the 
ovarian follicle. 

 By de fi nition, all cyclin-dependent kinases 
must bind a cyclin subunit in order to become 
active, with cyclin B1 being the predominant 
CDK1-binding partner during mitosis and meio-
sis  [  12  ] . However, cyclin B1 binding alone is not 
suf fi cient for activation, with phosphorylation 
required at threonine 161 of CDK1. In mitotic 
cells, the responsible kinase is a CDK-activating 
kinase (CAK) consisting of complex of CDK7/
cyclin H/MAT1  [  13,   14  ] , and recent evidence 
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suggests this complex may also promote CDK1 
phosphorylation in mammalian oocytes  [  15  ] . 
Inhibitory phosphorylation on threonine 14 and 
tyrosine 15 must also be removed for full CDK1 
activation. This inhibitory phosphorylation 
occurs through the action of WEE1 and MYT 
kinases (WEE1B in oocytes) and is reversed by 
members of the CDC25 phosphatase family in 
mitotic cells, speci fi cally CDC25B in oocytes 
 [  16–  18  ] . 

 Thus, the oocyte employs similar means of 
regulating CDK1 activity by phosphorylation as 

does the somatic cell; however, a unique feature 
of the mammalian oocyte is the requirement for 
gap-junction communication with the surround-
ing cumulus cells to maintain CDK1 in an inac-
tive state. This cell-cell interaction promotes 
maintenance of high levels of cAMP that are 
essential for GV arrest  [  19–  21  ] . The mature GV 
oocyte produces cAMP via a constitutively active 
G-protein-coupled receptor (GPR) on the oocyte 
membrane that stimulates adenylyl cyclase 
 activity  [  22–  25  ] . Although the oocyte also con-
tains phosphodiesterase 3 (PDE3), which may 
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  Fig. 13.2    Pathways involved in maintenance of prophase I 
arrest in the fully grown mammalian oocyte. A G-protein 
(Gs)-linked GPR membrane receptor on the oocyte 
 membrane stimulates adenylate cyclase ( AC ) to produce 
cAMP which promotes the activity of PKA. Loss of cAMP 
is prevented by cumulus cell contribution of cGMP pro-
duced by guanylyl cyclase NPR2 in response NPPC pro-
duced by the mural granulosa cells. High PKA activity (1) 

stimulates WEE1B kinase activity which ensures inhibitory 
phosphorylation of CDK1 and (2) inhibits the activity of 
CDC25B, the phosphatase responsible for removing this 
inhibitory phosphorylation. APC FZR1  activity ensures the 
degradation of cyclin B1, the activating subunit of CDK1. 
Both WEE1B and APC FZR1  localize predominantly to the 
nucleus during prophase I arrest with cyclin B1 and 
CDC25B sequestered primarily to the cytoplasm       



18713 Start and Stop Signals of Oocyte Meiotic Maturation

 potentially hydrolyze cAMP, the surrounding 
cumulus cells produce and transfer cGMP to the 
oocyte thereby inhibiting PDE3 activity  [  26–  30  ] . 
cGMP is produced in the cumulus cells by a gua-
nylyl cyclase, the NPR2 receptor, in response to 
natriuretic peptide precursor C (NPPC) released 
by mural granulosa cells (Fig.  13.2 )  [  29,   31  ] . The 
LH hormonal surge causes closure of oocyte-
granulosa gap junctions so reducing the oocyte’s 
supply of cGMP, resulting in increased turnover 
of cAMP  [  27  ] . Loss of cAMP reduces the activity 
of protein kinase A, which normally phosphory-
lates WEE1B maintaining its activation by phos-
phorylation as well as providing inhibitory 
phosphorylation of CDC25B  [  18,   32  ]  (Fig.  13.2 ). 
Loss of PKA activity and a reversal in the activi-
ties of these two enzymes allow loss of CDK1 
inhibitory phosphorylation and promotes its sub-
sequent activation  [  33  ] .  

 In addition to direct modi fi cation of CDK1 
phosphorylation sites, the levels and availability 
of cyclin B1 are also important for regulating 
CDK1 activity in the mammalian oocyte in order 
to maintain prophase I arrest. Oscillatory degra-
dation and resynthesis of cyclins drive the somatic 
cell through its cycle, and the oocyte utilizes 
these same processes to control levels of cyclin 
B1 throughout the period of prophase I arrest. In 
the fully grown GV oocyte that contains high 
cyclin B1 levels, ubiquitin-mediated proteasomal 
degradation of cyclin B1 becomes key to regulat-
ing CDK1 activity and is essential during the 
subsequent stages of meiosis I and II. Known for 
its role as the driver of anaphase progression in 
mitosis, the anaphase-promoting complex (APC) 
is a multimeric E3 ubiquitin ligase, responsible 
for the ubiquitylation of cyclin B1 and other sub-
strates, which thereby targets them for degrada-
tion by the 26S proteasome. The activity and 
substrate speci fi city of the APC are regulated by 
its binding to one of two coactivator proteins that 
function in a reciprocal manner to coordinate the 
different phases of the cell cycle  [  10  ] . Anaphase 
progression in mitosis, and meiosis I and II, 
requires interaction of the APC with its coactiva-
tor CDC20  [  12,   34  ] . In contrast, FZR1 (also 
known as CDH1) has a well-established role in 
mitotic exit and maintenance of G1/S phases of 

the mitotic cell cycle, but in the GV oocyte, FZR1 
regulates APC activity during prophase I arrest 
 [  35,   36  ] . APC FZR1  activity in the GV oocyte pro-
motes the degradation of cyclin B1, thereby pro-
viding an additional mechanism for maintenance 
of low CDK1 activity  [  37–  39  ] . Interestingly, 
FZR1 levels also need to be regulated, to prevent 
too much or too little APC FZR1  activity, and so far, 
this appears to involve several proteins including 
Emi1 and CDC14B  [  40,   41  ] . 

 A spatial aspect to CDK1 regulation is also 
important for GV arrest and involves both the 
cAMP/PKA phosphorylation and APC FZR1  ubiq-
uitylation/degradation pathways. During GV 
arrest, WEE1B, components of the APC FZR1 , and 
26S proteasome are located predominantly in the 
oocyte nucleus while cyclin B1 is retained in the 
cytoplasm  [  42,   43  ] . Although some cyclin B1 can 
enter the nucleus during GV arrest, nuclear 
APC FZR1  is thought to degrade it in this subcellular 
location, a conclusion supported by the observa-
tion that APC FZR1  activity is highest in the nucleus 
 [  42,   43  ] . Shortly before spontaneous meiotic 
resumption in vitro, WEE1B translocates from 
the nucleus to the cytoplasm while CDC25B and 
cyclin B1 enter the nucleus  [  42–  44  ] . Enhanced 
CDK1 dephosphorylation by CDC25B and levels 
of cyclin B1 that overwhelm APC FZR1 -mediated 
degradation are therefore the likely events pro-
moting the high CDK1 levels capable of precipi-
tating meiotic resumption.  

   Regulation of Meiosis I 

 Unlike prophase arrest which is broken by hor-
monal cues and release from metaphase II arrest 
which is achieved by fertilization, the timing of 
meiosis I is governed by the oocyte itself. 
However, like prophase I and metaphase II arrest, 
regulation of CDK1 activity is essential for this 
dynamic period of oocyte maturation. Following 
GVB, increasing CDK1 activity promotes chro-
mosome condensation and spindle formation, 
such that by early prometaphase the condensed 
homologous chromosomes (bivalents)  fi nd them-
selves among microtubules emanating from the 
newly forming spindle  [  12  ] . In meiosis I, unlike 
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any other cell division, sister kinetochores form a 
functional unit and are mono-orientated, attach-
ing to the same pole of the spindle. However, the 
two sister chromatid pairs within the bivalent are 
attached to opposite spindle poles, i.e., the biva-
lent is said to be bioriented. By mid prometaphase 
of meiosis I, sister kinetochore pairs start to make 
attachments to the spindle microtubules, pulling 
on the bivalents and orientating them in parallel 
with the axis of the spindle  [  45  ] . Once bivalents 
are aligned on the metaphase spindle, anaphase 
and meiotic exit can proceed, which requires a 
decline in CDK1 activity and continued activity 
of its rival phosphatases  [  46  ] . This loss in CDK1 
activity is achieved principally by degradation of 
cyclin B1 during meiosis I  [  47  ] . Of the two APC 
activators discussed previously, it is CDC20 that 
becomes the dominant driver of anaphase during 
meiosis I  [  48,   49  ] . 

 To couple exit from meiosis I with separation 
of bivalents, the APC also promotes the activa-
tion of the protein, separase. Active separase 
cleaves the cohesin molecules tethering bivalents 
together permitting them to be pulled to opposite 
poles of the meiotic spindle by microtubules dur-
ing anaphase  [  50  ] . Separase is kept inactive prior 
to anaphase both by CDK1 phosphorylation and 
by binding a chaperone protein called securin. 
Like cyclin B1, securin contains a degradation 
motif and is targeted by APC CDC20  for proteolysis 
 [  51  ] . Therefore, the APC is essential for anaphase 
progression by promoting the concerted degrada-
tion of both cyclin B1 to lower CDK1 activity 
and securin, to allow homolog separation and 
ultimately extrusion of the  fi rst polar body. In 
addition, for the completion of meiosis I, there is 
an another mechanism of regulating CDK1 activ-
ity that involves binding separase. This physical 
coming together of separase with CDK1 leads to 
mutual inhibition for each enzyme, with both 
separase and CDK1 activity being quenched. 
This interaction is essential in mouse oocytes in 
order to decrease CDK1 activity suf fi ciently to 
allow completion of meiosis I and polar body 
extrusion  [  52  ] . The oocyte’s need for this interac-
tion may re fl ect its large size and large amount of 
cyclin B1  [  4  ] , which may be in excess of what 
APC CDC20  can degrade by itself. 

 A factor bene fi cial to prevent the missegregation 
of chromosomes at anaphase onset is the correct 
attachment of all bivalents to the spindle microtu-
bules  [  53  ] . The  fi delity of chromosome separation 
in both mitosis and meiosis is regulated by a molec-
ular checkpoint known as the spindle assembly 
checkpoint (SAC). This pathway delays mitosis/
meiosis I until all sister kinetochores (mitosis) or 
sister kinetochore pairs (meiosis) are occupied by 
microtubules and is achieved by a biochemical sig-
nal originating from unoccupied kinetochores  [  54  ] . 
This signal is produced through a pathway involv-
ing numerous proteins and is responsible for tempo-
rarily preventing loss of CDK1 activity that would 
otherwise drive the cell into anaphase. 

 The SAC, which has been far better studied in 
mitosis than meiosis, is comprised of proteins 
from the MAD (mitosis arrest de fi cient) and BUB 
(budding uninhibited by benzimidazole) families of 
proteins,  fi rst identi fi ed as being crucial for imple-
menting mitotic arrest in yeast  [  55,   56  ]  as well as 
the kinases Mps1 and Auroras B or C  [  57,   58  ] . 
These SAC proteins interact on the kinetochore 
where the mitotic checkpoint complex (MCC) 
comprising of MAD2, BUBR1, BUB3, and 
CDC20 is catalyzed. The binding of this complex 
to the APC prevents cyclin B1 and securin 
destruction and may work by presenting CDC20 
to the APC as a substrate instead of an activator, 
thus keeping levels of CDC20 in check  [  59  ] . The 
same proteins are responsible for establishing a 
SAC in oocytes as knockdown or inhibition of 
MAD2, BUBR1, BUB1, Auroras, or Mps1, all 
result in an accelerated  fi rst meiosis and increased 
 aneuploidy  [  60–  65  ] . 

 In mitosis, the SAC is regarded as being sensi-
tive because one vacant kinetochore can delay ana-
phase  [  54  ] . On completion of the  fi nal attachment, 
MCC production ceases, and freed CDC20 acti-
vates the APC leading to cyclin B1 and securin 
degradation. In meiosis, the SAC may not be so 
sensitive. It is thought that only a majority of kine-
tochores need be occupied by microtubules in order 
to start the progression toward anaphase  [  66  ] . 
Following  fi nal satisfaction of the SAC, another 
striking difference between meiosis I and mitosis is 
the timing of anaphase and cytokinesis relative to 
APC activation. In mitosis, this period lasts for a 



18913 Start and Stop Signals of Oocyte Meiotic Maturation

matter of minutes. In mammalian oocytes however, 
the time between activation of the APC and ana-
phase can be measured in hours  [  65  ] . 

 An intriguing feature of mammalian oocytes 
is the high incidence of aneuploidy – up to 
30–40 % in humans. Why should oocytes have 
such high rates of aneuploidy relative to mitotic 
cells? Much research has focused on answering 
this question, with the subtle differences between 
the mitotic and meiotic SAC suggested to be the 
key. Collectively, the lower threshold of microtu-
bule attachment required before SAC inactiva-
tion in oocytes and the uncoupling of APC 
activation and anaphase may make the oocyte 
more susceptible to aneuploidy. Many questions 
regarding SAC function in meiosis remain unan-
swered, such as whether the oocyte SAC responds 
to tension between kinetochores as well as micro-
tubule attachment as it does in mitosis  [  67,   68  ] .  

   Meiotic Arrest at Metaphase II 

 The process of meiosis I is completed in the hours 
preceding ovulation. As detailed above, the  fi rst 
polar body is extruded, and the ovulated oocyte, 
referred to here from now on as an egg, is newly 
arrested at metaphase of the second meiotic divi-
sion (metII). Soon after ovulation, usually within 
a period of a few hours, the egg is penetrated by a 
fertilizing sperm, and this fusion event triggers 
initiation of embryonic development. 

 The key feature before fertilization is the con-
tinuous metII arrest, which must be maintained to 
ensure viable embryo development. This arrest is 
maintained by high CDK1 activity, and one 
unique aspect in the egg is that CDK1 levels are 
constantly high as opposed to mitotic progression 
where raised CDK1 activity lasts just tens of 
minutes. Masui coined the term “cytostatic fac-
tor” (CSF) to describe the activity which must 
maintain this arrest, and one can think of CSF as 
the tool used by the egg to keep CDK1 activity 
stable  [  69  ] . c-MOS, a MAP kinase kinase kinase, 
was initially described as being CSF, and most 
critically in mammals, this was demonstrated in a 
knockout mouse, whose eggs failed to maintain 
arrest at metII  [  70,   71  ] . 

 The downstream targets of the MAPK path-
way, in which c-MOS is the most upstream com-
ponent, are only really well studied in  Xenopus  
eggs. In this species, it is clear that p90RSK is the 
main target of MAPK activity  [  72–  74  ] . However, 
in mice, knockout studies have demonstrated that 
none of the main p90RSK family members are 
the targets of CSF activity  [  75  ] . Instead, one 
recent paper has reported that mitogen- and 
stress-activated kinase 1 (MSK1) may play the 
same function  [  76  ]  and its role remains to be fur-
ther investigated. 

 Independent of the identity of the most 
downstream component of the MAPK signal-
ing pathway, it is likely that the common target 
in  Xenopus  and mammalian eggs is EMI2, an 
APC inhibitor. EMI2 appears to be a meiosis-
speci fi c inhibitor of the APC, whose activity is 
 fi rst seen at the end of meiosis I  [  77–  82  ] . 
Importantly, the relationship between the path-
ways involving c-MOS-MAPK and APC EMI2  
has been established in  Xenopus , by the  fi nding 
that p90RSK-induced phosphorylation of EMI2 
is needed to keep this APC inhibitor stable  [  83, 
  84  ] . When this phosphorylation event is pre-
vented, then EMI2 is not suf fi ciently stable to 
maintain CSF arrest. Mouse eggs during their 
maturation also express EMI2, and this protein 
also appears to play an essential role in estab-
lishing and maintaining metII arrest  [  85,   86  ] . 
Given that p90RSK has no role to play in 
mouse metII arrest and that Xenopus EMI2 and 
mouse EMI2 do not play identical functions 
when expressed in mouse eggs  [  87  ] , further 
studies are needed to examine how differently 
EMI2 is regulated in mammalian eggs com-
pared to the better characterized frog. 

 At fertilization in mouse, sperm calcium sig-
nals activate the calcium-sensitive kinase calm-
odulin-dependent protein kinase II (CAMKII) 
 [  88,   89  ] . This signal also occurs in frog, where it 
has been established that CAMKII phosphory-
lates EMI2, which in so doing causes its degrada-
tion and thereby releasing the APC from its arrest 
 [  77–  82  ] . Interestingly, in the mouse, this CAMKII 
signal also activates WEE1B, which contributes 
to switching off CDK1 activity, necessary for 
meiotic exit  [  90  ] . 
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 Finally, with respect to release of metII arrest, it 
is important to stress that the sperm may also have 
to “put its foot on the accelerator” as well as 
“releasing the brake.” Thus far, we have focused 
on how the break is released, but in  Xenopus  eggs, 
it is clear that the calcium-activated phosphatase 
calcineurin also needs to be activated at fertiliza-
tion to ensure the correct initiation of embryonic 
development  [  91,   92  ] . Calcineurin is not important 
for mammalian fertilization  [  87  ] , but other pro-
cesses may likely be activated in order to reverse 
the phosphorylation events induced by CDK1. In 
mitotic exit and possibly mouse eggs, this is 
achieved by the phosphatase 2A  [  93,   94  ] .  

   Concluding Remarks 

 We have simpli fi ed the account of meiosis to 
CDK1. We focus on this kinase, not because it is 
the only important kinase in the two meiotic divi-
sions, but rather because changes in its activity 
are the primary drivers of these processes. There 
is still much detail to be established on how many 
of the pathways that feed into its activation and 
inactivation are regulated, such as the control of 
the SAC in inhibiting APC activity in meiosis I. 
These signaling pathways are likely to lead to fun-
damental insights into oocyte biology that will be 
important within the IVF clinical context as well 
as more widely with respect to understanding 
cell-cycle control and its dysregulation in cancer.      
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   Dual Consequences of Losing 
Canonical Centrosomes 
During Oogenesis 

 Asymmetric cell division generates cell diversity 
from a single mother cell. It is striking that all 
oocytes are big – often larger than their male coun-
terpart, the spermatozoa – and are produced by 
asymmetric divisions in size. This suggests that 
sexual reproduction has imposed a unique asym-
metric way of transmitting heredity to progeny. 
Interestingly, disposal of canonical centrosomes 
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  Abstract 

 Meiosis in oocytes is demanding, requiring chromosomes to be evenly 
segregated between daughter cells while the cytoplasm should be unequally 
shared to bene fi t the oocyte. Indeed, oocytes are extremely large cells 
compared to most somatic cells and divide twice asymmetrically, giving 
rise to tiny abortive daughter cells, at least in species that do not reproduce 
by parthenogenesis. The asymmetry of oocyte meiotic divisions allows 
preservation of maternal mRNAs, proteins, and nutrients in the cytoplasm, 
accumulated during the growth phase of oogenesis. In mammals, this 
asymmetry supports early embryonic development before implantation of 
the blastocyst in the female reproductive tract. We will review in this chap-
ter how mouse oocytes have resolved the dif fi cult task of dividing asym-
metrically at the level of the cell’s cytoskeleton. First, chromosome 
alignment and subsequent segregation happens without centrosome-mediated 
spindle assembly; second, the positioning modules employed to ensure 
strong asymmetry based on the actin cytoskeleton.  

  Keywords 

 Asymmetric Divisions  •  Meiosis  •  Oocyte  •  Microtubules  •  F-actin      

      Cytoskeletal Correlates 
of Oocyte Meiotic Divisions       
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and their associated astral microtubules has been a 
frequent strategy used to prevent centering of the 
division spindle, allowing the oocyte to be cut into 
extremely unequal parts (Fig.  14.1 ). However, 
centrosome loss is not without cost: First it requires 
that meiotic spindles form in the absence of 
prede fi ned poles, and second it imposes modes of 
spindle positioning that do not rely on astral micro-
tubules, which are used in most somatic cells 
undergoing asymmetric divisions (Fig.  14.1 ). We 
will focus our review on the way mouse oocytes 
assemble and control the positioning of meiotic 
spindles in the absence of centrioles. We will not 
review what is known in other mammalian species 
(for a recent update on the subject, please see  [  1  ] ) 
nor will we review the mechanisms controlling 
polar body extrusion (for review, see  [  2  ] ).   

   Meiotic Spindles Without Centrioles 

 The vertebrate oocyte is naturally arrested in pro-
phase I. Hormonal stimulation transduces into 
inter- and intracellular pathways so that the nuclear 
envelope, also referred to as the germinal vesicle 
(GV), breaks down (GVBD) to  commence meiotic 
maturation. Similar to actin micro fi laments (see 

below), the microtubule (MT) cytoskeleton has to 
undergo dramatic changes in its organization and 
dynamics. From a pseudo-interphasic MT network 
with low dynamics during prophase arrest, the 
oocyte has to form the meiotic spindle, a structure 
built of mostly highly dynamic MTs. The spindle 
must orchestrate the alignment and proper segre-
gation of homologous chromosomes and sister 
chromatids in the two subsequent meiotic divi-
sions. In the following, we will describe the mech-
anisms that drive the initial assembly of the spindle; 
afterwards, we will outline how the meiotic spin-
dle controls the alignment and segregation of 
homologous chromosomes, with an emphasis on 
the control of spindle stability in the two meiotic 
divisions. 

   E Pluribus Unum: Organizing Discrete 
MTOCs into Robust Poles 

 The primary consequence of centrosome loss is 
the need for substitution by a center for MT orga-
nization. Even further strategies are required to 
form a meiotic spindle: Lack of centrosomes pre-
vents the establishment of a long spindle axis prior 
to its assembly. Furthermore, an ef fi cient probing 

Pre-determined polarity
Interaction astral MTs/cortex

No Pre-determined Polarity
No astral MTs

(C.elegans zygote) (mouse oocyte)

  Fig. 14.1    An alternative mode of asymmetric division. 
( Left ) In mitotic cells, centrosomes and associated long 
astral MTs determine not only the axis of spindle formation 
but also the position of the spindle in the cell via interactions 
between astral MTs and the cortex (as seen in  C .  elegans  
zygotes). ( Right ) Lack of canonical centrosomes imposes a 

strong F-actin-based spindle positioning, as no astral MTs 
connect spindle poles to the cell cortex. Furthermore, in 
mouse oocytes, the spindle axis is not prede fi ned by the 
position of the two centrosomes facing each other before 
nuclear envelope breakdown. The  arrow  represents the 
direction of spindle migration towards the oocyte cortex       
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of the cytoplasm for kinetochores,  chromosomal 
attachment sites, by microtubules initiated at 
centrosomes  [  3  ]  will be missing; the process of 
“search and capture” should be highly inef fi cient 
in the large volume of the oocyte  [  4  ] . Kinetochore 
capture is a pivotal task for spindles during division 
to ensure faithful and timely chromosome reparti-
tion into the emerging cells afterwards. It therefore 
does not come as a surprise that mouse oocytes 
display a very long prometaphase I and also lack 
stable interactions of microtubules with the kine-
tochores for at least half of its  duration  [  5,   6  ] . 

 How does the oocyte build a spindle after mei-
osis resumption? Several small microtubule-
organizing centers (MTOCs) have been known 
for a long time to exist and potentially control 
spindle assembly  [  7,   8  ] , but it is only recently that 
the behavior of these MTOCs in early meiosis 
has been studied in vivo. 

   Controlling MT Assembly Around 
Chromosomes 
 Initially dispersed throughout the cytoplasm, 
the MTOCs cluster around the nuclear enve-
lope prior to NEBD through interaction with 
the envelope and one another. Centrosomal 
proteins like  g -tubulin, pericentrin, or NEDD1/
GCP-WD, a  g -TuRC-associated protein, localize 
to these structures, con fi rming their microtubule 
nucleating capacity, replacing centrosome func-
tion  [  8–  12  ] . Indeed, knockdown of NEDD1 by 
an siRNA-mediated approach reduces γ-tubulin 
recruitment to spindle poles thus affecting micro-
tubule assembly and spindle function  [  12  ] . After 
NEBD, the MTOCs gather in proximity of the 
condensed chromosomes. Concomitantly, the 
nuclear release of factors involved in spindle 
assembly strongly increases MT nucleation  [  13  ] . 
This is under the control of the small GTPase Ran. 
Switching from its inactive, GDP-bound state to 
an active, GTP-bound state in vicinity of chroma-
tin, RanGTP has been shown to be at the heart of 
centrosome-independent spindle assembly dur-
ing the last decade  [  14  ] . It is in its active form 
that Ran triggers the release of spindle assembly 
factors (SAF) speci fi cally in the vicinity of chro-
mosomes. This is achieved through building up 
a gradient of Ran, with a high  concentration of 

active RanGTP declining with further distance 
from the cytoplasm  [  15  ] . The NEBD releases 
RanGTP into the cytoplasm, establishing the gra-
dient around meiotic chromosomes throughout 
meiotic maturation as monitored by the FRET 
sensor Rango  [  16  ] . The discovery of a role for 
the RanGTP pathway in spindle assembly and 
the demonstration of its existence provided a 
nice explanation for earlier models of a long-
range effect of chromatin on the stabilization of 
microtubules  [  17,   18  ] . Yet, this does not directly 
induce MT nucleation as postulated  [  19  ] : No 
microtubules emanating from chromosomes 
can be observed immediately after NEBD and 
RanGTP release  [  20  ] . Rather, it seems that in 
mouse oocytes, the early function of a Ran gradi-
ent is to control the availability of SAFs such as 
HURP and TPX2 (see below). Also, asymmetric 
growth of MTs toward the chromatin might be 
promoted via the gradient, as MT nucleation and 
stabilization factors are made available through 
RanGTP only in chromosome proximity ( [  21  ] ; 
Breuer and Verlhac, unpublished observations, 
Fig.  14.2 ). Enucleated mouse oocytes are still 
capable of forming bipolar structures without 
chromatin, yet multipolar structures occur fre-
quently and MTOC organization is not achieved 
in these chromatin-free oocytes  [  22,   23  ] . Thus, 
the RanGTP-based, gradient-driven pathway 
might restrict spindle assembly to chromosomes 
and increase the ef fi ciency of microtubule orga-
nization through RanGTP-effector release.   

   Establishing a Bipolar Spindle 
in the Absence of a Predetermined 
Spindle Axis 
 Consequently, abolishing the Ran gradient does 
not prevent spindle formation, but signi fi cantly 
delays the kinetics of assembly in meiosis I  [  16  ] . 
An explanation for this delay lies in the process 
of spindle formation through sorting of MTOCs 
toward opposite poles. Subsequent to their accu-
mulation around the nuclear envelope, the 
MTOCs will redistribute in a symmetric fashion 
around the chromosomes  [  20,   21  ] . The position-
ing of MTOCs relative to one another is likely 
promoted by plus- and minus-end-directed motor 
proteins. These motors exert pushing and pulling 
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forces on microtubules that emanate from 
 neighboring and opposed MTOCs, resulting in 
attraction and repulsion of the centers, respectively 
(Fig.  14.2 ). After equal distribution, the MTOCs 
then coalesce towards opposite sides of the form-
ing spindle, thereby setting ground for the future 
spindle poles. It is at this point that the long axis of 
the meiotic spindle becomes apparent. However, 
the completion of MTOC sorting to the poles is 
only achieved long after a bipolar structure is vis-
ible, indicating that MTOC organization deter-
mines robust pole formation in  meiosis  [  21  ] . 

 The RanGTP-regulated, microtubule-associ-
ated protein TPX2, essential for spindle assembly 
in many experimental systems  [  24,   25  ] , is a cru-
cial factor for meiosis I spindle assembly  [  26  ] . 
Accumulating at MTOCs and thus the forming 

spindle poles, it controls both the assembly 
of microtubules and the integrity of poles. The 
latter is achieved through phosphorylation of 
TACC3, known to stabilize centrosomal/MTOC-
emanating microtubules  [  27  ] . TPX2 is an interac-
tor and activator of the cell-cycle-regulated kinase 
Aurora A, which in turn is known to phosphory-
late several mitotic targets for spindle assembly 
 [  28  ] . Thus, the interaction of TPX2 and Aurora 
A, which accumulates at MTOCs in its active 
form in early meiosis  [  29  ] , promotes TACC3 
phosphorylation, thereby establishing MTOC 
integrity and spindle pole formation. Knockdown 
of Aurora A leads to mislocalization of MTOCs 
in the meiosis I spindle  [  30  ] . Apart from TPX2’s 
role in pole organization, it is also the major MT 
generation force in meiosis, as TPX2 depletion 

Prometaphase Metaphase AnaphaseNEBD/prometaphase

Meiosis I

MTOCs, sorted
and clustered:
poles formed

MTOC-MT growth,
RanGTP activates SAF’s

Chromosomes oscillate
attachment attempts

NEBD+1h − 4 h NEBD+4 − 8h NEBD+9 h

Chromosomes and RanGTP gradient
Kinetochores

Microtubules assembled from MTOCs
Microtubules stabilized around chromatin

MTOCs

  Fig. 14.2    Meiosis I spindle assembly in mouse oocytes. 
After NEBD, MTOCs ( dark green ) promote MT ( green ) 
growth, which is biased towards chromatin ( blue ) through 
release of SAFs via the RanGTP gradient ( light blue ). 
MTs stabilized via HURP, close to chromatin, displayed 
in orange. Initially dispersed MTOCs are sorted toward 
opposing poles through MT-based repulsion and attrac-
tion forces, mediated by SAFs (such as HURP) and motor 
proteins (Eg5). Transient MT-chromosome interactions at 

 kinetochores ( red ) move the chromosomes at the surface of 
the MT zone. Chromosomes congress, the spindle acquires 
bipolar shape through pole ejection, and the amount of 
amphitelic attachments increases during prometaphase. 
Eventually, all MTOCs are sorted to the poles. Their cluster-
ing is maintained via an increase in MTs assembled at the 
poles and controlled by TPX2 activity. Once the  fi rst meiotic 
spindle is robust with fully organized poles, 8 h after NEBD, 
bivalents can segregate upon anaphase onset       
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strongly diminishes microtubule assembly from 
MTOCs around chromosomes in meiotic pro-
metaphase  [  26  ] . Interestingly, the protein gradu-
ally accumulates during meiosis I and II in mouse 
oocytes, with very low levels at and after GVBD. 
Conversely, when high protein levels of TPX2 
are introduced via overexpression, spindle assem-
bly is highly compromised  [  26  ] . Thus, TPX2 lev-
els have to be tightly regulated during meiotic 
maturation to ensure early spindle assembly. It is 
therefore reasonable to assume that RanGTP 
activity after NEBD is directed toward targets 
other than TPX2. 

 In fact, an immediate target of RanGTP in 
early prometaphase appears to be HURP. With its 
microtubule-stabilizing activity, it promotes the 
aforementioned process of MTOC organization 
in meiosis I. Active RanGTP is required for 
HURP localization, and HURP-de fi cient oocytes 
are perturbed in MTOC-sorting kinetics  [  21  ] . As 
the microtubules in the vicinity of chromosomes 
are missing in HURP-de fi cient oocytes, this sug-
gests that activity of motor proteins and stabiliza-
tion of these MTs are central to the process of 
sorting. Other molecules implicated in this pro-
cess remain to be identi fi ed in meiosis. Good 
candidates are motor proteins like the plus-end-
directed Eg5 or the minus-end-directed motor 
HSET/Ncd, which could enable the coalescence 
of neighboring MTOCs by pulling them towards 
one another. However, a study depleting HSET 
via antibody injection found no phenotypes in 
these early steps of meiosis  [  31  ] . Assuming the 
speci fi city of the depletion method, this points 
towards redundant mechanisms for minus-end-
directed motor protein organization. As for Eg5, 
it is not only required for spindle pole ejection 
and thus spindle size maintenance in mouse 
oocytes  [  20,   32  ]  but also to accumulate HURP in 
the central domain of the meiotic spindle  [  21  ] . 
These observations point to an interaction 
between Eg5 and HURP to organize and stabilize 
antiparallel microtubules in the spindle center; as 
both proteins accumulate in the chromosome 
vicinity, this could be equally required prior to 
bipolarization for MTOC sorting. 

 Resolving the exact mechanisms for MTOC 
sorting is not only an interesting open question 

for mammalian meiotic spindle assembly but also 
contributes to the understanding of cancer cell 
division. Recently, the  fi rst evidence for a shared 
pathway between mouse oocytes and U2OS cells 
was provided by depleting HURP from the latter. 
Cancer cells often harbor multiple centrosomes 
and ensure viability through centrosome clus-
tering to prevent multipolar anaphase and thus 
deleterious segregation of chromosomes, com-
promising viability  [  33  ] . RNAi against HURP in 
these cells results in multipolar spindles in ana-
phase, demonstrating a conserved role for HURP 
in MTOC sorting for both systems  [  21  ] .   

   Maintaining a Bipolar Spindle Structure 

 Despite the discovery of TPX2 and HURP as 
essential SAF targets in spindle assembly, it is 
clear that initial targeting of RanGTP targets to 
microtubules in the spindle should trigger the 
recruitment of multiple SAFs to the spindle. For 
example, HURP itself has been shown to com-
plex with several Ran-regulated factors in 
 Xenopus  egg extracts  [  34  ] ; also, the list of impor-
tin-regulated and RanGTP-released SAFs is long 
 [  14  ] . While the meiotic spindle forms based on 
the microtubule-MTOC dense ball, homologues 
individualize and congress. Movement of chro-
mosomes in mitosis is mediated by microtubule 
dynamics. For example, microtubule poleward 
 fl ux results from the depolymerization of MTs at 
spindle poles and assembly in the spindle mid-
zone  [  35  ] . MT  fl ux controls spindle length and 
chromosome movement in anaphase; in mouse 
oocytes, MT  fl ux is mediated by Eg5 activity 
 [  32  ] . Further, pulling forces from kinetochore 
MTs from opposite poles help congressing chro-
mosomes  [  36  ] . 

 Intriguingly, in mouse oocytes, kinetochore 
 fi bers are largely absent until midway through 
meiosis I. Here, it seems that it is mostly lateral 
interactions of chromosomes and microtubule 
bundles in the forming spindle center that enable 
the orientation and congression of chromosomes 
 [  5,   6,   37  ] . Studies in  C .  elegans  oocytes and cul-
tured cells with invalidated kinetochores have 
supported evidence for the role of interpolar 
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microtubules to congress chromosomes  [  38,   39  ] . 
Support might come from the polar ejection force 
provided by chromokinesin motor proteins, 
applied on microtubules with the chromosomes 
as cargo, promoting their displacements  [  40,   41  ] . 
The chromokinesin Kid, however, is dispensable 
for chromosome individualization and congres-
sion in mouse oocytes  [  6,   42  ] . 

 The microtubules in the spindle center in 
mouse oocytes are sorted and stabilized by Eg5 
and HURP to provide robust bipolarity; in the 
absence of HURP, chromosome clumping is 
observed which blocks individualization and 
congression of bivalents  [  21  ] . Recently, detailed 
in vivo observations of kinetochores and chro-
mosome behavior throughout meiosis I revealed 
that after congression, chromosomes “invade” 
the spindle from a belt-like con fi guration around 
the microtubule-MTOC ball towards the spindle 
equator  [  6  ] . With progression through meiosis I, 
the spindle elongates, chromosome biorientation 
is observed along with the formation of kineto-
chore  fi bers. Strikingly, this achievement of cor-
rect kinetochore-microtubule attachments is 
highly erroneous, needing several rounds of cor-
rections before stable biorientation is achieved 
 [  6  ] . However, correct alignment and segregation 
is eventually achieved upon anaphase I onset. 
Interestingly, this ongoing correction mechanism 
does not seem to predestine oocytes for the 
observed high incidence of segregation errors: 
Even in the absence of MCAK, a microtubule 
depolymerizer known to correct improper MT 
attachments at kinetochores, homologues segre-
gate properly  [  43,   44  ] . The late establishment of 
end-on attached kinetochores, following robust 
spindle bipolarity establishment, might thus pre-
vent segregation errors rather than promote them. 
Such a mechanism, where the inhibition of stable 
attachments by a kinetochore protein complex 
enables chromosome orientation through lateral 
attachments, has been suggested in  C .  elegans  
 [  45  ] . Accordingly, MTOC sorting, which pre-
vails throughout the entire length of prometa-
phase I in mouse oocytes, might be a limiting 
step. Indeed, an early capture of bivalents by 
unsorted MTOCs might promote faulty attach-
ments and subsequently aneuploidy, as observed 

in cancer cells with extra centrosomes  [  46  ] , and 
thus has to be strictly avoided until all MTOCs 
are clustered at poles. 

 Once the chromosomes are properly aligned 
on the metaphase plate, bivalents segregate into 
the small polar body and the remaining large 
oocyte. Subsequently, the oocyte enters meiosis 
II without an intervening S phase. The formation 
of the meiosis II spindle is rapid compared to 
meiosis I, with a bipolar structure assembled 1 h 
after polar body extrusion  [  16  ] . With its MTOCs 
sorted and coalesced at spindle poles and with 
robust kinetochore  fi bers, the meiosis II spindle 
resembles a mitotic one. 

 Intriguingly, the difference between meiosis I 
and II spindles seems to be re fl ected in the fun-
damental requirement for a RanGTP gradient in 
spindle assembly in meiosis I versus meiosis II. 
Inactivation of the gradient with both dominant-
negative or constitutively active RanGTP in the 
oocyte cytoplasm compromises spindle assem-
bly in MII oocytes, with the appearance of MT 
asters throughout the cytoplasm and the inabil-
ity to segregate chromosomes upon anaphase II 
 [  16  ] . In parallel to RanGTP and its effectors, the 
MAPK kinase pathway has been shown to con-
trol MII spindle stability in the oocyte  [  47–  50  ] . 
As it is not the microtubules per se that are more 
stable in metaphase-arrested meiosis II spindles 
 [  51  ] , mechanisms to ensure spindle stability 
might prove useful in a cell awaiting fertilization 
for extended periods. Two MAPK kinase sub-
strates, DOC1R and MISS1, have been shown 
to be meiosis-II-speci fi c factors for spindle 
organization  [  52,   53  ] . Downregulation of both 
MAPK targets leads to spindle defects similar to 
those observed in Ran-mutant-injected oocytes. 
Currently, it is not known, however, which mol-
ecules are at the converging point where both 
pathways interact.   

   Positioning in the Absence of Astral 
Microtubules 

 The spindle forms in the location of the nucleus 
when it breaks down. In mouse oocytes, the 
nucleus resides in the vicinity of the cell center. 
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We will  fi rst describe the modality of spindle 
positioning and its geometry; then, we will review 
the mechanisms at play. 

   Geometry of the Mouse Oocyte 

 The  fi rst meiotic spindle reaches a size of approx-
imately 30 mm long when it is fully functional 
and bipolar  [  16  ] . The diameter of a fully grown 
mouse oocyte is about 80 mm. It is striking that 
the  fi rst meiotic spindle starts migrating after 
spindle bipolarity and MTOC sorting are achieved 
in late meiosis I  [  49,   54  ] . Presumably, as a conse-
quence of high cytoplasmic viscosity in the egg, 
the spindle always migrates along its long axis. 
The spindle forms in the center of this huge cell, 
with no connection to the cortex and no constraint 
on its long axis, which takes a random orientation 
(Fig.  14.3 ;  [  55  ] ). Furthermore, by measuring the 
distance between the two spindle poles and the 
cortex, it was shown that the spindle moves 
towards the closest cortex. The spindle has to drift 
approximately 20 mm to reach this region of the 
cortex, doing so in about 2.5 h, therefore moving 
at a mean speed of 0.13 mm/min  [  55  ] . By  fl ipping 
the spindle axis with a microneedle, after entry 
into meiosis I, it was con fi rmed that the spindle 

always migrates toward the closest cortex and, if 
arti fi cially displaced, can change direction of 
migration to the newly imposed cortex  [  56  ] . The 
 fi rst polar body is extruded at anaphase I, while 
the spindle keeps moving, imposing a dynamic 
de fi nition of the cleavage plane. Anaphase I is not 
triggered by the spindle reaching the cortex and 
occurs with normal kinetics even when the spindle 
does not move to the cortex  [  57  ] . However, one 
might expect a certain level of coordination to 
allow anaphase I and chromosome anchoring at 
the cortex to take place simultaneously.   

   Importance of F-actin in the Control 
of Spindle Positioning 

 It has been known for a long time that microtu-
bules are not required for chromosomes to reach 
the cortex, contrary to micro fi laments which are 
indispensable  [  58  ] . However, it is only recently 
that cytoplasmic  fi laments involved in the control 
of meiosis I spindle positioning could be visual-
ized, thanks to a probe which speci fi cally binds 
F-actin rather than G-actin  [  59  ] . In prophase 
I-arrested oocytes, a dense meshwork of dynamic 
cytoplasmic F-actin connects  fi laments from the 
cortex to  fi laments running along the nucleus 

Prophase I Meiosis I spindle migration PB1 extrusion
Metaphase II

spindle anchoring

F-actin Microtubules Chromosomes Direction of meiosis I spindle migration

Actin cap

  Fig. 14.3    The actin meshwork controls spindle position-
ing in meiosis. The dense actin meshwork in prophase 
loosens up after NEBD and reassembles during spindle 
migration to the cortex. Being highly dynamic, the mesh-
work interacts with the spindle and chromosomes to pro-
mote their displacement from the initially central position 

in the oocyte. A prominent actin cap forms at the cortex 
overlying the spindle at the site of polar body extrusion 
upon anaphase I onset. In meiosis II, this cap seems to 
promote anchoring of the spindle parallel to the oocyte 
cortex via activation of an actin  fl ow       
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(Fig.  14.3 ;  [  60  ] ). This dense meshwork is remod-
eled with micro fi lament destabilization at meio-
sis resumption, resembling a G2/M transition for 
microtubules: Both major cytoskeletal elements 
of the meiotic cell need thus to be reorganized 
potentially through modi fi cations switching 
microtubule and actin properties from a pseu-
do-G2 state in prophase-I arrest to de novo 
dynamics in prometaphase after NEBD. The 
molecular pathways involved in the change of 
both actin and microtubule regulation during this 
transition in mouse oocytes remain to be eluci-
dated; however, they are likely to be governed by 
the increased activity of cell-cycle-regulated 
kinases such as cdk1/cyclin B, polo-like kinase, 
and the Aurora – family of kinases. 

 Cytoplasmic F-actin reappears in meiosis I 
concomitantly with chromosome movement to 
the cortex  [  61  ] . Theses  fi laments are very 
dynamic; they seem to move towards spindle 
poles, and their dynamics promotes spindle 
migration  [  56,   61,   62  ] . Also, myosin II activity 
would allow contractility of the meshwork, thus 
favoring spindle movement  [  56  ] . Apart from a 
cytoplasmic mesh, F-actin is also observed sur-
rounding the microtubule spindle, mostly outside 
the spindle and with few  fi laments inside  [  61  ] . 
The nature of the connection between actin and 
microtubules in mouse oocytes is not known; 
however, based on experiments performed in 
 Xenopus  oocytes, myosin X is an excellent candi-
date for such an interaction  [  63  ] . The “cage” of 
F-actin around the microtubule spindle is directly 
connected via straight  fi laments to the closest 
cortex and permits its anchoring at the cortex. 
Anchoring is important and when compromised 
does not allow the spindle to remain in an excen-
tric location: This happens when a dominant-
negative RacGTPase mutant is expressed in 
metaphase II mouse oocytes and induces spindle 
drifting towards the center of the cell  [  64  ] . 

 It is noteworthy that the F-actin cage and the 
cytoplasmic mesh are not speci fi c to meiosis or 
early embryos  [  65  ] . They have also been observed 
in somatic cells undergoing mitosis  [  66,   67  ] . In 
these cells,  fi laments form extremely dynamic 
clusters that follow external forces transmitted by 
retractions  fi bers from the substratum to the cell 

body to orient the spindle axis  [  66  ] . The use of an 
F-actin mesh to control spindle positioning,  fi rst 
characterized in yeast  [  68,   69  ] , is hence a wide-
spread mechanism – dominant when astral micro-
tubules are absent, that is, in mouse oocytes 
(for reviews, see  [  70,   71  ] ).  

   Mechanisms That Control Cytoplasmic 
F-actin Assembly 

   To Promote Meiosis I Spindle Migration 
 Actin  fi laments, like microtubules, are polarized 
polymers with a slow growing pointed end 
(− end) and a fast growing barbed end (+ end). 
The equilibrium between G- and F-actin in vivo 
is not favorable towards actin polymerization, but 
is enhanced by the presence and activity of nucle-
ators. Formins as processive motors remain 
bound to the growing barbed ends. A formin 
homology (FH2) domain mediates this binding, 
and a proline-rich FH1 domain binds pro fi lin/
actin, both being essential for  fi lament elongation 
(for reviews, see  [  72,   73  ] ). Formins also present 
modules of regulation of their activity, such as 
GTPase binding or auto-inhibitory domains  [  74  ] . 
Formin-2, however, belongs to the subfamily of 
proteins not regulated by Rho GTPases nor con-
taining any obvious C-terminal diaphanous auto-
regulatory domain (DAD;  [  75  ] ). This nucleator is 
essential for spindle migration to the cortex: In its 
absence, in fmn2−/− oocytes, spindle migration 
as well as cytokinesis does not occur; female 
mice produce triploid gametes and are therefore 
sterile  [  57,   76  ] . The absence of spindle migration 
in this strain is due to the lack of cytoplasmic 
micro fi laments in oocytes  [  56,   61  ] . Endogenous 
formin-2 associates with the cortex and is 
degraded at meiosis resumption and resynthe-
sized later on in meiosis I, establishing a strong 
correlation between the cytoplasmic meshwork 
remodeling and formin-2 regulation  [  60  ] . Recent 
evidence has shown that the level of formin-2 
needs to be tightly regulated to allow F-actin 
meshwork remodeling to support spindle migra-
tion to the cortex (Fig.  14.3 ;  [  60  ] ). 

 There is a growing body of evidence that 
nucleators cooperate to assemble the highly 
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dynamic mesh in cells (for review, see  [  77  ] ). The 
nucleator Spire is conserved across Metazoa and 
presents four WH2 domains, which are known 
to bind to four actin monomers at the pointed 
end, promoting  fi lament nucleation  [  78  ] . Spire 
is a versatile nucleator, being capable of sever-
ing  fi laments but also of capping them at their 
barbed end, competing with pro fi lin-/formin-
mediated elongation  [  73,   79  ] .  Drosophila  
oocytes mutant for Spire have dorsoventral and 
anteroposterior axis defects, similar to mutants 
for Cappuccino, a formin-type nucleator, and 
resemble cytochalasin-D-treated oocytes  [  80  ] . 
Spire and Cappuccino regulate the onset of 
ooplasmic streaming by organizing an isotropic 
mesh of actin  fi laments in the oocyte cytoplasm. 
The streaming per se is microtubule-based, yet 
actin assembly is required for its correct timing. 
Cappuccino and Spire harbor microtubule and 
micro fi lament cross-linking activity, essential for 
oocyte patterning  [  81,   82  ] . Recently, the coop-
eration between the two mammalian isoforms of 
Spire, Spire 1 and 2, and formin-2 was shown to 
be required for meiotic spindle movement to the 
cortex in mouse oocytes  [  83  ] . The phenotype of 
Spire 1 and 2 depletion by RNAi is very similar 
to the phenotype of fmn2−/− oocytes, absence of 
spindle migration and cytokinesis at anaphase I 
 [  83  ] . Furthermore, exogenous proteins co-local-
ize at the plasma membrane, yet formin-2 cannot 
compensate for the depletion of Spire 1 and 2 and 
vice versa  [  83  ] . Spire and formins interact via the 
N-terminal noncatalytic C-lobe domain (KIND) 
of Spire  [  84  ]  and a short sequence at the C ter-
minus of formins  [  85  ] . The crystal structure of 
this interaction has been resolved and has shown 
that the KIND domain of Spire is indeed struc-
turally similar to the C-lobe of a protein kinase, 
yet having no enzymatic activity, where the 
C-terminal domain of formin binds in an acidic 
cleft  [  86  ] . Paradoxically, the KIND/tail interac-
tion blocks nucleation by formin  [  86  ]  which is at 
odds with the in vivo evidence that suggest coop-
eration between these two nucleators. It will be 
important to determine in the future how Spire 
1 and 2 cooperate in vivo with formin-2, espe-
cially in light of recent results which show that 
formin-2 gets degraded at meiosis resumption in 

mouse oocytes. It is nonetheless interesting that 
the cooperation between Spire and formin has 
been conserved through evolution for functional 
female gamete formation.  

   To Maintain the Meiosis II Spindle 
in Its Asymmetric Location 
 Other nucleators, such as the Arp2/3 complex, 
have also been involved in the control of asym-
metric division of mouse oocytes, but their mode 
of action remains totally elusive  [  87  ] . However, 
a very recent study has shown that the Arp2/3 
complex is essential to promote anchoring of the 
metaphase II (MII) spindle during the prolonged 
arrest experienced by vertebrate oocytes until 
fertilization  [  88  ] . Yi et al.  [  88  ]  have discovered a 
novel mechanism, whereby the formation of an 
F-actin  fl ow, originating from the cortex above 
the MII spindle, maintains the asymmetric loca-
tion of the spindle at the cortex of the mouse egg. 
After the  fi rst meiotic division, the MII spindle 
forms parallel to the cortex and remains anchored 
into it. Chromosomes, via their RanGTP gradi-
ent, permit local activation of N-WASP, which in 
turn allows Arp2/3 complex localization in the 
actin cap  [  88  ] . A positive feedback loop is there-
fore established between chromosomes and the 
cortex to prevent drifting of the meiotic spindle 
from its initial location. Furthermore, a retro-
grade  fl ow of F-actin is initiated at the actin cap, 
which in turns provokes cytoplasmic streaming 
inside the egg resulting in further pushing of the 
spindle toward the cortex  [  88,   89  ] . This dual-
lock ensures that the spindle will stay in place 
and not fall off in the egg cytoplasm, a vital con-
dition for successful development. Indeed, the 
loss of MII spindle anchoring is observed in 
aging oocytes known for their reduced develop-
mental capacity  [  90  ] . Rac controls both meiosis 
I and II anchoring  [  64  ] ; therefore it is reasonable 
to assume that  fi rst Rac regulates Arp2/3 activity 
both in MI and MII and second that similar cyto-
plasmic streamings promote spindle positioning 
and anchoring to the cortex in meiosis I. 
Cytoplasmic streamings, present in oocytes from 
species as diverse as ascidians,  Drosophila , 
worm, and mouse  [  81,   82,   88,   91,   92  ] , permit 
ef fi cient translocation of mRNAs, proteins, 



204 M.-H. Verlhac and M. Breuer

or cellular structures over long distances, a con-
venient characteristic in such large cells.    

   Conclusions 

 Considering the importance as well as the 
re fi ned spatial and temporal regulation of 
F-actin meshes in the control of spindle posi-
tioning, further discoveries on the nature and 
mode of action of all nucleators at play will 
certainly be a major challenge for the years to 
come. The increasing data on how the meiotic 
spindle is organized progressively into a robust 
bipolar structure will help the identi fi cation of 
pathways implicated in the interaction of chro-
mosomes, microtubules, and MTOCs to ensure 
faithful segregation of homologous chromo-
somes. The meiotic spindle exerts forces of 
different nature on chromosomes depending 
on their coordinates in the spindle; transmis-
sion of these forces on kinetochores is essen-
tial for ef fi cient chromosome segregation  [  93  ] . 
Centrosome-free formation and positioning 
of meiotic spindles are certainly coupled. The 
F-actin spindle depends on the presence of the 
microtubule spindle, and conversely, the F-actin 
spindle might help the transmission of forces 
inside the microtubule spindle. This might be 
of particular importance for meiotic spindles 
with loose poles such as the ones present in 
mouse oocytes. F-actin-based anchoring of the 
 fi rst meiotic spindle to the cortex by one pole in 
meiosis I versus the two poles in meiosis II may 
also be at the heart of the mechanism responsi-
ble for the increased incidence of chromosome 
segregation errors in meiosis I  [  94  ] .      
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  Abstract 

 Mammalian oocytes acquire a series of competencies during follicular 
development that play critical roles at fertilization and subsequent stages 
of preimplantation embryonic development. Before the mammalian oocyte 
engages in the fertilization process, it must acquire an array of molecular 
and cellular assets de fi ning its developmental potential. These properties 
specify competencies to complete meiosis and initiate mitosis. Meiotic 
maturation requires the acquisition both of nuclear and cytoplasmic com-
petence and this complex mechanism involves most of the organelles, the 
cytoskeleton and molecules that are relocated from the nucleus to the cyto-
plasm. Messenger RNAs of maternal origin are accumulated in the oocyte 
throughout its growth in the ovary. These transcripts are then shuttled to 
speci fi c sites of the ooplasm, where local translation is promoted. The 
nucleus as an organelle undergoes signi fi cant positional rearrangements 
during maturation. At the same time, the spindle changes its localization 
drifting from the cortical region to the centre of the oocyte and then back 
cortically. The endoplasmic reticulum undergoes signi fi cant changes dur-
ing maturation in its distribution that re fl ect an enhanced ability to release 
Ca 2+ . Energy derives from cellular ATP as a result of mitochondrial activ-
ity. Mitochondria are themselves subject to redistribution and changes in 
activity during transition from the germinal vesicle to the metaphase II 
stage, in a fashion that can profoundly in fl uence the quality of the mature 
oocyte and the destiny of the ensuing embryo. The dynamics of Golgi 
membranes during meiosis is still partially unknown but generally, as it 
occurs in the bovine, involves movements from the centre of the cyto-
plasm to the cortical area. Afterwards, a second translocation occurs 
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    Introduction 

 The human oocyte is certainly the most fascinat-
ing cell in our body for its peculiarities both in 
structure and in function. The egg acquires all its 
developmental potential during a long period of 
time compared to all other cells. Oogenesis 
begins early during embryonic-fetal life and con-
tinues well after birth through a process entailing 
 fi rst the production of numerous oogonia fol-
lowed by a dramatic reduction in the pool of 
available oocytes that will be retained in the 
ovary. The oogonium is organized within the 
simultaneously growing female gonad generated 
in the fetus and becomes enclosed in the follicle 
where coordination of the forthcoming growth 
and maturation will take place. The gonad is gen-
erated from a single primordium of mesenchymal 
tissue following the invasion of three cell popula-
tions: primordial germ cells, epithelial cells, and 
mesonephric germ cells. The  fi rst will lead to 
oogonia, the second to the follicular structure, 
and the third give rise to the theca and vascular 
system of the gonad. Ovarian development ceases 
and waits for the organism to become hormonally 
competent to support complete oocyte matura-
tion, allowing the egg to achieve the capability to 
undergo fertilization and give rise to an embryo 
able to develop and implant in the uterine cavity. 
The pool of oocytes that has the ability to per-
form this last step is small compared to the total-
ity of germ cells, and the initial reduction of this 
gametic heritage is known under the name of fol-
licular atresia  [  1  ] . This chapter will not explore 
oogenesis as the process of formation, migration, 
and distribution of germ cells within the ovary 
but will focus on issues involving the maturation 
of the oocyte within the follicle. 

 Mammalian oocytes acquire a series of com-
petencies during follicular development that play 

critical roles at fertilization and subsequent stages 
of preimplantation embryonic development. 

 Before the mammalian oocyte engages in the 
fertilization process, it must acquire an array of 
molecular and cellular assets de fi ning its devel-
opmental potential. These properties specify 
competencies to complete meiosis and initiate 
mitosis, support monospermic fertilization and 
egg activation, and ensure a timely transition 
from reliance of gene products of oocyte origin 
to those derived from the zygotic or embryonic 
genome  [  2  ] . 

 Meiotic maturation requires the acquisition 
both of nuclear and cytoplasmic competence, and 
this complex mechanism involves most of the 
organelles, the cytoskeleton, and molecules that 
move from the nucleus to the cytoplasm. 

 Compared to somatic cells whose growth in 
volume is limited by the intervention of mitosis, 
the female gamete does not undergo cell division, 
and therefore the oocyte continues to expand to 
100-fold, its volume reaching the diameter in the 
human species of 120  m m. Such an impressive 
growth aims to provide the egg with a suf fi cient 
amount of organelles and molecules that will 
support early stages of embryonic development 
up to the complete metabolic autonomy. 

 Meiotic maturation is a rather well-established 
process in mammals; however, some mechanism 
are not yet completely known in humans given 
the dif fi culties in obtaining oocytes for research 
purposes  [  3  ] .  

   Transcriptional Activity and 
Macromolecular Traf fi cking 

 Early embryonic development is that unique 
period during life in which the individual is gov-
erned by the genetic information synthesized 

between germinal vesicle breakdown and metaphase I stages, reposition-
ing the Golgi from the periphery to the central cytoplasmic area.  

  Keywords 

 Oocyte maturation  •  Oocyte development  •  Calcium oscillations  •  Endo-
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from the genome of another individual (the 
mother) and stored during oogenesis as proteins 
or RNA in a cytoplasm of a single cell (the 
oocyte). In fact, oogenesis is characterized by 
intense synthesis of RNAs and proteins during 
oocyte growth and stored for long periods of time 
(months or years). Such a long storage requires 
that mRNAs have to be protected from the trans-
lational machinery and proteins have to be stored 
in a nonfunctional form. The recruitment of such 
information also requires speci fi c mechanisms 
that are necessarily posttranscriptional for 
mRNAs and posttranslational for proteins. These 
mechanisms allow speci fi c molecules to be avail-
able at the right time for appropriate function  [  4  ] . 
Messenger RNAs (mRNA) of maternal origin are 
accumulated in the oocyte throughout its growth 
in the ovary. These transcripts are then shuttled to 
speci fi c sites of the ooplasm, where local transla-
tion is promoted. The transport of mRNAs, from 
their transcription site in the nucleus to their 
translation and degradation sites at subcellular 
regions of the cytoplasm, modulates gene expres-
sion and is a way to regulate local translation. 
This ensures appropriate concentrations of the 
encoded protein where needed. This process rep-
resents an essential step in the maturing oocyte 
and involves speci fi c RNA-binding proteins that 
are able to recognize mRNAs as a target for trans-
port, due to secondary structures, formed by the 
3 ¢ untranslated region (3 ¢ UTR). Among the many 
regulatory elements identi fi ed so far, Staufen pro-
tein has been shown to allow RNA localization in 
female gametes of different species. Staufen is a 
double-stranded RNA-binding protein involved 
in mRNA transport and localization in Drosophila, 
while genetic and molecular studies have shown 
that the activity of the Staufen gene product is 
necessary for the proper localization of mRNAs 
in the cytoplasm of oocytes and in the neuro-
blasts. In mammals, Staufen displays a vesicular 
pattern of localization, especially in perinuclear 
region. Apart from ribosomal proteins, Staufen is 
the  fi rst RNA-binding protein to be associated 
with the rough endoplasmic reticulum. In 1999, 
Wickham and colleagues  [  5  ]  demonstrated for 
the  fi rst time that mammalian Staufen (including 
human) is a double-stranded RNA and tubulin-

binding protein. Their observations con fi rmed 
previous study in which mRNA colocalize with 
endoplasmic reticulum although in Xenopus and 
Drosophila this seems to occur predominantly 
with the smooth endoplasmic reticulum, demon-
strating in those cases that translational activity is 
not the major function of these associations.  

   Germinal Vesicle and Spindle 
Asymmetry 

 Superimposed to gene expression regulatory 
mechanisms, the nucleus as an organelle under-
goes signi fi cant positional rearrangements during 
maturation. During maturation at both MI and 
MII, the spindle is localized cortically just beneath 
the oolemma. This is obviously imposed by the 
necessity to direct a cleavage plane suitably near 
the cell surface in order to extrude a small polar 
body and minimize the loss from the oocyte envi-
ronment of organelles (e.g., mitochondria) and 
regulative molecules (e.g.,  g -tubulin) from which 
the development of the ensuing embryo will 
depend crucially  [  6  ] . The way in which spindle 
asymmetry is obtained has been extensively stud-
ied in the mouse. In this species, it has been 
repeatedly reported that, after recovery from large 
antral follicles and removal of cumulus cells, 
fully grown oocytes display the GV in a central or 
pericentric position and that GVBD occurs in the 
same position  [  7,   8  ] . This implies that the micro-
tubular dynamics leading to the formation of the 
MI spindle also requires a process of reposition-
ing from the center to the periphery. Once formed 
after breakdown of the GV, the MI spindle in fact 
appears to migrate centripetally in a pole- fi rst ori-
entation at a speed of 0.12  m m/min  [  9  ] . Cortical 
domains predetermined to host the spindle do not 
seem to exist because, after experimental dis-
placement, the spindle is moved again by 
cytoskeletal forces toward the nearest cortical 
region  [  10  ] . Oocytes treated with nocodazole, a 
microtubule depolymerizing agent, are still able 
to support MI translocation  [  9  ] , while treatments 
that depolymerize  [  9  ] , stabilize  [  11  ] , or interfere 
 [  11  ]  with the regulation of actin  fi laments can 
inhibit spindle migration. Therefore, actin 
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undoubtedly plays an essential role in this pro-
cess, although it is less clear how. In some stud-
ies, a dense meshwork of actin has been observed 
to envelope the migrating spindle. This actin 
array, initially homogeneous and uninterrupted, 
has been seen to change into a conformation 
involving a decrease in density at the front where 
the spindle migrates toward the cortex and an 
accumulation at the innermost side  [  11  ] . Such an 
asymmetric and speci fi c actin distribution is sug-
gestive of differential depolymerization and 
polymerization activities that in combination 
generate a centripetal pushing force, similar to 
that observed in a nonmammalian species. 
However, alternative possibilities have been pro-
posed to explain spindle migration, based on the 
fact that in other studies a higher actin density has 
been observed not posteriorly but rather in front 
of the migrating spindle  [  10  ] . In one model, mol-
ecules of myosin II connected to the front pole 
would move toward the cortex on bundles of actin 
 fi laments, thereby exerting a pulling force on the 
entire spindle. In another hypothesis, antiparallel 
 fi laments of actin bridging the space between the 
front pole and the cortex would slide one on each 
other assisted by bi-oriented myosin II molecules 
in a fashion that would pull the spindle toward the 
cortex  [  7  ] . None of the above models have been 
unequivocally demonstrated, leaving the question 
of the mechanism of spindle migration still open. 

 Different lines of evidence question the para-
digm that in mouse fully grown oocytes, the GV is 
centrally located and that the MI spindle is formed 
in the same position and only subsequently moved 
to the cortex during maturation  [  12  ] . While it is 
true that, after oocyte isolation from the follicular 
environment and removal of cumulus cells, the GV 
is often seen in a central position; direct observa-
tion of the oocyte within the follicle after  fi xation 
by conventional histological techniques or in a 
live sample by differential interference contrast 
indicates that in reality the GV is situated eccen-
trically. Cortical positioning of the GV appears 
to be the rule, rather than the exception in mam-
malian species, having been observed in a wide 
variety of primates (including human), ungulates, 
and other rodents  [  12  ] . The question then arises of 
why in the mouse the GV is arranged near the cor-

tex in oocytes observed while still in their natural 
environment but appears localized centrally when 
oocytes are isolated and placed without their com-
panion cumulus cells in an in vitro environment. 
A recent study may provide an answer to this dis-
crepancy  [  13  ] . Confocal microscopy techniques 
have shown that in oocytes, matured in vivo inter-
cellular contacts – in the form of actin transzonal 
projections (aTZPs) originating from adjacent 
cumulus cells – are maintained during at least the 
 fi rst 6 h from hCG treatment. In coincidence with 
this, the GV remains eccentrically localized until 
GVBD. This leads to a situation in which the MI 
spindle is formed near the cortex and is not reposi-
tioned in preparation for the  fi rst meiotic division. 
A similar pattern of GV and spindle arrangement is 
observed in vitro under conditions that are known 
to provide adequate support to the process of 
maturation. However, when maturation in vitro is 
carried out without appropriate growth factor and 
hormone support, aTZPs appear less preserved, 
while the GV increases in size, is displaced from 
the cortex, and moved toward a more central posi-
tion. As a consequence, the MI spindle is formed 
centrally and grows to an abnormally large size. 
Reduction in aTZPs abundance, GV disanchoring 
from the cortex, and formation of the MI spindle 
in a central position is also observed in oocytes 
treated with latrunculin and actin depolymerizing 
agent. Collectively, these studies illustrate the fol-
lowing scenario. In vivo, or in vitro under condi-
tions compatible with the normal unfolding of the 
maturation process, through their cellular projec-
tions, somatic cells in fl uence the oocyte cortical 
domain in a fashion that preserves the GV in an 
eccentric position. This involves that GVBD and 
MI formation occur near the cortex, preventing the 
necessity of spindle relocation as a prerequisite 
for  fi rst polar body extrusion. Vice versa in vitro, 
in the absence of cumulus cells or simply under 
conditions that interfere with oocyte-cumulus 
cell contacts, the GV disengages from the cortex 
with the consequence that spindle repositioning 
is required before the  fi rst meiotic division takes 
places. GV disanchoring from the cortex, MI for-
mation in a central position and displacement to 
a more peripheral position can have signi fi cant 
implications for oocyte competence. For example, 
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the abnormally increased size observed in MI 
spindles formed from centrally positioned GVs is 
associated with the emission of large  fi rst polar 
bodies, with predictable detrimental effects on 
embryo development  [  6  ] . Therefore, the kinetics 
of GV localization, GVBD, and MI spindle is cru-
cial for a correct accomplishment of oocyte matu-
ration, fertilization, and embryo development. 

 The cortical domain appears to have a 
signi fi cant role also in the maturation of human 
oocytes  [  14  ] . In immature oocytes recovered after 
controlled ovarian stimulation, the GV may be 
found in an eccentric or central position. Time-
lapse microscopy has shown that, during culture, 
GVs localized eccentrically maintain cortical 
anchoring and exhibit angular displacements 
as large as 90° before undergoing GVBD. 
Interestingly, loss of anchoring and centripetal 
migration appears to be associated with failure to 
undergo GVBD. In vitro, immature oocytes dis-
playing a central GV can also undergo GVBD but 
only after GV repositioning to the cortex. Thus, 
GVBD seems to occur when cortical anchoring is 
maintained or established.  

   Endoplasmic Reticulum and Inositol 
1,4,5-Trisphosphate Receptors 

 As described elsewhere in this volume, in the 
mature oocyte, cytosolic oscillations in the con-
centration of free Ca 2+  are fundamental to orches-
trate the events (CG release, resumption of 
meiosis, pronuclear formation, recruitment of 
maternal RNAs) that collectively characterize the 
fertilization process. The ability to sustain intrac-
ellular Ca 2+  oscillations is typical of and essential 
for MII oocytes but is not fully established in 
fully grown GV-stage oocytes  [  15  ] . Studies car-
ried out in the mouse have clari fi ed the cellular 
basis of such a difference between mature and 
immature oocytes. Ca 2+  is stored in the cisternae 
of the endoplasmic reticulum (ER). At fertiliza-
tion, its release is mediated by inositol 1,4,5-tris-
phosphate (IP 

3
 ), which is generated from cleavage 

of the oolemma-bound lipid phosphatidyl-1,4-
trisphosphate. Interaction of IP 

3
  with its receptor 

situated in the membranes of the ER triggers the 

release of Ca 2+  in the cytoplasm  [  16  ] . This is 
made possible by the fact that ER development 
and receptor sensitivity to IP 

3
  increase during 

maturation and are maximal in the mature oocyte. 
In GV-stage mouse oocyte, the ER is continuous 
with the nuclear envelope and forms aggregate 
preferentially distributed in the oocyte interior 
 [  17  ] . At GV breakdown, ER membranes organize 
around bundles of microtubules and envelope the 
newly formed MI spindle. Interestingly, in oocyte 
experimentally arrested at the GV stage, this ER 
rearrangement does not occur, suggesting depen-
dence from cell cycle mechanisms. ER redistri-
bution at GVBD is also prevented by treatment 
with inhibitors of microtubule polymerization or 
cytoplasmic dynein  [  18  ] . As maturation unfolds 
further, the ER cisternae and vesicles develop and 
form aggregates of 1–2  m m occupying also the 
cortical cytoplasm, although in a polarized fash-
ion involving a preferential accumulation in the 
vegetal hemisphere, i.e., opposite to the MII spin-
dle position  [  17  ] . This second phase of rearrange-
ment is also dependent on cytoskeletal elements, 
as suggested by the fact that it does not occur in 
the presence of micro fi laments’ depolymerizing 
agents  [  18  ] . In coincidence with ER growth and 
redistribution, the IP 

3
  receptors increase in num-

ber and become localized in the oocytes cortex 
 [  19  ] , area from which they are excluded in imma-
ture oocytes. These modi fi cations of the ER and 
IP 

3
  receptor are believed to account for the aug-

mented sensitivity of mature oocytes to Ca 2+ -
release mechanisms that regulate fertilization. In 
other mammalian species, the pattern of ER rear-
rangement during maturation may be different, as 
observed in the cow  [  20  ]  and hamster  [  21  ]  where 
elements of the ER are found in a cortical posi-
tion in GV-stage oocytes and more homoge-
neously dispersed in small clusters in mature 
oocytes. Human oocytes display a pattern of 
changes in ER distribution and IP 

3
  abundance 

similar to the one of the mouse. In oocytes found 
at the GV stage after controlled ovarian stimula-
tion, the ER is in most cases excluded from the 
cortical region and does not appear organized in 
cluster  [  22  ] . Unlike the mouse, though, ER accu-
mulation is not visible around the GV. In in vivo 
matured oocytes, ER elements are associated in 
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clusters of 2–3  m m preferentially localized in the 
cortex but also discernible in more internal 
regions. Therefore, also in the human, the ER 
undergoes signi fi cant changes during maturation 
in its distribution that re fl ect an enhanced ability 
to release Ca 2+ . These changes can be achieved 
in vitro. In fact, GV-stage oocytes matured in vitro 
display an array of cortical and more internal 
clusters similar to those typical of in vivo matured 
oocytes. Conversely, in vitro maturation seems to 
affect the expression of the IP 

3
  receptor. In fact, in 

oocytes matured in vitro from GV-stage oocytes 
recovered from stimulated cycles, the amount of 
this protein is lower in comparison to oocytes 
matured in vivo. This may cause a reduced sensi-
tivity of in vitro matured oocytes to Ca 2+ -releasing 
mechanisms, as suggested by the observation 
that, following microinjection of IP 

3
 , the rise in 

intracellular free Ca 2+  in in vitro matured oocytes 
is comparable to the one of GV-stage, but not 
in vivo matured, oocytes. Caution should be exer-
cised, though, in the  interpretation of experiments 
of this kind, in which in vitro maturation (IVM) is 
carried out in the absence of cumulus cells, i.e., in 
rather  nonphysiological conditions.  

   Mitochondria 

 All the above-described cellular rearrangements 
occurring during oocyte maturation are energeti-
cally demanding. Energy derives from cellular 
ATP as a result of mitochondrial activity. 
Mitochondria are themselves subject to redistribu-
tion and changes in activity during transition from 
the GV to the MII stage, in a fashion that can pro-
foundly in fl uence the quality of the mature oocyte 
and the destiny of the ensuing embryo. In fact, 
compromised oocyte quality is associated to aber-
rant mitochondrial rearrangement and low ATP 
levels  [  23,   24  ] . Recent studies in the mouse have 
unraveled the dynamics of these mitochondrial 
changes. During in vitro maturation, mitochon-
drial ATP undergoes three distinct phases of 
increase in ATP production, separated by two 
shorter phases in which ATP returns to basal lev-
els  [  25  ] . These phases of augmented activity cor-
respond to GVBD, spindle migration, and the 
transition between MI and MII. From previous 

observations, it is known that on large scale an 
accumulation of mitochondria surrounds the 
nucleus at the time of GVBD  [  26  ] , accompanies 
the spindle during migration, and is present at the 
side of polar body emission. However, these rear-
rangements do not seem to be functional to or 
associated with the above-mentioned burst in ATP 
production, because when their formation is pre-
vented by inhibitors of microtubule polymeriza-
tion, ATP changes still occur  [  25  ] . On the contrary, 
formation of mitochondrial clusters on a smaller 
scale appears to be a prerequisite for an increase in 
ATP production. Formation of these small clusters 
is temporally coordinated with the burst of ATP 
observed at GVBD and the successive maturation 
steps. Mitochondrial clustering seems to be driven 
by the actin micro fi laments network. This 
cytoskeletal array, in fact, is dissolved and re-
formed in coincidence with the formation of small 
mitochondrial clusters, and its disruption with 
cytochalasin B, which causes actin depolymeriza-
tion, prevents the formation of mitochondrial 
clusters and the increase in ATP production  [  25  ] . 
Therefore, in the mouse, the cytoskeleton, and in 
particular the micro fi lament network, appear to 
direct mitochondrial redistribution on a small 
scale and ATP production in support of GVBD, 
spindle translocation, and  fi rst polar body emis-
sion. However, little is known why mitochondrial 
clustering is required for an increase in ATP gen-
eration. Data indicating a strict correlation between 
mitochondrial distribution patterns and develop-
mental ability have been obtained with porcine 
oocytes. In the pig, mitochondria are restricted to 
the periphery of GV oocytes but migrate during 
maturation to the inner region of the cell both 
in vitro  [  27,   28  ]  and in vivo  [  29  ] . Even though 
there is paucity of information about the correla-
tion between this phenomenon and subsequent 
oocyte development, it has been suggested that 
relocation of mitochondria occurs in oocytes with 
high developmental competence  [  30  ] .  

   The Golgi Apparatus 

 The Golgi is composed of stacks of membrane-
bound structures known as “cisternae,” and this 
apparatus is specialized in modifying, sorting, and 
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packaging macromolecules for cell secretion or 
intracellular needing. Although the role and func-
tion of the Golgi is rather well established during 
mitosis, the dynamic of Golgi membranes during 
meiosis is still partially unknown. Experiments 
conducted in rodents have shown that in GV-stage 
oocytes the Golgi consists of a series of structures 
dispersed in the ooplasm but considerably more 
concentrated in the interior than at the cortex. 
During in vitro maturation, the large Golgi appa-
ratus structures fragment at GVBD and disperse 
homogenously throughout the ooplasm, remain-
ing in a fragmented state at the MII stage. Although 
protein secretion is blocked during meiotic matu-
ration, Moreno et al.  [  31  ]  have shown that brefel-
din A (a drug that inhibits protein secretion by 
blocking membrane traf fi cking from the ER to 
the Golgi apparatus) is able to reversibly inhibit 
the IVM of mouse oocytes and that this block 
occurs at the same stage at which it is arrested by 
protein synthesis inhibitors, suggesting that, in 
addition to protein synthesis, progression of 
murine oocyte maturation possibly also requires 
functional membrane traf fi cking sometime after 
GVBD, resulting in either the modi fi cation of 
proteins at the Golgi level, or the delivery of these 
proteins to appropriate (post-Golgi) sites. In non-
rodent mammalian eggs during meiotic matura-
tion and fertilization, the Golgi apparatus behaves 
in a very peculiar way because the centrosome is 
absent until sperm entry. Experiments conducted 
in the bovine, which represents a more appropri-
ate model for the human in this respect, demon-
strated that the absence of a maternal centrosome 
prevents Golgi association with the meiotic spin-
dle. The absence of the Golgi in the vicinity of 
the meiotic spindle reduces the possibility of the 
segregation of this apparatus in the polar bodies, 
and once fertilization is started, nuclear 
traf fi cking and cytokinesis do not depend from a 
functional Golgi  [  20  ] . In 2012, Racedo and col-
leagues  [  32  ]  demonstrated that, in in vitro 
matured bovine oocytes, cytoplasmic maturation 
is accompanied by a series of dynamic changes 
of the Golgi involving an active microtubular 
function. Using different speci fi c inhibitors, 
these authors demonstrated that prior to GVBD, 
the Golgi moves from the center of the cyto-
plasm to the cortical area. Afterward, a second 

translocation occurs between GVBD and MI, 
repositioning the Golgi from the periphery to the 
central  cytoplasmic area.  

   Cortical Granules 

 Cortical granules (CG (cortical granules)) are 
membrane-bound organelles located in the sub-
oolemmal cortex of the mature oocyte having a 
crucial role in the process of fertilization. In their 
mature form, CG are secretory vesicles of 0.2–
0.6  m m in diameter. They are unique to the female 
germ cell, are not renewed after release, and are 
functional to the modi fi cation of the zona pellu-
cida. Upon oocyte-sperm fusion and triggering of 
the intracellular Ca 2+  signaling mechanism that 
coordinates the diverse activation events, they 
fuse with the oolemma and release their enzy-
matic contents in the perivitelline space. The 
released CG proteins modify by proteolytic cleav-
age one of the zona pellucida protein (ZP2) in a 
form (ZP2f) that is incompatible with the binding 
of additional sperm and penetration through the 
zona pellucida  [  33  ] , thereby preventing polysper-
mic fertilization (for a more speci fi c description 
of mechanisms of block of polyspermy, see also 
the Chap.   20     in this volume). Their sub-oolem-
mal localization is typical of the mature meta-
phase II oocyte, but in fact during oogenesis, their 
formation and distribution involves other cellular 
districts. In the diverse mammalian species, CG 
start to be generated at different stages of follicu-
logenesis. In rodents, they can be observed 
already in primary follicles  [  34  ] , whereas in the 
monkey  [  35  ]  and human  [  36  ] , they are discern-
ible only from the secondary follicle stage. 
During the growth phase of oogenesis, at early 
stages of folliculogenesis, the Golgi complex is 
situated in internal regions of the oocyte cyto-
plasm and subsequently proliferates, becomes 
hypertrophic, and  fi nally produces small vesicles 
that progressively acquire a more peripheral or 
cortical position. These vesicles coalesce, form-
ing mature Golgi complexes in a continuous pro-
cess during oogenesis that extends to the 
preovulatory period  [  37  ] . During the maturation 
phase, initiated by the resumption of meiosis and 
completed by the achievement of the metaphase 
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II stage, Golgi complexes are subject to redistri-
bution assisted by cytoskeletal infrastructures. In 
particular, the peripheral relocation of CG during 
maturation appears to occur with the intervention 
of micro fi laments  [  38  ] . In mature oocytes of 
almost all mammals, CG are homogeneously dis-
tributed cortically just beneath the oolemma. 
However, in murine species, fewer – if any – 
granules are found in the regions adjacent the 
metaphase I (MI) and metaphase II (MII) spin-
dles  [  39,   40  ] . How such a differential distribution 
is generated is not unequivocally established, but 
studies in the mouse and the hamster indicate that 
a perispindle CG-free area (CGFA) may result 
from displacement and redistribution at MI (as 
suggested by an increase in CG density in the 
area surrounding the CGFA) or precocious and 
targeted exocytosis occurring during the MI–MII 
transition  [  41–  43  ] . Even less understood is the 
reason why a CGFA is established in these spe-
cies. It is possible that limited release of CG in 
the cortex near the MII spindle modi fi es the zona 
pellucida or the oolemma in a way that impedes 
sperm–oocyte fusion in the immediate vicinity of 
the MII spindle, thereby assuring that deconden-
sation of the sperm head occurs distal to the spin-
dle so as not to affect the integrity or function of 
maternal chromatin as it undergoes remodeling. 
It is known that sperm penetration in the mouse is 
less likely to occur in regions of the cortex where 
the MII spindle is located  [  39  ] .  

   Conclusions 

 During the maturation process, initiated by the 
resumption of meiosis and completed by the 
achievement of the metaphase II stage, organ-
elles rearrange and redistribute to subserve the 
changing functional requirements of the 
oocyte. Some events are common to different 
species, while they are typical of speci fi c ani-
mals such as nonrodent. Even the nuclear com-
partment is involved in this progression because 
the transport of mRNAs, from their transcrip-
tion site in the nucleus to their translation sites 
in the cytoplasm, modulates gene expression 
and ensures appropriate concentrations of the 
encoded protein where it is needed, represent-
ing an essential step in the maturing oocyte. 
The coordination of these events during oocyte 

maturation is mediated by the cytoskeleton 
regulating the distribution of the different 
structures at the appropriate time and place to 
assure the completion of meiosis.      
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  Abstract 

 The low reproductive potential of the human species is mainly caused by 
aneuploidies affecting embryo o fetal development. Although some of these 
aneuploidies may be paternally inherited or generated mitotically during 
preimplantation development, the vast majority of aneuploid karyotypes are 
generated at fertilization as an effect of meiotic errors occurring during the 
oocyte life cycle. Formation of an aneuploid oocyte derives from chromo-
some non-disjunction or premature segregation of sister chromatids at meio-
sis I or II. Less clear is why aneuploidy occurs. Advanced maternal age is 
strongly positively associated with the prevalence of aneuploidies, including 
Down syndrome, in spontaneously aborted fetuses and newborns. However, 
the links that connect maternal age and the cellular mechanisms that are 
involved in chromosome mal-segregation remain unknown.  Factors that 
may play a role in the generation of aneuploidies are diverse. For example, 
number and position relative to the centromere of chiasmata formed in the 
process of recombination during fetal life in fl uence the regularity of chro-
mosome segregation during adult life. Alterations in the pro fi le of the hor-
monal milieu are also suspected to cause oocyte aneuploidy. Environmental 
agents and certain lifestyles are believed to be additional factors that expose 
oocytes to an increased risk of chromosome mal-segregation. Better under-
standing of the nature and action of these factors could offer future opportu-
nities for preventing at least part of the aneuploidies occurring in the female 
germ cell.  

      Origins of Oocyte Aneuploidy       

     Liborio   Stuppia           

  Keywords 

 Oocyte  •  Nondisjunction  •  Aneuploidy  •  Advanced maternal age         



220 L. Stuppia

 In the human species, the reproductive rate per 
cycle is characterized by a relatively low success 
as compared to other mammals, since less than 
half of all natural conceptions lead to a live birth 
 [  1  ] . The most common genetic factor impairing 
human reproduction is represented by aneuploidy, 
that is, the presence of a modi fi cation of the nor-
mal diploid karyotype due to the gain or loss of 
one or more chromosomes (trisomy, tetrasomy, 
monosomy). About 5 % of all clinically recog-
nized pregnancies are characterized by the pres-
ence of a trisomy or a monosomy, and it has been 
estimated that 0.3 % of newborns, 4 % of still-
births, and more than 35 % of all spontaneous 
abortions are aneuploid in humans  [  2  ] . Thus, in 
the majority of cases, miscarriage represents the 
most likely outcome for embryos affected by 
such abnormalities  [  3  ] . Only a few trisomies 
(viz., those involving chromosome 13, 18, 21, 
and the sex chromosomes) and the 45, X mono-
somy can potentially survive to term, resulting in 
the birth of babies affected by congenital defects 
and/or mental retardation (Table  16.1 ). The main 
mechanism leading to the presence of aneuploi-
dies in pregnancies and miscarriages is  represented 
by chromosome segregation errors occurring dur-
ing oogenesis, with the only exception of the 47, 
XYY condition derived from a paternal nondis-
junction. In fact, between 1 and 4 % of sperms 
versus as many as 20 % of human oocytes have 
been estimated to be aneuploid  [  2  ] . In order to 
better understand the causes of the preferential 
involvement of female gametogenesis in the ori-
gin of aneuploidies, it is important to analyze 
the peculiarities of this process. Female meiosis 
consists of two divisions, meiosis I (MI) and II 
(MII), and of two different stages where the 
maturing oocyte undergoes a temporary arrest. 
Meiosis starts in the human fetal ovary at 
11–12 weeks of gestation. During MI, oocytes 
enter prophase and the homologous chromo-
somes undergo pairing. An exchange of mate-
rial between the chromatids of different 
homologues occurs via the formation of chias-
mata in a process known as “recombination” or 
“crossing over.” After recombination, the oocyte 
progresses to diplotene of prophase and enters a 
protracted arrest stage during which the cell 

cycle is arrested until ovulation, occurring 
 several (10–50) years later. During this period, 
oocytes become surrounded by somatic cells 
(pregranulosa cells), forming primordial folli-
cles. In the sexually mature females, in response 
to LH surge, the oocyte resumes meiosis; 
 chromosomes condense and during anaphase, at 
the end of MI, the separations of the bivalents, 
which move to the opposite poles of the meiotic 
spindle, occur. Twenty-three chromosomes (each 
composed by two chromatids) enter the polar 
body (PB), while the remaining 23 are main-
tained within the oocyte. After MI, a second 
meiotic spindle forms immediately, the remain-
ing chromosomes align at the spindle equator, 
and the cell cycle stops again until fertilization, 
when fusion of the sperm and egg plasma mem-
branes triggers the resumption and completion 
of MII. Sister chromatids, which have been held 
together until this step, are separated passing one 
into the second PB and the other remaining in 
the oocyte. Thus, female meiosis takes a very 
long period to be completed, since this process 
starts during fetal life and reaches the conclusion 
until years later with the fertilization of an ovu-
lated mature oocyte.  

 Alterations during the above-described pro-
cess can lead to the presence of an aneuploidy 
through two different mechanisms: the  fi rst one 
is represented by the presence of a nondisjunc-
tion of entire chromosomes occurring during 
either MI or MII divisions, while the second one 
involves the premature division of a chromo-
some into its two constituent chromatids (pre-
mature separation of sister chromatids, PSSC), 
with a subsequent random segregation, upon 
completion of the  fi rst and/or second meiotic 

   Table 16.1    Prevalence of the most common aneuploidies 
in newborns

 Aneuploidy  Prevalence 

 Trisomy 21 (Down syndrome)  1:700 
 Trisomy 18 (Edwards syndrome)  1:7,000 
 Trisomy 13 (Patau syndrome)  1:20,000 
 47, XXY (Klinefelter syndrome)  1:900 males 
 47, XYY  1/1,000 males 
 47, XXX  1/1,200 females 
 45, X (Turner syndrome)  1/2,500 females 
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division  [  4  ] . Nondisjunction, and in particu-
lar maternal nondisjunction at MI, represents 
the main mechanisms leading to an aneuploidy. 
For most  chromosomes, maternal MI errors are 
more  common than maternal MII errors, with the 
exception of trisomy 18 which in more than 50 % 
of cases is caused by maternal MII nondisjunc-
tion  [  2,   3  ] . In details, about 100 % of trisomy 16 
cases, 90 % of trisomy 22 cases, 75 % of trisomy 
15 cases, and 65 % of trisomy 21 cases derive 
from an error during female meiosis I  [  2  ] . The 
second mechanism leading to aneuploidy, that is, 
PSSC  [  4  ] , may be balanced or unbalanced, and 
in the unbalanced situation, the oocyte can either 
retain an extra copy or lack a copy of a single 
chromatid. Thus, PSSC can lead to an embryo 
aneuploidy in 50 % of cases, while nondisjunc-
tion produces 100 % aneuploidy embryos  [  5  ] . 

   Advanced Maternal Age 
and Aneuploidies 

 Despite the large number of studies pointed to the 
identi fi cation of speci fi c risk factors for nondis-
junction, so far, the only striking evidence is rep-
resented by the association between advanced 

maternal age and risk of aneuploidy. In fact, a 
direct association between advanced maternal 
age and decline in reproductive  fi tness has been 
largely demonstrated, and this condition is 
strongly related to the relationship between 
advancing maternal age and increasing aneu-
ploidy rates. Data from literature report that, 
while for women aging less than 25 years the 
expected oocyte aneuploidy rate is 5 %, an 
increase to 50 % is observed in the oocytes of 
women over the age of 40 years  [  3  ] . As a conse-
quence, also, the prevalence of newborns affected 
by a chromosomal disease due the presence of an 
aneuploidy, in particular by Down syndrome 
(DS), is directly related to the advanced maternal 
age (Fig.  16.1 ). For this reason, since the 1970s, 
pregnant women older than 35 years of age have 
been offered prenatal diagnosis for fetal trisomy 
21, and maternal age is evaluated in the risk cal-
culation during the screening for DS carried out 
in the  fi rst or second trimester of pregnancy by 
using noninvasive approaches  [  5  ] . Not only the 
risk of nondisjunction is increased in cases of 
advanced maternal age. In fact, it has been 
reported that women aging is associated also to 
an increased frequency of PSSC, and it has been 
suggested that these mechanisms could be even 
more in fl uenced by maternal aging than 
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 nondisjunction  [  6  ] . Due to the increasing ten-
dency of women in the last years to delay having 
children until their late thirties or early forties a 
general increase in the incidence of aneuploid 
syndromes is expected. In fact, an increasing 
prevalence of DS at birth over time has been 
observed in a study evidencing that from 1979 to 
2003 the prevalence of this condition at birth 
across 10 US regions increased from 9.0 to 11.8 
per 10,000 live births, representing an average 
increase of 0.9 % per year. This trend over time 
paralleled the increasing proportion of births to 
older mothers (aged  ³ 35 years) in these regions 
 [  7  ] . Another example of the relationship between 
advanced maternal age and decline in the repro-
ductive  fi tness is provided by the evidence that 
in vitro fertilization (IVF) success rates reduce 
dramatically with advancing maternal age  [  8  ] . 
All these evidences suggest that aneuploidy of 
female origin will likely become an increasingly 
signi fi cant health issue in the coming years, due 
to the progressive increase in the age of women at 
the time of conception. However, it has been evi-
denced that also some women under 30 years of 
age have a high risk of nondisjunction and that 
trisomy recurrence is not only related to maternal 
age. In these cases, the presence of gonadal mosa-
icisms can explain the presence of homotrisomy 
(trisomy of the same chromosome), as demon-
strated by studies carried out by performing cyto-
genetic investigation on  fi broblasts and 
lymphocytes of parents with recurrent fetal aneu-
ploidies  [  9  ] . As a matter of fact, germinal mosa-
icism is estimated to affect 6.5 % of young 
couples with a DS child  [  10  ] . However, germinal 
mosaicism may explain recurrence of homotri-
somy, but not of heterotrisomy (trisomy of differ-
ent chromosomes). Thus, other causes than the 
presence of germinal mosaicism must be 
identi fi ed in order to explain the presence of ane-
uploidies in young women.   

   FSH and Aneuploidies 

 FSH levels and FSH hyperstimulation have been 
hypothesized to represent possible causes of 
increased risk of oocyte aneuploidy  [  5  ] . It has 

been demonstrated in a mouse model that repeated 
ovarian stimulation has a progressive and 
signi fi cantly increased impact on spindle organi-
zation in metaphase II oocytes  [  11  ] . Moreover, 
studies carried out in mouse cumulus-oocyte 
complexes cultured in increasing concentrations 
of FSH have disclosed that exposure to high FSH 
levels accelerates nuclear maturation and induces 
chromosomal abnormalities  [  12  ] . In human, a 
baseline serum FSH increase has been observed 
in women with previous fetal aneuploidy obtained 
after natural conception or controlled ovarian 
hyperstimulation, suggesting that FSH levels 
could represent a predictor of fetal aneuploidy 
 [  13  ] . This is con fi rmed by the observation that 
menopause occurs at an earlier age in women 
with previous trisomic pregnancies compared to 
women with normal pregnancies, suggesting a 
predisposition to aneuploidy in women with pre-
mature ovarian failure (POF)  [  14  ] . 

 Also, FSH hyperstimulation has been sug-
gested to play a role in the risk of aneuploidies, 
since it has been demonstrating that aggressive 
hormonal stimulation produces higher aneu-
ploidy rates in embryos derived from donor 
oocytes  [  5  ] . Thus, FSH appears to produce a rel-
evant impact on oocyte aneuploidy, as con fi rmed 
also by “in vitro” investigations showing 
increased FSH levels in follicular  fl uid of oocytes 
with aneuploidy and PSSC  [  15  ] . This is in agree-
ment with the fact that high-concentration FSH in 
IVF medium signi fi cantly increases  fi rst meiotic 
division error  [  16  ] . The mechanisms linking FSH 
levels and oocyte aneuploidy are still unknown 
but appear to play a role mainly during oocyte 
growth  [  5  ] .  

   Synapsis and Recombination 

 Synapsis and recombination represent crucial fac-
tors in the determination of the risk of aneuploi-
dies. In fact, it has been demonstrated that 
homologous chromosomes are at high risk of 
abnormal segregation either due to a failure in the 
recombination process or when the formation of 
an adequate number of chiasmata is hampered  [  3, 
  10  ] . Also, the position of chiasmata in relation to 
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the centromere (too proximal or too distal) could 
represent a risk factor for abnormal segregation of 
homologues. In this view, a detailed examination 
of the mechanisms underlying synapsis and 
recombination can provide useful information for 
a better understanding of the relationship between 
these processes and aneuploidy. The prophase 
events of synapsis and recombination occurring in 
the fetal ovary play a crucial role for the meiotic 
progression, as demonstrated by the evidence that 
chromosomal aberrations hampering the forma-
tions of synapsis cause the loss of a signi fi cant 
number of meiocytes in both male and female 
gametogenesis  [  17  ] . A further evidence is pro-
vided by studies carried out in mice carriers of 
targeted disruptions of genes involved in the regu-
lation of the meiotic process. In fact, null mutants 
for genes regulating the formation of synaptone-
mal complex or involved in the recombination 
pathway show meiotic disruption or arrest  [  18–
  21  ] . The relationship between the loss of function 
of these genes and the disruption of gametogene-
sis is likely related to the presence of a checkpoint 
control mechanism acting at pachytene able to 
detect synaptic and recombination defects, as 
demonstrated by the transcriptional silencing of 
the chromosomal regions that remain unsynapsed 
at pachytene  [  22  ] . The timing of chromosome 
attachment and loss of cohesion plays a crucial 
role for chromosome segregation at meiosis. In 
fact, the cohesion between sister chromatids 
allows physical attachment by chiasmata of mei-
otic homologous chromosomes and is necessary 
for generating tension across centromeres when 
spindle microtubules have made bipolar attach-
ment to homologues. During meiosis I, the paired 
homologues in the bivalents are held together and 
allowed to align on the meiosis-I spindle by chias-
mata, which are resolved at anaphase I by the loss 
of cohesion between the arms of sister chromatids 
in the homologous chromosomes. However, cohe-
sion is still maintained at centromeres between 
sister chromatids in order to prevent premature 
chromatid separation. The cohesion between sis-
ter chromatids is provided by the meiosis-speci fi c 
cohesin complex, consisting of four core subunits, 
of which two (Smc1ß and Smc3) belonging to the 
family of structural maintenance of chromosomes 

(SMC), the third represented by the kleisin family 
protein Scc1/Rad21 (in some complex replaced 
by the cohesin subunit Rec8), and the last one 
consisting of the accessory protein Scc3, showing 
two isoforms  [  23  ] . Meiosis-speci fi c cohesins, 
unlike their mitotic counterpart, are able to induce 
a sequential loss of cohesion between arms and 
centromeres of sister chromatids at meiosis I and 
meiosis II, respectively. This function is probably 
performed by means of the binding of cohesion 
complex around sister chromatids with a ring 
structure  [  24  ] . This structure is opened at the end 
of metaphase and at the onset of anaphase by a 
speci fi c endopeptidase (separase) able to cleave 
Rec8 in meiosis, allowing chromatids to separate 
from each other  [  25  ] . During meiosis I, centro-
meric cohesion is provided by the centromeric 
protein shugoshin, which is also involved in medi-
ating attachment of kinetochores of sister chro-
matids to only one spindle pole  [  26  ] . 

 It has been suggested that the checkpoint con-
trol system during female meiosis, and in particu-
lar during meiosis I, could be more prone to errors, 
thus leading to an increased risk of nondisjunction 
and aneuploidies in oocytes  [  27  ] . This increased 
susceptibility to a loss of the control of cell cycle 
in oocytes could be at least in part due to the large 
volume of these cells and to a relative low expres-
sion of checkpoint proteins, since the time required 
to recruit the appropriate amount of checkpoint 
components to the spindle and kinetochores of 
meiotic chromosomes is crucial for providing the 
cell with a correct organization of this control 
mechanism  [  23  ] . This could also explain the 
higher meiotic error rate in female as compared 
with male germ cells, which are smaller and con-
nected by cytoplasmic bridges allowing the pas-
sage of molecules from one cell to another. The 
above-described scenari could also explain the 
increased incidence of aneuploidy in aging 
oocytes. In fact, it has been demonstrated in ani-
mal models that aged mammalian oocytes show a 
de fi ciency of some major component of spindle 
assembly checkpoint which could be responsible 
for the increased susceptibility to aneuploidy  [  28  ] . 
Also, an abnormal meiotic  spindle morphology, 
which is again typical of aged oocytes, has been 
related to the increased risk of aneuploidy. In this 
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view, it must be stressed that mutations in gene 
encoding for proteins involved in (1) the morphol-
ogy of the meiotic spindle, (2) the motor protein 
activity, and (3) the regulation of the sequence of 
meiotic events affecting chromosome behavior 
and spindle integrity have been reported to cause 
meiotic aneuploidy  [  23  ] .  

   The Role of Mitochondria 

 Another possible cause of the relationship between 
advanced maternal age and aneuploidy could be 
identi fi ed in the presence of a mitochondrial dys-
function affecting the correct spindle function. 
This relation could be mediated by the presence 
of a reduced availability of high-energy substrates 
and changes in mitochondrial redox potential, 
inducing alteration in cellular homeostasis, regu-
lation of intracellular pH, and activity of motor 
proteins, which in turn could represent risk factors 
for meiotic nondisjunction in aged oocytes  [  29  ] . 
In addition, it has been suggested that the genera-
tion of oxidative stress in oocytes may contribute 
to the age-related increase in the rate of meiotic 
division errors and aneuploidies  [  30  ] . This hypoth-
esis has been con fi rmed by the demonstration that 
antioxidants can protect meiotic divisions from 
alterations occurring either due to the exposure to 
oxidative stress or during maternal aging  [  31  ] . 
Studies carried out in order to verify if a mito-
chondrial dysfunction can affect formation of 
meiotic apparatus by causing instability of oocyte 
spindles have demonstrated that the decrease in 
mitochondria-derived ATP induced by oxidative 
stress causes a disassembly of mouse MII oocyte 
spindles  [  30  ] . Since maternal aging is associated 
with increased oxidative stress in human oocytes, 
these results have provided a new insight in the 
study of the relationship between advanced mater-
nal age and increased risk of nondisjunction.  

   Environment and Lifestyle 

 The susceptibility of aged oocytes to undergo 
nondisjunction due to a disturbance in spindle 
function may increase in the presence of an 

 exposure to environmental factors such as aneu-
genic (aneuploidy-producing) chemicals. This 
strongly suggests that also lifestyle could play a 
role in the increased risk for aneuploidies. The 
effect of environmental agents on the risk of non-
disjunction can be observed at different levels. A 
 fi rst level is represented by the environmental 
effects on the reduction of the oocyte pool, which 
has been associated with oocyte aneuploidy. In 
fact, it has been demonstrated that environmental 
contaminants and lifestyle characteristics could 
play a role in the alteration of the oocyte pool. In 
fact, studies carried out in animal models have 
demonstrated that environmental contaminants 
during female fetal development could inhibit 
oocyte nest breakdown and primordial follicle 
assembly  [  32  ] . In the human, an increased risk of 
premature ovarian failure has been observed in 
hairdressers, a group of female workers who are 
exposed to chemicals that cause reproductive 
abnormalities in animal models. In fact, Caucasian 
hairdressers of 40–55 years of age showed a 
 fi vefold increased risk of POF as compared with 
nonhairdressers  [  33  ] . Smoking can be considered 
as another risk factor, since it has been demon-
strated that cigarette smoke exposure induces in 
mice a signi fi cant reduction in the number of pri-
mordial follicles, but not growing or antral folli-
cles  [  34  ] . Very recently, it has been also 
demonstrated that benzo[a]pyrene (B[a]P) repre-
sents an important toxic component of cigarette 
smoke that adversely affects follicular develop-
ment and survival in mice  [  35  ] . In human, these 
data are con fi rmed by epidemiological and exper-
imental results showing that each stage of repro-
ductive function, including folliculogenesis, is a 
target for cigarette smoke components, whose 
effects are dose-dependent and may be in fl uenced 
by the presence of other toxic substances and hor-
monal status  [  36  ] . Environmental agents can also 
increase the risk of aneuploidies by affecting the 
recombination process. In fact, it has been reported 
that exposure of pregnant female mice to bisphe-
nol A, an estrogenic compound widely used in the 
production of polycarbonate plastics and epoxy 
resins, increases the frequency of synaptic defects 
and alters crossover placement, leading to a dra-
matic increase in oocyte aneuploidy in adult mice 
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exposed in utero  [  37,   38  ] . In the human, bisphenol 
A is associated with recurrent miscarriage  [  39  ] , as 
evidenced by the presence of higher serum bis-
phenol A levels in patients with a history of three 
or more consecutive  fi rst-trimester miscarriages 
as compared to healthy women with no history of 
live birth and infertility. 

 The evidence that some environmental agents 
can increase the genetic risk of aneuploidies has 
suggested the possibility that some bene fi t could 
be gained by modi fi cations in the lifestyle and/or 
treatment with speci fi c drugs. Studies carried out 
using mice as an animal model have demon-
strated that chronic administration of pharmaco-
logical doses of antioxidants during the juvenile 
period and throughout adult reproductive life can 
improve oocyte quality in aging females  [  31  ] . 
However, signi fi cant long-term negative effects 
on ovarian and uterine function have been 
observed, hampering the translation in the clini-
cal setting of chronic antioxidant therapy. Very 
recently, it has been hypothesized that restricted 
caloric intake without malnutrition, known to be 
able to extend life span and attenuate severity of 
aging-related health complications in many spe-
cies, could in fl uence oocyte quality in female 
mice  [  40  ] . Based on this assumption, the effect of 
caloric restriction on oocyte quality has been 
investigated in mice, demonstrating that adult 
females maintained under 40 % caloric restric-
tion did not exhibit the expected aging-related 
increases in oocyte aneuploidy, chromosomal 
misalignment on the metaphase plate, meiotic 
spindle abnormalities, or mitochondrial dysfunc-
tion, all representing typical markers of aged 
oocytes  [  40  ] . These results demonstrate that 
oocyte aneuploidy and spindle defects are not 
inevitable consequences of the aging process and 
that prevention strategies can be used in order to 
avoid the negative impact of aging on germline 
chromosomal segregation during meiosis.  

   Conclusions and Perspectives 

 In recent years, the tendency to delay childbirth 
to advanced maternal ages represents a common 
feature in all the industrialized societies. Due to 

the correlation between advanced maternal age 
and increased risk of aneuploidy, this condition 
will probably represent a major health problem in 
the next future, because of the consequent 
increase in the number of miscarriages or defects 
at birth and to the reduced fertility rate. As a con-
sequence, a prompt increase in our knowledge of 
the major aspects of this process, such as cell 
cycle regulation and checkpoint controls in 
oogenesis, is required, in order to set up speci fi c 
prevention protocols. Such preventive measures 
will probably imply changes in lifestyle and 
reduced exposure to environmental agents able to 
increase the risk of oocyte aneuploidy. Into the 
effort to obtain novel and useful information 
about the biological bases of oocyte aneuploidy, 
novel methodologies will play a key role, allow-
ing the study of oocytes not only at the genomic 
but also at the transcriptomic and proteomic lev-
els. Interesting data in this  fi eld have been pro-
vided by studies investigating the oocyte 
transcriptome and its association with aneuploidy. 
In fact, it has been shown that expression pro fi ling 
obtained from  fi rst polar body removed from 
oocytes in which the presence of an aneuploidy 
had been detected by comparative genomic 
hybridization (CGH) was characterized by the 
presence of 327 genes showing statistically 
signi fi cant differences in transcript levels  [  41  ] . 
Interestingly, some of these genes encode for 
proteins involved in spindle assembly and chro-
mosome alignment, con fi rming the association 
between these functions and the increased risk of 
aneuploidy. In addition, processes potentially 
affected by differentially expressed mRNA in 
aneuploid oocytes also include chromatin pack-
aging and remodeling, cellular metabolism, DNA 
replication, and apoptosis. This suggests that 
chromosome malsegregation could represent 
only one of a series of problems affecting oocytes 
at risk of aneuploidy and that these oocytes are 
actually abnormal for several reasons. In another 
study, expression pro fi les of MII oocytes donated 
by younger (<36 years) or older (37–39) women 
undergoing controlled ovarian stimulation were 
compared, evidencing 342 genes showing a 
signi fi cantly different expression level between 
the two age groups. Among these, several genes 
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were involved in cell cycle regulation, chromo-
some alignment, sister chromatid separation, oxi-
dative stress, and ubiquitination  [  42  ] . Thus, also, 
these results demonstrate that aging in oocytes is 
associated to the alteration of the activity of a 
number of genes playing key roles in the process 
of chromosome disjunction. These results 
strongly suggest that in the next years, novel and 
relevant information will be obtained about the 
molecular basis of aneuploidy, allowing to iden-
tify strategies able to prevent the increased rate of 
miscarriages and birth of children affected by 
malformations and/or mental retardation related 
to the advanced maternal age at conception.      
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  Abstract 

 Cumulus cells (CCs) are a highly specialized cell type that surround the 
mammalian oocyte from antrum formation to the early stages of embryo 
development in the oviduct. During this period of close vicinity, CCs 
maintain paracrine and cell-to-cell communications with the oocyte. 
The increasing use of CCs to predict oocyte quality requires a growing 
understanding of their involvement in oocyte developmental competence 
acquisition. This chapter highlights the current knowledge about CC dif-
ferentiation and communications with the oocyte. Special focus is given 
to the molecular biomarkers differentially expressed in CCs that re fl ect 
higher oocyte quality and therefore are associated with successful embryo 
development and/or implantation. The biological, signaling, and molecu-
lar functions and/or pathways of CCs during oocyte maturation, ovula-
tion, fertilization, and early embryo development are also discussed. 
Using recent  fi ndings in other tissues/species, some hypotheses about the 
processes whereby CCs exert their functions are suggested. Further char-
acterization will be required to re fi ne these biomarkers in order to improve 
both animal and human ART.  
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   Introduction 

 The mammalian ovary is an organ that ensures 
the reproductive function, including both endo-
crine and germ cell production activities. This 
crucial function for the species’ perpetuation 
involves many endocrine factors that regulate 
and synchronize the hypothalamic-pituitary-
ovarian-endometrial axis and allow the ovula-
tion of mature oocyte(s) able to achieve 
subsequent fertilization and embryo develop-
ment. Signi fi cant progress has been made over 
the years to understand the ovarian function 
and to provide tools to control and/or improve 
its regulation. In this context, assisted repro-
ductive technologies (ART) are providing 
potential techniques and strategies to improve 
the livestock genetics and productivity. In 
human and with the quick rise of the infertility 
incidence, ART are nowadays used worldwide 
to help infertile couples to procreate. Despite 
valuable ART advantages, the subsequent chal-
lenge is how to improve the embryo outcomes, 
both qualitatively and quantitatively. Oocyte 
quality has been recognized as the major limit-
ing step and is therefore the target of numerous 
studies aimed at elucidating its intricate pro-
cess  [  1–  5  ] . 

 Bidirectional interplay between the oocyte 
and its somatic neighborhood, mainly cumulus 
cells (CCs), appears to be indispensable to oocyte 
competence acquisition. Their early removal 
signi fi cantly affects the blastocyst rates  [  6  ] . 
Moreover, the properties and functions of CCs 
are to some extent regulated by the oocyte and 
re fl ect the degree of maturation of the oocyte  [  7, 
  8  ] . Therefore, CCs are thought to be a suitable 
target of potential markers that may re fl ect oocyte 
quality. 

 In this chapter, we focus on CCs and their 
involvement in oocyte quality in mammalian spe-
cies. Using recent work about CCs both in our 
laboratory and elsewhere, we attempt to shed 
light on the CCs’ contribution to oocyte quality 
achievement and how this somatic compartment 
may be a mine of several markers that re fl ect 
oocyte quality.  

   Oocyte Competence: De fi nition 
and Levels 

   What Is “Oocyte Competence”? 

 Oocyte competence is the ability of the oocyte to 
complete successful maturation, to be fertilized, 
and to produce a good-quality, transferable blas-
tocyst able to give viable and healthy progeny. It 
has been established that maturation is the crucial 
step in competence acquisition  [  1,   2,   9,   10  ] . In 
order to assess oocyte quality at this phase, it is 
important to consider the oocyte maturation pro-
cess at its three levels: nuclear, cytoplasmic, and 
molecular. An optimal maturation at these three 
aforementioned levels is of considerable impor-
tance to the global successful competence. These 
processes are concomitant and interdependent.   

   Levels of Oocyte Competence 

   Morphological Competence 

 Morphological parameters have been used to select 
good-quality oocytes in mammalian species since 
Leibfried and First  [  11  ] . Many studies focused 
on some morphological features associated with 
the oocyte (ooplasm transparency, diameter), the 
cumulus cells (number of layers, compactness), 
the follicle (follicle size, follicular vasculariza-
tion), and/or even the early embryo (fragmentation, 
number of blastomeres, multinucleation) to predict 
developmental and implantation competence  [  12–
  17  ] . Positive correlations between some of these 
morphological indicators and oocyte developmen-
tal competence were reported in a previous study 
in our laboratory using the bovine model  [  18  ] . 
Interestingly, this study showed that early atretic 
COC (slight apoptosis in cumulus cells’ outer lay-
ers) appeared to give the best-quality oocytes.  

   Nuclear Competence 

 Nuclear maturation refers to the progression of the 
oocyte nucleus from the germinal vesicle stage 
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(GV), and through the GV breakdown (GVBD), the 
association of the homologous chromosomes with 
the  fi rst polar body extrusion, until the second mei-
otic arrest at metaphase II (MII). The second meiotic 
resumption is induced by the male pronucleus and 
leads to the ful fi llment of meiosis and the second 
polar body extrusion  [  19,   20  ] . This meiotic progres-
sion is very exceptional in terms of its duration as 
well as its multiple arrests. In fact, the oocyte is the 
only cell that undergoes the long meiotic division 
marked by a  fi rst locking prophase I (GV) which can 
last for years, a second arrest in MII after ovulation, 
and yields only one egg (mature oocyte) that inherits 
almost the whole cytoplasm of the mother oocyte by 
means of unequal meiotic division.  

   Cytoplasmic Competence 

 Cytoplasmic maturation includes all the ultrastruc-
tural modi fi cations that occur in the ooplasm during 
prematuration (a few days before the LH surge) and 
 fi nal maturation of the oocyte to allow successful 
fertilization, cleavage, and early embryo develop-
ment  [  1,   19,   21  ] . Since no direct measure of compe-
tence level is available, this maturation can be 
retroactively assessed through the early embryo 
development outcome. This is probably the reason 
why meiotic maturation is commonly used as a ref-
erence to cytoplasmic maturation. Conceptually, this 
maturation begins in the days prior to ovulation and 
is characterized by a decrease in transcriptional 
activity and changes in nucleolar morphology. 
However, some later criteria such as cellular organ-
elle reorganization, perivitelline space formation, 
and  fi rst polar body emission might also be used to 
predict the progression of the cytoplasmic matura-
tion of the oocyte  [  19  ] . At  fi nal maturation (MII), 
there is an important decrease in Golgi membranes 
and a peripheral migration of the cortical granules 
prior to fertilization to prevent polyspermy  [  22–  24  ] .  

   Molecular Competence 

 During oocyte maturation, many molecules that 
may contribute to oocyte fertilization and early 

embryo development are produced and accumu-
lated. Molecular maturation includes all the 
molecular processes that occur in both the nucleus 
and ooplasm during oocyte maturation. Although 
still poorly de fi ned, this accumulation of proteins 
and RNA is crucial to assess the molecular matu-
ration status of the oocyte  [  10  ] . Due to the limits 
of the morphological criteria and despite similar 
visible properties (of oocytes and/or COC), some 
oocytes are more competent than others. Although 
invisible, these molecular events are associated 
with the oocyte reaching its  fi nal size  [  22,   25  ] . 
Among the main events involved at this level are 
the RNA transcription and protein synthesis that 
allow the oocyte to suitably support early embryo 
progression until embryo genome activation  [  26  ] . 
In fact, protein synthesis is essential for the 
resumption of meiosis in cattle  [  27  ] . Similar to 
most mammalian species, a period of mRNA 
synthesis is observed during maturation of the 
bovine oocyte at the GV stage, which decreases 
sharply when the oocyte reaches the GVBD stage 
 [  24,   28  ] . This active transcription machinery at 
diplotene stage (GV) is promoted by a permissive 
structure of chromatin to transcription factors. 
Despite its very small fraction compared to total 
RNA, oocyte mRNAs have a poly(A) tail of vari-
able length and are bound by proteins (RNA-
binding proteins), which protect them from both 
translation and degradation machineries in a 
well-established posttranscriptional regulation 
 [  29–  31  ] . Metabolic activity within the oocyte is 
also a main molecular process characterized by a 
signi fi cant increase in pyruvate, glutamine, and 
lactate consumption, which seems to have a direct 
effect on nuclear maturation and competence 
development of the oocyte  [  32–  35  ] .   

   Cumulus Cell Behavior During 
Folliculogenesis 

   Origin of Cumulus Cells 

 In addition to its endocrine role, the ovarian 
 follicle ensures germ cell line housing by 
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 providing them with a suitable environment for 
their multiplication and storage from the prena-
tal life until the germ cell is ovulated. Granulosa 
cells (GCs) are a pseudostrati fi ed internal epi-
thelium that undergoes deep morphological and 
physiological differentiation from the second-
ary follicle stage until ovulation and luteiniza-
tion  [  36  ] . It is widely accepted that GCs are 
derived from the mesonephric precursor cells 
 [  37  ] . However, this assumption was challenged 
by a recent study suggesting a mesothelium ori-
gin for sheep GCs  [  38  ] . This suggests that GCs 
might also derive from the presumptive surface 
epithelium of the ovary. Since the cumulus cell 
line derives later from GCs, they therefore have 
the same embryonic origin. 

 CCs are also the result of the differentiation 
of preantral GCs into two separated antrum cell 
subtypes: mural granulosa cells (MGCs) local-
ized close to the basal lamina of the ovarian 
follicle and CCs that surround the oocyte. The 
squamous pregranulosa cells of the primordial 
follicle become cuboidal and start to actively 
proliferate until the secondary follicle stage. 
From secondary follicle, GCs become FSH 
responsive in most mammal species  [  39  ] . Both 
oocyte and follicular growth  fi rst occur in a 
linear fashion and positively correlate until the 
oocyte is close to its maximal size. Thereafter, 
the growth of the ovarian follicle becomes faster 
with quick cell proliferation (GC mitosis) and 
formation of islets  fi lled with follicular  fl uid 
(FF) within the GC intercellular space  [  37  ] . The 
fusion of FF pockets leads to the formation of the 
antrum cavity, synonym of tertiary follicle. At 
this stage, the cumulus-oocyte complex (COC) 
occupies a more peripheral position compared 
to the rest of the follicle, possibly to prepare 
for subsequent ovulation  [  5,   40  ] . The  fi nal dif-
ferentiation of GCs is marked by a centripetal 
gradient increasing meiotic index in follicles of 
cyclic mouse  [  41  ] . Interestingly, this gradient is 
deeply affected following surgical oocytectomy 
 [  42  ]  supporting an important role for the oocyte 
in the centripetal gradient of GC differentiation. 
While the GCs of rat preovulatory follicles con-
tain well-developed mitochondria, smooth RE, 
and lipid droplets, the CCs show large rough 

RE with/without lipid droplets  [  43  ] . CCs there-
fore show several ultrastructural and molecular 
signs of differentiation and high specialization 
that might be associated with speci fi c func-
tions. Despite the presence of the LH receptor 
(LHR) transcripts in both cumulus and granu-
losa  [  44–  46  ] , immunoassays using anti-LHR in 
pig ovary revealed the absence of LHR protein 
at the surface of both cumulus cells and oocyte 
compared to mural GC  [  47  ] . 

 While MGCs represent the major part of the 
somatic compartment, the neo-formed CCs con-
tinue to differentiate and to be in fl uenced by 
oocyte-derived factors  [  42,   48–  51  ] . The inner-
most layers of CCs, known as the corona radiata, 
maintain intimate contact with the zona pellucida 
(ZP) and give speci fi c support to oocyte matura-
tion. During the subsequent ovulation, most CCs 
and follicular  fl uid (FF) will accompany the 
oocyte to the oviduct while the MGCs and theca 
cells will contribute to corpus luteum formation. 

 It has long been established that somatic cells 
are essential to properly support oocyte matura-
tion, meiosis resumption, and competence acqui-
sition. More persuasive data obtained during the 
last few years documented crucial roles for the 
oocyte in folliculogenesis by promoting follicu-
lar cell proliferation and differentiation. The 
TGF- b  family was suggested as one of the main 
players triggering these effects  [  52,   53  ] . In fact, 
the TGF- b  family proteins (mainly GDF9 and 
BMP15) are important oocyte-derived paracrine 
factors that have been shown to drive the  fi nal dif-
ferentiation of CCs prior to ovulation. These fac-
tors were reported to allow CCs to acquire the 
ability to expand and to express key genes needed 
for  fi nal maturation and ovulation  [  54  ] . While the 
main distinctive morphological change of CCs is 
muci fi cation, transcriptomic studies showed that 
MGCs and CCs differentially respond to FSH by 
the expression of different gene sets  [  55–  57  ] . 
Recently, signi fi cant differences in gene expres-
sion patterns between the two somatic cell types 
were demonstrated in women undergoing IVF or 
ICSI  [  58  ] . These major functional differences 
between MGCs and CCs are not only due to the 
oocyte effect but also to intrinsic molecular path-
ways that allow differential gene expression and 
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therefore distinctive functions between the two 
somatic compartments  [  59  ] . These  fi ndings were 
also con fi rmed by a comparative proteomic 
approach between CCs and GCs using two- 
dimensional PAGE (2D-PAGE). GCs cocultured 
with the oocyte showed a reduction of both syn-
thesized proteins patterns and developmental 
competence compared to CCs matured in COCs 
in vitro. Authors suggested that CCs would be 
more helpful to oocyte competence acquisition 
than GCs  [  60  ] . 

 Looking at the effect of both gonadotro-
pins and oocyte-derived paracrine factors 
on  follicular cells, a gradient was observed 
given the unique characteristics of CCs such 
as repression of LH-R  [  61–  63  ]  and the ability 
of progesterone secretion  [  64–  67  ] . Two differ-
ent gradients could be described. Based on the 
sphere-like structure of the mammalian ovar-
ian follicle, centrifugal effects would refer to 
the in fl uence of oocyte-derived factors, and 

centripetal effects would describe the gonado-
tropins actions. The gonadotropins effect pre-
dominates in theca and MGCs and decreases 
progressively closer to the oocyte. However, 
the oocyte-derived paracrine factors are more 
ef fi cient in CCs and seem to have less in fl uence 
thereafter  [  68  ]  (Fig.  17.1 ). These two oppo-
site gradients are key regulators of follicular 
cell differentiation and specialization mainly 
observed at the preovulatory stage. Further 
exploration of the differential gene expression 
between GCs and CCs should reveal additional 
functional differences.   

   Cumulus Cell Phenotype as an Indicator 
of Follicular Stage 

 Cumulus cells are an important parameter to determine 
the follicular stage. Their absence is associated 
with a preantral stage. Antral or tertiary follicles 

Gradient of oocyte-secreted
factors centrifugal effects

Gradient of gonadotropins
centripetal effects  

TE

TI : Theca interna 
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  Fig. 17.1    Schematic illustration of the two main gradients that drive CC differentiation and their reciprocal communi-
cations with the oocyte: the gonadotropins centripetal signal versus the oocyte-derived paracrine factors       
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are marked by the formation of a follicular  fl uid-
 fi lled antrum and the differentiation of granulosa 
cells into MGCs and CCs. These events are mainly 
induced by FSH stimulation  [  22,   69  ] . At the antral 
stage, the zona pellucida (ZP), which is a 
 fi lamentous glycoprotein-based matrix secreted 
around the oocyte, reaches its  fi nal differentiation, 
and the CCs cover the COC  [  70,   71  ] . Just prior to 
ovulation and following the LH surge, CCs respond 
by volumetric enlargement of the extracellular 
space (CC expansion), which is required for the 
oocyte’s  fi nal maturation, ovulation, and fertiliza-
tion  [  7,   72  ] . In vivo, this muci fi cation process is 
distinctive of the follicular preovulatory stage and 
oocyte meiosis resumption  [  73,   74  ] .  

   Cumulus Cell Gene Expression 

   Importance of Cumulus Cell 
Gene Expression in Oocyte 
Developmental Competence 
 Given that the morphological appearance of the 
oocyte and embryo does not accurately predict 
oocyte quality and therefore the health of the 
embryo  [  75  ] , studies of CC gene expression both 
in vivo and in vitro could potentially lead to the 
elucidation of signaling pathways involved in the 
intricate cross talk between the oocyte and its 
cumulus, thus allowing a better understanding of 
some disturbances in oocyte maturation associated 
with reduced fertility. Since we believe that oocyte 
competence is a manifestation of the molecular 
memory of both the oocyte and its surrounding 
CCs  [  76  ] , it makes sense to focus on gene tran-
scription in CCs when investigating oocyte devel-
opmental competence. In fact, CC support to their 
oocyte maturation during the antral stage was 
shown to require both oocyte factors (such as 
GDF9 and BMP-15)  [  49,   77  ]  and gonadotropins 
(FSH and/or LH)  [  9,   78,   79  ] . Additionally, gonado-
tropin signal transduction occurs in the somatic 
compartment and requires  de novo  mRNA synthe-
sis within cumulus cells  [  80  ] . Therefore, the inves-
tigation of CC gene expression and the related 
intrafollicular signaling were explored in several 
mammalian species including mouse  [  81  ] , pig  [  82  ] , 
cow  [  1,   83  ] , and human  [  84–  88  ] . These  fi ndings 

con fi rm the assumption that CC gene expression is 
an important process reported to in fl uence oocyte 
quality  [  87,   89,   90  ]  and are in line with previous 
studies showing that inhibition of transcription in 
the cumulus-oocyte complex (COC) impaired both 
oocyte maturation and fertilization  [  91,   92  ] . 
Therefore, CC gene expression might be consid-
ered a prerequisite to oocyte maturation and early 
development. Moreover, gene expression patterns 
in CCs were shown to be in fl uenced by oocyte-
secreted paracrine factors, mainly from the TGF 
family  [  8,   52,   93,   94  ] . Additionally, CC-oocyte 
communication is believed to play important roles 
in supporting oocyte maturation  [  95  ] . Removal of 
the cumulus cells before IVM or blockade of the 
gap junction was associated with inhibition of 
oocyte maturation  [  96  ]  as well as a signi fi cant 
reduction of oocyte competence expressed in terms 
of blastocyst rate in the bovine species  [  97  ] . 

 Taken together, these  fi ndings support a key 
role for cumulus gene expression and their com-
munication with the oocyte in the competence 
acquisition process. Consequently, it is expected 
that CCs of competent oocytes have a speci fi c 
gene expression pattern that re fl ect successful 
maturation and subsequent embryo development 
 [  77  ] . These  fi ndings also highlight the impor-
tance of cumulus cell gene expression as a crucial 
factor of oocyte quality.  

   Main Molecular and/or Biological 
Functions Regulated by Over-Expressed 
Genes in CCs 
 In order to improve our understanding of the main 
molecular and/or biological roles induced by genes 
expressed in CCs at the preovulatory stages, a 
summary table is provided (Table  17.1 ). These 
gene lists were combined based on relevant studies 
in three main mammalian species: human, cattle, 
and mouse. This summary is useful to highlight the 
main potential roles driven by CCs at this stage and 
to shed light on the molecular involvement of CCs 
in the oocyte developmental competence process.   

   Cumulus Cell Gene Expression 
and Associated Functions 
 The CC gene expression pro fi les were studied in 
many mammalian species including mouse  [  100  ] , 
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pig  [  82  ] , cow  [  103–  105  ] , and human  [  87,   88,   99, 
  106  ] . The analysis of these genome-wide studies 
(conducted in different contexts, e.g., in vivo vs 
in vitro and at different time points, e.g., GV, 
GVBD, or the ovulatory stage) has provided 
valuable insight on the molecular functions 
occurring in CCs. It can clearly be concluded that 
CC gene expression patterns may vary from one 
follicular stage to another or between mamma-
lian species. This may affect most of the subse-
quent CC signaling and metabolic cascades and 
consequently their functions. In addition to high-
lighting species similarities and differences in 
terms of follicular development and oocyte 
molecular maturation pathways, animal models 
are also a valuable way to address the human 
reproduction challenges where availability of tis-
sues at different time points is highly restricted 
 [  73,   84,   102,   104  ] . Since CCs contribute to suc-
cessful embryonic development through a metic-
ulous and time-speci fi c expression program of 
appropriate genes, identi fi cation of these differ-
entially expressed genes, analysis of their pattern 
of expression, and associated molecular func-
tions are powerful tools to gain information about 
relevant processes associated with oocyte compe-
tence. In this chapter, we will focus on CC 

 transcriptomics using a functional genomic 
approach. Therefore, the gene patterns expressed 
in CCs will be analyzed and categorized accord-
ing to their molecular and/or physiological 
processes.   

   Cumulus Cells Muci fi cation 

 Before the onset of the gonadotropin preovula-
tory surge, CCs of a preovulatory follicle form a 
compact mass that enclose the oocyte and main-
tain cellcell communication both between each 
other and with the oocyte. The process of cumu-
lus muci fi cation, also called expansion, describes 
the dramatic morpho-structural changes induced 
in vivo by the LH surge that lead to the synthesis 
and the deposit of a muco-elastic matrix in the 
intercellular space between cumulus cells. This 
extracellular matrix (ECM) is formed following 
intensive secretion of an enriched network of gly-
coproteins, proteoglycans, and hyaluronic acid 
(HA). The expansion of this cell mass in the 
immediate vicinity of the oocyte is a crucial step 
that lies between the LH surge and ovulation. In 
vivo, CC expansion is induced by LH or by HCG 
in PMSG-primed animals  [  107,   108  ] . It is a 

   Table 17.1    A compilation of some overexpressed genes at the preovulatory stage in human, bovine, and/or murine 
CCs according to their biological and/or molecular functions   

 Biological/molecular functions  List of overexpressed genes(only of fi cial gene symbols are indicated) 

 Gene expression and cell differentiation  BAMBI, PGR, AP1, HIST1H4C, RPL9, THOC2, NRIP1, NFIB 
 Cell growth and survival  FGF2, SERPIN2, UTMP, CTSZ, CTSL, BARD1, RBL2, RBBP7, 

BUB3, and BUB1B 
 Lipid metabolism  SCD1, SCD2, and SCD5 
 ECM formation and stabilization  EREG, THBS1, TNFAIP6, HAS2,PLOD2, PTX3, and CD9 
 Immune and in fl ammatory-like factors  CD58, IL1, FTH1, THBS1, DNAJB6, IFNA, TGFB, and TNF 

ALCAM, PDCD1, CD34, CD52, CXCR4, ADAMTS1, 
ADAMTS4, and RUNX1 

 Steroidogenesis  HSD3B2, INHBA, PGR, HPGD, DHCR24, PTGS2, EP2, and 
STAR 

 Intercellular signaling and cell cycle  TNFAIP6, EREG, AREG, BTC, INHBA, PGR, GJA1, UBQLN1, 
PKN2, CALU, CALM1, GREM1, WNT4, CSPG2, LHCGR, 
BMPR2, and PCK1 

 Neuronal-like factors and vesicle traf fi cking  SNAP25, THBS1, FGF2, MYO1D, SYNPO, NRP1, CHGB, 
SYT11, HSPD1, MBP, TNC, and NTS 

 Apoptosis and catabolic process  UBQLN1, CASP9, TOM1, DPP8, and BCL2L11 

  References  [  40,   84,   87,   88,   98–  102  ]   
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 crucial step required for oocyte maturation and 
ovulation  [  7,   72  ] . However, CC expansion may 
be induced by many factors in vitro such as FSH, 
members of the EGF superfamily (EGF, AR, 
BTC, and EREG), IL6, and the adenylyl cyclase 
activator forskolin  [  79,   109–  113  ] . 

 After exposing preovulatory follicles to the 
LH surge, cumulus muci fi cation starts with rapid 
expression of HAS2 and intensive synthesis and 
secretion of HA-rich matrix leading to CCs dis-
tancing. FSH stimulation of mouse COC in vitro 
increased HA biosynthesis around 20-fold within 
3–12h  [  114  ] . The serum-derived factor inter- a -
trypsin inhibitor (I a I) is another component of 
the ECM that was reported to form protein com-
plexes and link them covalently to HA. It has an 
HA retention capacity, which is considered an 
essential step in ECM stabilization  [  115  ] . HA, 
which represents the backbone of this matrix, 
binds with high af fi nity the TNFAIP6 module 
domain  [  116  ] . Similar domains that recognize 

HA were also reported in other extracellular 
matrix proteins, mainly versican (CSPG2) and 
CD44. HA interaction with its ubiquitous recep-
tor CD44 is involved in mediating a wide range 
of biological functions, notably its anchoring to 
the surface of cells, and therefore the whole 
ECM. This interaction is modulated by TNFAIP6 
 [  117,   118  ] . In addition to I a I, matrix stabilization 
is also promoted by an immune cell-related gene, 
pentraxin 3 (PTX3). This multifunctional protein 
plays an essential role in ECM assembly by pos-
sible covalent link with TNFAIP6  [  119  ] . CC 
muci fi cation is also under the oocyte governance 
through oocyte-secreted factors, mainly GDF9 
and BMP15  [  40,   50,   120  ] . In fact, these TGF b  
factors are crucial for successful ovulation by 
triggering the expression of hyaluronan synthase 
2 (HAS2), pentraxin 3 (PTX3), and tumor necro-
sis factor-induced factor 6 (TNFAIP6) required 
for the formation and stabilization of the COC 
matrix (Fig.  17.2 )  [  121  ] . Laminin, type IV 

In vitro

FSH,Forskolin , EGF, EGF -like factors, IL6...  

In vivo

LH,  amplified by EGF and EGF -like factors

Gonadotropins and follicular environment / factors

CSPG2

ADAMTS1

CC

CD44
HA

TNFAIP6

PTX3

Inter α trypsin inhibitor 

GJC hemi- channel 

OO (GVBD)

Oocyte - secreted factors

GDF9BMP15

Others...

  Fig. 17.2    Schematic representation of the main factors involved in ECM structure following CC expansion in vivo and 
in vitro       
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 collagen, and their actin-linked membrane recep-
tors (integrin  a -6 and  b -1) are also overexpressed 
during cumulus muci fi cation and are involved in 
ECM structure  [  122  ] . Other proteases are also 
present, such as matrix-associated factor 
ADAMTS1 (a disintegrin and metalloproteinase 
with thrombospondin-like repeats 1). ADAMTS1 
binds to HA and can speci fi cally cleave versican 
(CSPG2)  [  123  ] . Cumulus expansion seems to be 
achieved and ampli fi ed through the EGF-like fac-
tors. Phenotypes of impaired ECM structure and 
ovulation failure were reported in each one of the 
three TNFAIP6-, PTX3-, and ADAMTS1-null 
female mice ( [  40,   124,   125  ]  for reviews).  

 Using microinjection of  fl uorescent dyes and 
immunocytochemistry, Sutovsky and collabora-
tors investigated cytoskeletal component distri-
bution during bovine CC muci fi cation. They 
reported that despite expansion, CCs remain 
joined via the same number of gap junctions 
(GJC) during the entire culture time. They also 
observed that there is remaining GJC between 
CCs and the oocyte even after 24h in culture 
 [  126,   127  ] . This decrease in GJC during in vitro 
culture was also reported elsewhere  [  128  ] . 
Concerning the importance of these cellcell 
junctions, previous reports in our laboratory 
have highlighted the importance of this func-
tional coupling for bovine oocyte developmen-
tal competence acquisition during IVM  [  6  ] . 
Moreover, cumulus expansion is preceded by 
particular dynamics of the cytoskeleton con-
comitant with extension and elongation of newly 
formed cytoplasmic projections with CCs. 
Therefore, CC contacts between each other and 
with the oocyte are maintained despite disten-
sion. Incubation with cytochalasin B, a 
micro fi lament disruptor, inhibits these CC cyto-
plasmic extensions as well as subsequent cumu-
lus expansion. Actin  fi lament (F-actin) is 
therefore a mediator of the gonadotropin-
induced CC muci fi cation  [  122  ] .  

   Cell to Cell Communication 

 Several genes involved in cellcell communica-
tion are expressed in CCs and contribute to the 
cumulus-oocyte dialog. Many types of junctions 

and communication gateways are found between 
the plasma membranes of CCs and oocyte, 
mainly the gap junctions (GJC). GJC are recog-
nized as specialized junctions involved in small 
cellcell molecules exchange. They are found at 
all the follicular stages in mammals  [  129  ] . They 
are believed to be involved in the synchroniza-
tion of the cytoplasmic and nuclear maturation 
of the oocyte  [  96,   130  ] . The main connexins 
reported in the follicle are Cx43 (GJA1), Cx37 
(GJA4), and Cx32 (GJB1)  [  126,   131,   132  ] . 
GJA4-null mice are unable to overcome the pre-
antral stage  [  131  ] . Consequently, these animals 
are anovulatory and infertile. Moreover, the 
oocyte is even unable to reach meiotic compe-
tency  [  130  ] . Follicular development using an 
organ culture technique of GJA1-null mice also 
blocks at the primary follicle stage  [  132  ] . 
Gonadotropins are directly involved in the 
expression and regulation of GJC in both CCs 
and oocyte. In fact, GJC are overexpressed and 
increase in number and size in the rat preovula-
tory stages following FSH and/or estrogen 
actions  [  133  ] . Inhibition of GJC in bovine COCs 
during IVM decreases oocyte developmental 
competence after IVF  [  6  ] . This intercellular cou-
pling seems to be involved in transmission of the 
FSH signal transduction from the somatic com-
partment to the oocyte. Moreover, the GJA1 con-
nexins are overexpressed in the cattle oocyte 
following the LH surge  [  126  ] . LH also induces 
the phosphorylation of GJB1 in the rat ovary 
which probably promotes the speci fi c closure of 
these junctions  [  134  ] . In contrast, FSH induces 
GJB1 overexpression in rat granulosa cell lines 
 [  135  ] . Intact CC communication (i.e., functional 
GJC) is also reported to be crucial in the improve-
ment of oocyte competence in vitro. Coculture 
of CCs with denuded bovine oocytes did not 
restore their developmental potential  [  136  ] .  

   Cumulus Cell Metabolism 

 As an interface between the oocyte and its envi-
ronment, CCs are the site of well-orchestrated 
sequences that ensure achievement of oocyte 
competence. The main visible transformation of 
CCs is the secretion and the arrangement of the 
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ECM. This process of muci fi cation is the result of 
many coordinated cascades of gene expression, 
protein synthesis, and macromolecule deposition 
in the intercellular space  [  5,   84,   124,   137  ] . These 
CC activities are in fl uenced by the oocyte and are 
required for its maturation and competence acqui-
sition  [  52  ] . Several already established metabolic 
processes take place in CCs. In this context, gly-
colysis is a main metabolic CC function that has 
been shown to be promoted by the oocyte  [  93  ] . 
Six key enzymes involved in the glycolysis path-
way, including enolase (Eno1), pyruvate kinase 
(Pkm2), and lactate dehydrogenase (Ldh1), were 
reported to be differentially expressed in mice 
CCs compared to MGCs. This glycolytic path-
way in CCs is deeply affected by oocyte removal 
 [  138  ] . Moreover, CC glycolysis was reported 
to be a crucial nutritional need for the oocyte, 
known to metabolize glucose poorly. The CCs 
process glucose to pyruvate (both in vivo and 
in vitro), which provides energetic support for the 
oocyte during its growth and meiosis resumption 
in mice, pigs, and cows  [  139–  143  ] . 

 Amino acids are also required for the oocyte 
to pursue its maturation. In fact, the oocyte is 
unable to use some amino acids even when avail-
able in the culture media. This is probably due to 
poor transport capacity through its membrane 
 [  138,   144  ] . Additionally, speci fi c amino acid 
transporters are differentially overexpressed in 
CCs of antral follicles  [  145  ] . These speci fi c trans-
porters allow the uptake of selected amino acids 
such as L-alanine and L-histidine by CCs and 
their subsequent transfer to the oocyte through 
GJC  [  144,   146  ] . 

 Cholesterol production is another metabolic 
process that has been reported in CCs. It is reduced 
in denuded oocytes due to limitation in cholesterol 
biosynthesis  [  94  ] . Assuming reduced cholesterol 
concentrations in FF  [  147  ] , CCs may overexpress 
key enzymes involved in cholesterol biosynthesis 
and transfer them to the oocyte through the raft 
structures. This metabolic activity is also in fl uenced 
by the oocyte mainly through the FGF factors 
BMP15 and GDF9  [  94  ] . The oocyte cholesterol 
stored in the rafts was recently shown to be essen-
tial not only in maturation but during the early 
embryo development stages  [  148  ] . 

 Steroidogenesis is another metabolic function 
ensured by CCs. Steroid hormones, mainly pro-
gesterone and estradiol, were reported to be pro-
duced in vitro by bovine CCs  [  149  ] . These 
steroids are bene fi cial to porcine and bovine 
oocyte maturation in vitro  [  150,   151  ]  as well as 
human oocyte competence  [  152,   153  ] . Moreover, 
the oocyte looks to prevent CC luteinization, 
therefore promoting their steroid production  [  56, 
  77,   154,   155  ] . Interestingly, the association 
between successful oocyte maturation and the 
overexpression of many steroidogenesis-related 
genes in their CCs reported in microarray studies 
 [  82,   156  ]  are a further con fi rmation of the impor-
tance of this metabolic process.  

   Cell Signaling and Signal Transduction 

 In order to support oocyte maturation and fertiliza-
tion, the CCs are the site of action of several sig-
naling pathways. PKA was the  fi rst kinase 
identi fi ed downstream of the gonadotropins stimu-
lation in mammalian CCs. It is involved in ECM 
formation and stabilization as well as oocyte mei-
otic maturation  [  79,   157–  159  ] . It is a linear path-
way (GPCR [G-protein-coupled receptor]/AC/
cAMP/PKA) which induces the phosphorylation 
of some key factors such as p38MAPK, ERK1/2, 
and CREB (cAMP-regulatory element binding 
protein) in follicular somatic cells  [  160,   161  ] . 
Additionally, the catalytic subunits of PKA could 
also translocate to the CC nucleus and activate 
some transcription factors leading to the expres-
sion of several key genes including HAS2, 
TNFAIP6, CYP19A1, and EGF-like factors  [  98, 
  104,   111,   125,   157,   161–  164  ] . Cyclic AMP 
(cAMP) has an established role in oocyte meiosis 
resumption (reviewed in  [  164,   165  ] ). It can enter 
from CCs to the oocyte via gap junctions and block 
spontaneous meiosis resumption  [  166  ] . 
Phosphodiesterase 3A (PDE3A) inhibition in the 
oocyte was also reported to support the high 
endogenous levels of cAMP  [  167  ] . Following the 
gonadotropin surge, meiosis resumption is associ-
ated with a decrease in cAMP due to the disruption 
of gap junctions  [  128,   168  ] . The induction (end of 
inhibition) of phosphodiesterase (PDE3A in oocyte 
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and/or PDE4B, PDE8 in CCs) activity  [  164,   165, 
  167,   169,   170  ]  and/or blockade of cGMP entry 
 [  171,   172  ]  are also involved in this process. 

 Gonadotropins are also known to act in a 
PKA-independent manner to phosphorylate PKB/
Akt via the phosphatidylinositol-dependent 
3-kinase (PI3K) in rat granulosa  [  173  ] . 
Phosphorylation of PKB/Akt in mouse CCs pro-
moted the oocyte developmental potential in vitro 
 [  174  ] . This PKB action in the oocyte was shown 
to occur via cyclin-dependent kinase 1 (CDK1) 
and PDE activation and/or PKA (via the dephos-
phorylation of CDK1 by the CDC25 phosphatase) 
which leads to maturation promoting factor (MPF 
– heterodimer of CDK1 and cyclin B1) activation 
(reviewed in  [  164,   175  ] ). Moreover, gonadotropin 
stimulation of the PI3K/PKB pathway was shown 
to prevent apoptosis and induce progesterone 
production in porcine CCs  [  44,   176  ] . 

 PKC and MAPK pathways are also involved 
in the CC signaling pathways of oocyte matura-
tion in many species  [  168,   177–  179  ] . The addi-
tion of phorbol 12-myristate13-acetate (PMA), a 
PKC activator, to the culture media activates 
MAPK in CCs  [  177  ] , induces gene expression 
cascades (including the EGF-like factors), and 
enhances oocyte competence in vitro. The inhibi-
tion of this pathway reverses these effects  [  79, 
  104,   177  ] . The PKC pathway PLC/PIP2/DAG/
PKC is suggested to act in CCs upstream of the 
MAPK cascades which are necessary for gonad-
otropin-induced meiotic resumption before the 
GVBD and are involved in microtubule organiza-
tion and meiotic spindle assembly thereafter  [  32, 
  177,   180  ] . EGF-like factors drive PKC induction 
of oocyte maturation (mainly through MAPK) in 
mice  [  181  ]  and pigs  [  182,   183  ]  (reviewed in 
 [  184  ] ). MAPK induction of meiotic resumption 
in oocyte is believed to act through MOS/MEK/
ERK1/2 in mammalian species  [  185  ] . 

 Other oocyte-secreted factors, mainly the 
TGF b  family, are crucial in CC differentiation, 
support of oocyte maturation, and CC expansion 
 [  49,   50,   186,   187  ] . These TGF b  effects on CCs 
occur mainly but not exclusively through the 
Smad 2/3 pathway  [  59,   125,   188,   189  ] . 

 Keeping in mind all the aforementioned sig-
naling pathways, it clearly appears that CCs 

respond to gonadotropin, oocyte, and other intra-
follicular factor (e.g., EGF-like factors) stimula-
tion by expressing key genes and activating 
several signaling pathways. Despite their com-
plexity, these signaling cascades look to act har-
moniously in order to support suitable oocyte 
maturation and subsequent fertilization.  

   Contribution to the Ovulation Process 

 Ovulation is a complex mechanism that allows 
COC ejection to the fallopian tube following the 
rupture of the follicle and the ovarian epithelium. 
It is a crucial step in the reproductive function 
that ensures two key roles: release of the oocyte 
and luteinization of the remaining parts of the 
follicle. While the former is essential to fertiliza-
tion, the latter is critical for pregnancy mainte-
nance  [  5  ] . Following the LH surge,  fi nal and rapid 
changes occur including FF volume increase, CC 
muci fi cation, and ECM water attraction. 
Following ECM expansion, the COC acquires 
viscoelastic properties that facilitate its release 
through follicle rupture  [  5,   74  ] . Impaired ECM 
structure or knocking out some of its structural 
genes such as TNFAIP6 and/or ADAMTS1 
deeply affects ovulation rates and therefore fertil-
ity  [  190–  192  ] . The ovulation process is triggered 
via many CC-expressed factors associated with 
an in fl ammatory-like response  [  73,   100  ] . These 
immune-related genes support the CC contribu-
tion in the ovulation and fertilization processes 
 [  193  ] . These  fi ndings also suggest that CCs and 
the ECM ensure the protection of the oocyte in an 
in fl ammatory and proapoptotic environment dur-
ing ovulation  [  5,   193–  195  ] . 

 The other consequence of the LH surge is the 
rapid increase in progesterone. PGR induces 
transcription of ADAMTS1 and cathepsin L in 
CCs  [  196  ] , which are key genes in the proteolytic 
events of follicle rupture. Prostaglandins (PGs) 
are also overexpressed in CCs and are involved in 
activating the proteolytic process that leads to 
follicular wall rupture by the activation of colla-
genases  [  100,   196  ] . Other cytokines and neuronal 
factors have been reported to be differentially 
expressed in human and mouse CCs and  therefore 
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suggested as mediators of the ovulatory process 
 [  84,   106,   197  ] . In fact, recent gene expression 
analyses showed that CCs gained some immune 
and neuronal functions required during ovulation 
in many mammalian species including human 
 [  84,   99,   106  ] , mouse  [  40,   198  ] , rat  [  199  ] , and 
bovine  [  104  ] . Overall, these  fi ndings support a 
signi fi cant role of CCs in ovulation. 

   Fertilization and Early Embryo 
Development 
 Following maturation, the expanded CCs pro-
vide a suitable coat for the oocyte that facili-
tates its ovulation and its transport inside the 
infundibulum  [  5  ] . Moreover, the ECM, and 
particularly HA, was shown to prevent CC 
 apoptosis  [  200  ] . Because CCs are maintained in 
the vicinity of the oocyte during fertilization, the 
spermatozoa must pass between CCs and their 
ECM before binding to the ZP. Intriguingly, 
CCs and the ECM appear to be more permis-
sive to spermatozoa with normal morphology, 
good motility, and an intact acrosome  [  201  ] . 
This selection may be mediated via ECM mol-
ecules such as HA  [  202,   203  ] . CCs were also 
reported to secrete sperm attractants that con-
tribute to enhance fertilization rates  [  204  ] . This 
sperm chemotaxis may attract and concentrate 
the full-capacitated spermatozoa around the 
oocyte. This CC attractive action is reinforced 
by another chemotaxis exerted by the mature 
oocyte  [  204  ] . Progesterone was suggested as the 
suitable CC chemoattractant  [  66,   205  ] . These 
 fi ndings were supported by previous reports 
that showed impairment of ECM expansion or 
the removal of CCs led to fertilization prob-
lems in most mammalian species  [  124,   192, 
  206  ] . Following CC penetration, sperm binding 
to the ZP is achieved through the ZP3 protein. 
This ZP-sperm recognition induces acrosomal 
exocytosis and triggers the proteasome path-
way  [  207–  210  ] . Preventing harmful changes in 
the oocyte and ZP biochemical properties (e.g., 
zona hardening) was also considered as one of 
the main functions of CCs during maturation 
and until fertilization  [  7  ] . 

 Successful early embryo development is the 
consequence of suitable achievement of all steps 

of maturation, ovulation, and fertilization. 
Consequently, CCs are important to the later 
achievement of the early embryo development. 
Interestingly, CC coculture with denuded bovine 
zygotes improved the cleavage, blastocyst, and 
hatching rates  [  211,   212  ] . It is important to men-
tion that CCs are found in the embryo vicinity in 
the human oviduct at 80h following the LH surge. 
They maintain translational and steroidogenesis 
activities with  fi rst signs of luteinization both in 
human and bovine  [  213,   214  ]  and are thought to 
have bene fi cial effects on fertilization, cleavage, 
implantation, and up to the  fi rst week of preg-
nancy  [  215–  217  ] . Taken together, these  fi ndings 
argue for a supportive role of CCs during early 
embryo development.   

   Cumulus Cells as a Suitable Site 
of Expression of Oocyte Quality 
Biomarkers 

 To reach full competence, the oocyte must main-
tain optimal and mutual exchanges with CCs. 
These interactions are a prerequisite during the 
oocyte’s journey to achieve developmental com-
petence from maturation until pregnancy. While 
some studies used the immature CC morphology 
as an in vitro indicator of oocyte developmental 
potential  [  18,   218  ] , others focused on its meta-
bolic activities  [  138,   141  ] . However, and despite 
the important development in ART and the 
improvement in our understanding of the matura-
tion events, accurate selection of good-quality 
oocytes is still challenging although there is evi-
dence of improvement in pregnancy outcomes. 
Thus, oocyte quality is still assessed through suc-
cessful fertilization and blastocyst yield. Since 
the morphological criteria used are subjective 
and lack the required precision to select highly 
competent oocytes,  fi nding reliable tools that 
ef fi ciently assess oocyte quality is required to 
predict its developmental potential. Therefore, 
studies of the expression of genes in CCs that are 
in fl uenced by the oocyte  [  77  ]  may intimately 
re fl ect its quality and strengthen the morphologi-
cal criteria of its selection. In fact, successful 
embryonic development appears to be the result 
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of a precise and time- and site-speci fi c gene 
expression program in CCs to support proper 
oocyte competence acquisition. Therefore, the 
identi fi cation of the gene markers that are 
expressed in CCs and prognostic of oocyte devel-
opmental potential will offer powerful tools to 
improve both oocyte selection ef fi ciency and our 
understanding of the molecular pathways that 
underlie oocyte competence. Consequently, addi-
tional genomic markers could be added to the 
morphological criteria to accurately and noninva-
sively predict oocyte developmental competence. 
In this context, some gene candidates expressed 
in CCs were suggested as potential markers of 
oocyte competence mainly in bovine and human 
 [  87,   88,   98,   99,   219  ]  (Table  17.2 ).  

 Investigation of the molecular pathways of 
competence through the identi fi cation of poten-
tial CC biomarkers of oocyte quality is a key step 
to demystify the complex mechanism of optimal 
oocyte  fi nal maturation. It should be noted that 
CC gene expression patterns have the advantage 
of being speci fi c (for each oocyte) and noninva-
sive. This biomarkers-based approach is particu-
larly crucial in human ART to prevent the 
incidence of multiple pregnancies and perinatal 
mortality as well as health problems for both the 
mother and the babies  [  220–  222  ] . Elective single 

embryo transfer (eSET) has recently become a 
necessary approach to avoid such complications 
and improve the safety of the mother and the off-
spring  [  223–  227  ] . 

 Recent studies have identi fi ed several CC bio-
markers that represent valuable, quantitative, and 
noninvasive prognostic tools for the assessment 
of oocyte developmental competence in human 
and livestock species  [  87,   101,   103,   104,   228–
  232  ] . The large-scale analysis of these differen-
tially expressed genes associated with high-quality 
oocyte and successful pregnancy in different 
mammalian species and contexts should allow us 
to identify potential signaling pathways and bio-
logical processes driven by our gene predictors of 
pregnancy. 

 The analysis of the biomarkers list in 
Table  17.2  highlights a reduced and/or an absence 
of gene overlap across these studies. This may be 
due to the different experimental conditions such 
as incomplete target collection (many microar-
rays are incomplete), choices for PCR validation, 
superovulation schedules, as well as the timing of 
sample collection and processing. Therefore, a 
standardization effort (clinical trial) is required to 
accurately identify suitable biomarkers of 
 high-quality oocyte and subsequent embryo 
development.   

   Table 17.2    Main gene markers differentially expressed in CCs that re fl ect oocyte quality and subsequent developmental 
competence   

 Biomarkers list  Species  References 

 Positive markers  DPP8, HIST1H4C, UBQLN1, CALM1, NRP1, and 
PSMD6 

 Human   [  87  ]  

 PGK1, RGS2, RGS3, CDC42 CYP19A1, SERPINE2, 
FDX1, and HSD3B1 

 Human   [  233,   234  ]  

 PTGS2, HAS2, and GREM1  Human   [  99  ]  
 PCK1, ADPRH, CABP4, SLAMF6, CAMTA1, CSPG2, 
and PRF1 

 Human   [  88,   102,   229  ]  

 HAS2 and GREM1  Human   [  235  ]  
 GREM1  Human   [  228  ]  
 PTX3  Human   [  106  ]  
 THBS1, EREG, UBE2N, and TNFAIP6  Bovine   [  98  ]  

 Negative markers  CCND2, CXCR4, GPX3, HSPB1, DVL3, DHCR7, 
CTNND1, and TRIM28 

 Human   [  219  ]  

 TOM1  Human   [  87  ]  
 BDNF  Human   [  228  ]  
 CTSB, CTSS, CTSK, and CTSZ  Bovine   [  103  ]  
 TRIB2, ERRFI1  Bovine   [  98  ]  
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   Conclusion 

 CC gene expression analysis is a strong 
approach that allows us to identify reliable 
biomarkers able to accurately and noninva-
sively predict oocyte developmental compe-
tence and reinforce the morphological criteria 
already used. According to several microar-
ray and biomarkers research studies, good 
correlations were reported between molecu-
lar predictors of oocyte quality and the 
oocyte’s developmental and/or implantation 
potential. We believe that the effectiveness 
of oocyte selection, in vitro media optimiza-
tion, and suitable superovulation program 
depends on a profound comprehension of the 
molecular players and the time and space 
sequence of events from follicular recruit-
ment to ovulation. Therefore, it is important 
to identify crucial meaningful points (time, 
oocyte stage, follicle stage, etc.) to launch a 
retrospective approach to link players 
together (using the cause-effect and/or 
inducer-target and/or dose–response rela-
tionships) and to try to progressively rebuild 
the molecular pathway of oocyte competence 
acquisition. The deep re fi nement of biomark-
ers research studies using well-designed 
experimental protocols should be the focus 
of future studies in order to yield insights 
into the molecular pathways of oocyte com-
petence that still remains ambiguous. Since 
human tissues are not easily obtained and 
preclude exploratory experimentation, ovar-
ian research programs should focus on ani-
mal models. In fact, several ethical and 
logistical restrictions ban repeated or pro-
longed examinations, invasive trial, frequent 
tissue collection, and dose optimization.      
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 Abstract 

 Establishment of the animal-vegetal (AV) axis is one of the most important 
events of meiotic maturation in mammalian oocytes, as it extensively 
affects further embryonic development. Initially, in prophase of the  fi rst 
meiotic division (ProI), an oocyte is radially symmetric, with a nucleus 
localized in the cell centre. After resumption of meiosis, metaphase I 
(MetI) spindle is moved from the central position towards the cortex, 
marking an animal pole of the oocyte. Translocation of the meiotic spindle 
depends on actin cytoskeleton and leads to an extensive reorganization of 
the animal cortex, an event regulated by complex molecular pathways. 
Asymmetric localization of the oocyte chromatin is maintained in the 
metaphase II (Met II) stage.  Migration of the spindle to the cortex ensures 
that both meiotic divisions occur in an asymmetric manner giving rise to 
small polar bodies and the big egg cell containing most of the maternal 
factors stored during oogenesis. Moreover, cortical reorganization caused 
by translocation of the oocyte chromatin prevents egg-sperm fusion in the 
vicinity of the animal pole and in consequence precocious mixing of 
maternal and paternal chromosomes that could disturb proper segregation 

      Oocyte Polarity and Its 
Developmental Signi fi cance       

     Anna   Ajduk,       Agnieszka   Jedrusik, 
and       Magdalena   Zernicka-Goetz            
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   Introduction 

 Establishment of cell polarity is one of the most 
important events occurring during meiotic matu-
ration of mammalian oocytes. In prophase of the 
 fi rst meiotic division (ProI), oocyte is radially 
symmetric, with a nucleus (called germinal vesicle, 
GV) located in the center and surrounded by a 
ring of mitochondria and endoplasmic reticulum. 
Cortical granules containing enzymes, which 
will be subsequently engaged in the formation of 
the block to polyspermy after fertilization, are 
distributed uniformly under the oocyte cortex, 
and whole surface of the cell is covered with 
microvilli. As oocyte progresses through the  fi rst 
meiotic division, this con fi guration changes. 
Metaphase I (MetI) spindle is formed initially in 
the cell center, but then it migrates toward the cell 
cortex leading to the formation of the animal pole 
and, in consequence, the animal-vegetal (AV) 
axis of the egg. Area overlying the spindle 
becomes enriched in actin  fi laments and, at the 
same time, devoid of both cortical granules and 
microvilli. This spatial organization is maintained 
in metaphase of the second meiotic division 

(MetII), a stage at which oocytes become arrested 
awaiting for fertilization (Fig.  18.1 ).  

 Recent research has shed some light on molec-
ular mechanism underlying the establishment of 
polarity in mammalian oocytes. It is now well 
known that migration of meiotic spindle is medi-
ated by actin meshwork  [  1–  4  ]  and therefore 
requires function of actin regulators such as 
Cdc42  [  5  ]  and formin 2  [  6,   7  ] . As the spindle 
migrates, the area above the spindle becomes 
enriched in Par proteins  [  5,   8–  10  ]  associated with 
polarity formation in other biological models, 
such as oocytes of  Caenorhabditis elegans , neu-
rons, or epithelial cells  [  11,   12  ] . Migration of the 
spindle to the cortex ensures that both meiotic 
divisions occur in an asymmetric manner, lead-
ing to the formation of small polar bodies and the 
big egg cell that will contain most of the maternal 
factors stored during oogenesis and crucial for 
proper development of the future embryo. It has 
been also shown that reorganization of actin 
cytoskeleton above the spindle, particularly the 
lack of microvilli, prevents sperm penetration in 
this region  [  13–  15  ]  and therefore precocious 
mixing of maternal and paternal chromosomes 

  Fig. 18.1    Formation of polarity in a mouse oocyte. 
Mouse  ProI  oocyte is radially symmetric with a nucleus 
located slightly off-center and cortical granules and 
microvilli distributed uniformly at its surface. After 
resumption of meiosis  MetI  spindle is formed and migrates 
toward the closest cortex in actin-dependent manner. This 
movement is mediated by two mechanisms: myosin-de-
pendent pulling forces and myosin-independent pushing 

forces. Proteins transported together with the spindle, 
such as  Rac activator  or  Ran GTPase , trigger reorganiza-
tion of the cortical region overlying the spindle, leading to 
a replacement of microvilli with a thick layer of 
 fi lamentous actin, accumulation of proteins involved in 
polarization (e.g.,  Par3 ,  Par6 ,  Rac-GTP ,  myosin II ), and 
redistribution of cortical granules. Similar spatial 
con fi guration of the cortex is sustained at the  MetII  stage       

of genetic material during the second meiotic division. Finally, recent 
research provides evidence that the AV axis formed in the oocyte may 
in fl uence embryonic fate of the blastomeres, as cells containing either 
animal or vegetal components are differentially predisposed. We would 
like to present here the current stage of knowledge regarding molecular 
mechanism of AV axis formation in mammalian oocytes and develop-
mental signi fi cance of this process.  

  Keywords 

 Mammalian oocyte  •  Mouse  •  Polarity  •  Actin  •  Spindle  •  Microvilli   
 Meiosis  •  Fertilization  •  Animal/vegetal axis  •  Developmental 
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that could disturb proper segregation of genetic 
material during the second meiotic division. 
Moreover, over the last 10 years, the increasing 
amount of evidence suggests that the AV axis 
formed during meiotic maturation in mammalian 
oocytes may have an effect not only on meiosis 
itself or on fertilization but also on further embry-
onic development. A lot of controversy has been 
surrounding this subject, at least partially due to 
the technical dif fi culties faced by researchers 
who want to address it experimentally and par-
tially because of an overinterpretation of the 
reported evidence. However, several reports sug-
gest that material distributed asymmetrically 
along the AV axis can facilitate a certain develop-
mental fate in the blastomere that inherits it. 
Since establishment of the polarity and its role in 
meiosis and embryonic development have been 
“hot” topics of mammalian embryology for at 
least three decades, we would like to present here 
the current stage of knowledge in this subject.  

   Formation of Polarity in Mammalian 
Oocytes 

 The main event breaking radial symmetry of an 
immature mammalian oocyte is translocation of 
the meiotic spindle from the central position to 
the cortex. Research from the last 30 years has 
shown that migration of the spindle depends on a 
 fi ne actin network that  fi lls the whole oocyte and 
forms a cage-like structure around the meiotic 
spindle  [  1–  4  ] . When actin  fi laments are depo-
lymerized, the spindle stays in the central posi-
tion  [  1,   2,   6  ] . In contrast, destabilization of 
microtubules does not prevent chromosome 
migration toward the cortex  [  1,   2  ] . Recent years 

have brought more detailed understanding of the 
molecular mechanism behind the spindle translo-
cation. It is known that formation of the actin 
meshwork, which is required for the spindle 
migration, depends on a nucleator of straight 
actin  fi laments formin 2 (Fmn2) acting together 
with proteins Spire 1 and 2  [  6,   7,   16  ] . It has been 
also shown that activity of Arp2/3 complex, a 
nucleator of branched actin  fi laments, is neces-
sary for this process  [  17  ] . In agreement with this 
observation, proteins involved in activation of 
Arp2/3 complex, such as Jmy, Wave2, and a small 
GTPase Cdc42, are required for spindle translo-
cation  [  5,   18,   19  ] . On the other hand, cortical 
localization of the MetI spindle remained undis-
turbed in oocytes overexpressing negative-domi-
nant version of another small GTPase Rac, also 
considered as Arp2/3 activator, and in oocytes 
treated with toxin B, which inhibits binding activ-
ity of both Cdc42 and Rac  [  20  ] . 

 It appears that the spindle is pulled along actin 
 fi laments by actin motor protein myosin 2, as its 
inhibition either by antibody injection or chemical 
substances prevents spindle translocation  [  3,   4,   21  ] . 
However, Li et al. did not observe the effect of 
myosin 2 inhibitors on the spindle migration  [  2  ] , 
which gave rise to a hypothesis that actin  fi laments 
accumulating around the spindle exerted a push-
ing force causing the spindle movement toward 
the cortex  [  2,   22  ] . It is likely that both these 
mechanisms work in parallel and complement 
each other  [  22  ] . Although the GV and, after 
resumption of meiosis, the newly formed spindle 
are positioned centrally in the oocyte, more 
detailed examination has proved that they are 
always slightly off-center  [  4,   22  ] . This small dis-
placement could be suf fi cient to de fi ne the direc-
tion of the spindle movement as the spindle 
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always migrates along its long axis toward the 
closest cortical region. It can be hypothesized 
that a shorter distance between the spindle and 
the cortex facilitates a more stable actin connec-
tion between these structures, which would 
increase the pulling myosin-dependent force 
exerted on the spindle from this direction  [  3  ] . 
Such pulling-associated movement may be sup-
ported by pushing forces acting from behind the 
spindle. Indeed, recent results suggest that the 
pushing force depends on formin 2, which tends 
to accumulate behind the migrating spindle rather 
than at its front  [  22  ]  (Fig.  18.1 ). 

 Translocation of the MetI spindle induces 
changes in the local architecture of the cortex, 
namely, replacement of microvilli with a thick 
layer of actin  fi laments. Enrichment in cortical 
actin facilitates accumulation of a polarity pro-
tein Par3 in the area above the spindle  [  8  ] . 
Interestingly, Par6, a partner of Par3 in the polar-
ity complex, localizes to the actin-rich domain in 
actin-independent way, as depolymerization of 
actin  fi laments with cytochalasin D does not pre-
vent it  [  9  ] . At a molecular level, this cortical reor-
ganization depends on Ran GTPase, and 
overexpression of a dominant-negative form of 
Ran prevents formation of the actin-rich domain 
above the spindle  [  23  ] . Ran is brought to the cor-
tex on the migrating spindle and seems to be 
transported on chromosomes rather than the spin-
dle microtubules, because depolymerization of 
the latter does not inhibit its effect on the cortical 
actin  [  23  ]  (Fig.  18.1 ). Experiments with DNA-
coated beads injected into an oocyte, either under 
the cortex or more centrally, showed that Ran 
acts in a distance-dependent manner: it has to be 
placed in the close vicinity of the cortex to exert 
its action  [  23  ] . There are also several reports sug-
gesting involvement of Mos/MEK/MAP kinase 
pathway in reorganization of the cortex above the 
MetI spindle. In Mos-/-mice, spindle migration is 
hindered, and actin-rich domain does not form, 
even if chromatin is injected directly under the 
cortex  [  24–  27  ] . Moreover, it has been shown that 
pharmacological inhibition of MEK also inhibits 
spindle migration  [  28,   29  ] . As myosin light-chain 
kinase, myosin 2 activator, is one of MAPK sub-
strates, it seems plausible that Mos/MEK/MAPK 

pathway affects polarity formation through myo-
sin 2. In support of this hypothesis, inhibition of 
myosin light-chain kinase or myosin 2 itself leads 
to defects similar to those observed in oocytes 
lacking Mos/MEK/MAPK activity (see previous 
paragraph)  [  3,   4,   21,   26  ] . 

 Formation of the amicrovillar zone above the 
spindle coincides also with a removal of cortical 
granules from this region (Fig.  18.1 ). There are 
two mechanisms implicated in this process: Ca 2+ -
dependent exocytosis of cortical granules or their 
Ca 2+ -independent redistribution. It has been 
recently proposed that formation of the cortical 
granule-free domain depends on redistribution of 
granules, not on their exocytosis  [  30  ] . Indeed, 
chelation of Ca 2+  ions does not inhibit this pro-
cess  [  30  ] . Moreover, an increase in cortical gran-
ule density at the periphery of the CG-free domain 
has been observed  [  31,   32  ] . However, CG exocy-
tosis does occur during transition between MetI 
and MetII and probably contributes to enlarge-
ment of the CG-free domain observed at this time 
 [  30–  33  ] . This removal of the CGs from the region 
above the spindle can facilitate formation of the 
cleavage furrow during meiotic divisions. 

   Polarity of an Oocyte Ensures 
Asymmetric Meiotic Divisions 

 From a developmental point of view, it is abso-
lutely crucial that both meiotic divisions in an 
oocyte occur in an asymmetric way. Only then 
cytokinesis may result in a formation of two 
daughter cells of a drastically different size: a 
small polar body and a big egg cell. This differ-
ence in cell size prevents a loss of maternal mate-
rial, such as proteins, mRNAs, organelles, that in 
case of symmetric division would be divided in 
two more equal portions. To ensure that meiotic 
divisions will be asymmetric, two conditions have 
to be met. Firstly, MetI spindle has to migrate 
to the cortex, and we described mechanism of 
this movement above. Secondly, MetII spindle, 
formed after completion of the  fi rst meiotic divi-
sion, has to remain under the cortex until fertiliza-
tion. Similarly to MetI stage, MetII spindle is also 
associated with an amicrovillar domain enriched 
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in cortical actin, myosin 2, and Par proteins  [  1, 
  8,   9,   21,   34  ] , and recent research suggests that 
this domain participates in MetII spindle anchor-
ing. One of the factors involved in this process is 
Rac GTPase, a protein distributed uniformly in 
whole oocyte cortex, but activated (GTP-bound) 
only in the cortex above the spindle. It has been 
proposed that this spatially restricted activation 
of Rac is caused by Rac activator or GTP/GDP 
exchange factor that is transported to the cortex 
on the migrating chromosomes  [  35  ]  (Fig.  18.1 ). 
Inhibition of Rac leads to a displacement of 
MetII spindle from the cortex to the more central 
location  [  35  ] . It is likely that Rac acts through 
Arp2/3 complex, as it has been shown to be its 
indirect activator  [  36  ] . Indeed, Arp2/3 also plays 
an important role in the spindle anchoring as its 
inhibition leads to MetII spindle being moved 
away from the cortex in myosin 2-dependent 
way  [  37  ] . Detailed analysis of spindle and cyto-
plasm movements revealed that Arp2/3 activity 
prevented myosin-dependant cytoplasmic  fl ow 
pushing the spindle away from the cortex  [  37  ] .  

   Polarity of an Oocyte Prevents 
Misplaced Fertilization 

 Amicrovillar domain not only participates in 
asymmetric divisions of the oocyte but also pre-
vents sperm-egg fusion in the immediate prox-
imity of the spindle. Spermatozoa preferentially 
fuse with microvilli-enriched area, away from 
maternal chromosomes, minimizing chances of 
unwanted mingling of maternal and paternal 
DNA and incorrect segregation of the genetic 
material  [  13–  15  ] . Scanning electron microscopy 
showed that sperm is enveloped by microvilli 
during sperm–egg fusion, and transmitted electron 
micrographs suggest that it  fi rst fuses with the 
microvilli rather than the planar membrane region 
between them  [  38,   39  ] . Depolymerization of actin 
 fi laments with cytochalasin blocks formation of 
the amicrovillar area  [  1  ]  and leads to a uniform 
distribution of binding sites for fertilin alpha and 
beta (sperm proteins involved in sperm–egg inter-
action) around the oocyte surface  [  40  ] . Recent 
research has revealed that CD9, the only oocyte 

protein so far proved to be directly involved in the 
sperm fusion  [  41–  43  ] , is almost excluded from 
the region above the spindle and accumulates in 
the microvillar area  [  41,   44,   45  ] . Electron micros-
copy revealed that majority of CD9 localizes 
on the membranes of the microvilli as opposed 
to the membranes between them, explaining 
why sperm fuses preferentially with microvilli. 
Interestingly, it has been also shown that CD9 
additionally facilitates fertilization by maintain-
ing proper structure of microvilli. Oocytes from 
CD9 knockout mice have been reported to have 
short and thick microvilli, as opposed to thin and 
long microvilli of wild-type mice  [  44  ] . It seems 
probable that CD9 affects microvilli structure 
acting through EWI-2 and EWI-F, proteins that 
link CD9 to actin  cytoskeleton  [  44  ] .  

   Polarity of an Oocyte Provides Clues 
for Further Embryonic Development 

 In many animal species, information relating to 
the speci fi cation of the future body axis is asym-
metrically localized in the oocyte, and in case of 
frog eggs, for example, it forms a gradient along 
the AV axis  [  46–  48  ] . For a long time, mammals 
were thought to be an exception to this biological 
principle. This is because in mammalian embryos, 
development is regulative, which means that up to 
a certain point blastomeres can switch their fate 
in response to changing conditions. For instance, 
cleavage stage embryos can be aggregated, or 
individual blastomeres can be removed, but such 
manipulated embryos will still often develop 
into normal organisms  [  49–  53  ] . Therefore, it has 
been believed that spatial information regarding 
embryonic development is not likely to be present 
as early as the oocyte or zygote stage. However, 
it has been unexpectedly observed that the AV 
axis of the oocyte correlates with the orientation 
of the bilateral symmetry axis of the mouse blas-
tocyst  [  54  ] . In checking the physiological mean-
ing of this correlation, experiments were carried 
out in which either animal or vegetal poles were 
removed from zygotes, and the effect of this 
operation on further development was examined. 
These experiments seemingly supported the view 
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that neither animal nor vegetal poles are essential 
for embryos to develop, as the resulting embryos 
were able to develop into viable pups (5 and 6 %, 
respectively)  [  55  ] . However, the low ef fi ciency of 
embryos’ survival, together with the subsequent 
 fi nding that microsurgical doubling of the animal 
pole perturbs development and leads to numer-
ous chromosomal abnormalities  [  56  ] , suggests 
that there may be some maternal factors asym-
metrically distributed within the embryo. Such 
factors would be associated with the oocyte and 
then zygote animal and vegetal poles and could 
bias (although not permanently determine) devel-
opmental fate of cells that would inherit them. In 
agreement with this view, further experiments 
revealed that the embryonic-abembryonic axis 
of the blastocyst is, in most cases, perpendicular 
to the plane of the  fi rst cleavage division of the 
zygote and in consequence also to the AV axis 
 [  54,   57  ] . Importantly, clones of cells derived from 
early blastomeres stay coherent up to the early 
blastocyst stage  [  58–  65  ] , suggesting that cyto-
plasm in different regions of the egg remains in 
its relative position within the “older” embryo. 

 A next important insight into the role of animal 
and vegetal poles of an egg has been provided by 
experiments in which the pattern of the  fi rst two 
embryonic divisions and the fate of the resulting 
blastomeres were followed in live mouse embryos. 
The  fi rst cleavage plane in most zygotes is meridi-
onal, which means it occurs along the AV axis  [  54, 
  56,   66,   67  ] . As a consequence, cytoplasm from 
animal and vegetal zygotic regions is equally dis-
tributed between both blastomeres in the 2-cell 
stage embryo. However, the divisions of the sec-
ond cleavage can be orientated in two alterna-
tive ways: either meridionally (M, i.e., parallel to 
the AV axis), when daughter blastomeres inherit 
both animal and vegetal material, or equatorially 
(E, i.e., perpendicular to the AV axis), when ani-
mal and vegetal material is separated and inherited 
differentially by daughter cells  [  66,   68  ] . Therefore, 
after the second division, four types of embryos 
can be distinguished: ME, EM, MM, and EE 
(Fig.  18.2a ), with ME and EM embryos account-
ing for roughly 80 % of embryo population (in 
50:50 ratio)  [  66,   68  ] . Subsequent study revealed 
that distribution of zygotic material to the distinct 
blastomeres during the second cleavage division, 

as well as order in which these divisions occur, 
affects both fate of the resulting cells and their 
developmental potential  [  66  ] . Speci fi cally, blas-
tomeres of ME embryos have more predictable 
fates in comparison to other groups (Fig.  18.2a ). 
In 85 % of ME embryos, embryonic part of the 
blastocyst is built by the progeny of the 2-cell blas-
tomere that divided meridionally (Fig.  18.2b ). In 
contrast, even though 79 % of EM embryos have 
embryonic and abembryonic regions built mainly 
by one of 2-cell clones, this can be either a clone 
originating from equatorial or meridional division 
(Fig.  18.2b ). Hence, in this type of embryos, prog-
eny of the blastomere that divided equatorially 
have equal chances to contribute to embryonic and 
abembryonic part of the blastocyst. The relation 
between division orientation and cell allocation 
appears random in MM and EE embryos, where 
speci fi c regions of blastocyst are predominantly 
originating from one of the 2-cell clones in only 
31 and 57 %, respectively  [  66  ] .  

 More detailed time-lapse studies combined 
with 3-D analyses of behavior of all cells revealed 
that in ME embryos, progeny of the E-blastomere 
that inherited the vegetal material undertake 
signi fi cantly more symmetric divisions compar-
ing to the progeny of other blastomeres  [  58  ] . This 
would explain why these cells were observed pre-
viously to contribute signi fi cantly more than 
progeny of other blastomeres to the mural tro-
phectoderm of the blastocyst  [  69  ]  (Fig.  18.2 ). In 
comparison, progeny of the E-blastomere con-
taining animal material predominantly populates 
the boundary zone between inner cell mass (ICM) 
and trophectoderm  [  69  ] . Importantly, the pattern 
of segregation and inheritance of animal and vegetal 
material also correlates with developmental 
potential of the embryos. The majority of embryos 
in which at least two 4-cell stage blastomeres 
inherit both animal and vegetal material (i.e., 
embryos that have at least one meridional divi-
sion) develop successfully to term (91 % of ME 
and EM embryos, 84 % of MM embryos). In 
comparison, only 35 % of embryos in which all 
4-cell stage blastomeres have exclusively either 
animal or vegetal material (EE embryos) give rise 
to viable pups  [  66  ] . This result has been further 
con fi rmed by experiments in which developmen-
tal capability of embryos generated from 4-cell 
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  Fig. 18.2    Consequences of  AV  inheritance for early 
development. ( a ) Blastomeres of a 2-cell stage embryo 
can divide, with respect to the  AV  axis (as indicated by the 
position of the polar body), meridionally ( M ) or equatorially 
( E ). This results in four categories of embryos at the 4-cell 
stage:  MM ,  ME ,  EM , and  EE , with tetrahedral  ME  and 
 EM , constituting the most prevalent type (see text for 
details). Blastomeres of  ME  embryo, inheriting distinct 
 AV  regions, of the egg have de fi ned fates. Pluripotent  A  
blastomere ( dark green ) shows high levels of epigenetic 
modi fi cation associated with pluripotency ( H3R26/17me ; 
see text for details) and preferentially contributes to the 
 ICM .  V  blastomere ( light green ), on the other hand, divides 
favorably symmetrically; its descendants express high 
 levels of TE marker ( Cdx2 ) and as a consequence contribute 

to the trophectoderm. ( b ) At the blastocyst stage, progeny 
of 2-cell blastomeres contributes to both pluripotent  ICM  
and differentiated trophectoderm ( TE ); however, in tetra-
hedral  ME  and  EM  embryos, one contributes more cells to 
the embryonic part of the blastocyst ( ICM  and polar tro-
phectoderm) and the other to the abembryonic part (mural 
trophectoderm and more super fi cial  ICM ). In remaining 
embryos ( MM  and  EE ), the allocation of blastomere prog-
eny is random. Not only orientation but also order of the 
divisions matters, as when  M  division precedes the  E  divi-
sion ( ME  embryos) the embryonic hemisphere is popu-
lated mainly by the  fi rst blastomere to divide ( red ). In EM 
embryos, the earlier to divide blastomere contributes 
either to the embryonic or to the abembryonic part 
(Adapted from  [  80  ] )       
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stage blastomeres originating from either meridi-
onal or equatorial divisions of ME or EM embryos 
was examined. Embryos formed from 4 
M-blastomeres developed to viable pups in 
69–85 % of cases, whereas embryos consisting of 
4 E-blastomeres had signi fi cantly lower develop-
mental potential (only 30–46 % developed to 
term)  [  69  ] . More detailed analysis of the develop-
mental potential of E-blastomeres of ME embryos 
revealed that cells resulting from equatorial divi-
sions that inherited animal material can, when 
aggregated together into a chimera, develop to 
term in 18–27 % of cases. In contrast, chimeras 
obtained by aggregation of E-blastomeres con-
taining vegetal material never gave rise to viable 
pups  [  69  ] . Even closer examination showed that 
chimeras from both types of E-blastomeres have 
hindered preimplantation development, with 
many embryos arresting at the morula stage and 
the rest forming blastocysts of reduced size. 
Moreover, when such blastocysts were trans-
ferred to pseudopregnant recipients, they often 
display a range of abnormalities at the egg cylin-
der stage (E6.5)  [  69  ] . 

 Only over the last years these  fi ndings started 
to  fi nd molecular support and also explanation. 
First, it was found that individual 4-cell stage 
blastomeres differ in the extent of speci fi c epi-
genetic modi fi cations such as histone H3R26/17 
methylation. Speci fi cally, it has been discovered 
that in ME embryos, E-blastomere containing 
mainly vegetal cytoplasm shows signi fi cantly 
lower level of histone H3R26 and H3R17 methy-
lation when compared to the rest of blastomeres 
 [  70  ]  (Fig.  18.2a ). The differences in H3R26 and 
H3R17 methylation were also observed in EM 
embryos, but here the correlation with speci fi c 
types of blastomeres was less clear. Interestingly, 
when both divisions where meridional and thus 
all four 4-cell stage blastomeres inherited animal 
and vegetal components of the zygote, the differ-
ences between the cells in the extent of these two 
modi fi cations were not apparent. These results 
suggest that inheritance of the vegetal compo-
nents of the mouse zygote can lead in at least a 
subset of embryos to inhibition of certain epige-
netic modi fi cations. Experiments, in which Carm1 
methyltransferase responsible for this speci fi c H3 

arginine methylation was overexpressed, revealed 
that this modi fi cation results in upregulation 
of expression levels of pluripotency markers 
Nanog and Sox2 and can predispose a progeny 
of the blastomere with high methylation levels to 
contribute to the ICM  [  70  ] . In support of these 
 fi ndings, recent experiments also reported that 
kinetics of nuclear import/export of another key 
pluripotency factor Oct4 differs among blastom-
eres of 4- and 8-cell stage embryos. Importantly, 
the difference in Oct4 nuclear kinetics is predic-
tive of subsequent cell fate in the mouse embryo, 
so that cells with Oct4 staying long in nucleus 
take more asymmetric divisions and preferen-
tially develop to ICM, whereas cells with more 
“mobile” nuclear Oct4 tend to divide symmetri-
cally and differentiate into trophectoderm  [  71  ] . 
Although this study did not correlate the differ-
ences in Oct4 kinetics with the inheritance of ani-
mal or vegetal material, it is plausible that distinct 
nuclear kinetics of Oct4 originate from the AV 
asymmetries formed initially within the oocyte. 
These results are complemented by another study, 
revealing that 8-cell blastomeres originated from 
equatorial division in ME embryo are character-
ized by  fi vefold higher expression of a trophecto-
derm marker, Cdx2  [  72  ]  (Fig.  18.2a ). Moreover, 
it was found that changing the level of expression 
of Cdx2 affects cell fate  [  72,   73  ] . This is most 
likely through the effect of Cdx2 on the extent of 
cell polarization  [  72,   74  ] , which can affect divi-
sion orientation and, consequently, cell position 
and fate  [  75  ] . Taken together these observations 
explains why progeny of cells inheriting mainly 
vegetal material have been found to undertake 
more symmetric divisions and  preferentially con-
tribute to the trophectoderm (see above)  [  58,   69  ] . 
Therefore, it seems that inheritance of speci fi c 
regions of oocyte/zygote does have important 
consequences for the embryonic development 
and can bias cells toward differentiated or pluri-
potent fate. 

 The question remains what molecules asym-
metrically distributed in oocytes decide about 
different properties of blastomeres resulting 
from meridional or equatorial divisions. Most of 
proteins that are currently known to be distrib-
uted asymmetrically in MetI and MetII oocytes, 
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such as  fi lamentous actin or myosin, appear to 
lose their polarized localization after fertiliza-
tion as embryo enters  fi rst mitotic interphase  [  21, 
  34  ] . It should be noted that hormone leptin, criti-
cal for multiple reproductive events, including 
implantation, and transcription factor STAT3 
have been reported to localize preferentially in 
the animal pole of MetII mouse and human 
oocytes and later to be deferentially inherited by 
the blastomeres  [  76,   77  ] . Although this result 
has been received with skepticism  [  78  ] , asym-
metric distribution of leptin has been recently 
con fi rmed  [  79  ] . However, it has been also shown 
that localization of this hormone in oocytes and 
embryos may depend on hormonal stimulation 
(superovulation) and a strain of mice  [  79  ] . In 
addition, several other proteins have been 
reported to show asymmetric distribution in 
human oocytes and early embryos, including the 
growth factors TGF b 2 and VEGF and the apop-
tosis-associated proteins BCL-X and BAX  [  77  ] . 
Although these results are promising, thus far, 
there are no studies showing that any of the fac-
tors identi fi ed to have asymmetric expression in 
both oocyte and preimplantation embryo are 
functionally important for predisposing the blas-
tomeres to a certain developmental fate.   

   Conclusion 

 Polarity formation in oocytes and its function 
have been thoroughly examined for the past 
30 years, and our understanding of this aspect 
of mammalian embryonic development is 
de fi nitely increasing. We know how the AV 
axis in oocyte is established, and that is an 
absolute requisite for asymmetric divisions, in 
consequence of retention of the majority of 
maternally derived material for the future 
embryo. We also know that lack of microvilli, 
and proteins associated with them such as 
CD9, protects the area above the MetII spindle 
from sperm penetration and potential preco-
cious mingling of paternal and maternal chro-
mosomes. On the other hand, it appears that a 
question of how oocyte polarity affects further 
embryonic development is more challenging 
to address. Although several studies now have 
clearly revealed that the AV axis of the oocyte 

and zygote can translate to the different devel-
opmental potential of the blastomeres, the 
molecular mechanism of this process remains 
to be discovered. An impressive improvement 
in sensitivity and reliability of molecular biol-
ogy techniques that we have witnessed for the 
last few years provides hope that this develop-
mental puzzle will be solved soon.      
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 Abstract 

   In a clinical context, each stage of mammalian oogenesis is usually con-
sidered in terms of nuclear and cytoplasmic processes that convey meiotic, 
fertilization and developmental competence to a preovulatory and ovu-
lated oocyte, respectively. While the progression of changes in chrom-
somal con fi gurations de fi ne speci fi c stages of the meiotic cell cycle, which 
in the human can be decades long, cytoplasmic changes that lead to fertil-
ization and developmental competence for the ovulated oocyte tend to be 
poorly understood. Yet, fertilization and early developmental failures are 
often attributed to largely unde fi ned or putative defects in cytoplasmic 
development during oogenesis in general, and preovulatory maturation in 
particular. Failures of sperm penetration in meiotically mature oocytes, or 
the inability of a penetrated oocyte to support the resumption of meiosis or 
the normal evolution of pronuclei, are usually viewed as consequences of 
a global rather than focal cytoplasmic defect(s). It is likely that most clini-
cal embryologists consider the human ooplasm to be spatially unstruc-
tured with respect to physiological, biochemical and regulatory 
functions. 

 Here, the notion that the mammalian oocyte may be functionally struc-
tured is discussed in the context of critical regulatory and physiological 
processes that current  fi ndings indicate may be differentially localized to 
the plasma membrane, subplasmalemmal and pericortical cytoplasm. 
Con fi rmation that spatial localization or compartmentalization of regula-
tory and developmental functions and activities exists in the in the mature 

      The Role of the Plasma Membrane 
and Pericortical Cytoplasm in Early 
Mammalian Development       
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   Origins    of Developmental 
Competence in Human Oocytes 
and Embryos  

   Introduction 

 Current laboratory methods commonly used to 
assess human oocyte and embryo competence in 
in vitro fertilization (IVF) programs are largely 
based upon static inspections of oocyte mor-
phology prior to insemination, the timing of cell 
divisions, and the occurrence of stage-speci fi c 
developmental landmarks during culture, with 
validation of sensitivity based on outcomes with 
transfer of fresh or thawed embryos. Although 
the predictive power of empirical schemes has 
long been controversial, developmental landmarks 
and performance characteristics have been shown 
to be generally bene fi cial when applied from 
the pronuclear through blastocyst stages  [  1,   2  ] . 
A further enhancement may be afforded morphoki-
netic documentation of performance by continu-
ous (time-lapse) imaging of dynamic spatial and 
temporal characteristics of cleavage, compaction, 
morulation, blastocyst formation, and expansion 
 [  3  ] . More recently, outcome-based  fi ndings col-
lected by different programs over many years 
led a consensus of experts to propose a standard 
scheme of competence assessment that character-
izes developmental landmarks at speci fi c times 
after fertilization, either by static or morphokinetic 
imaging  [  1  ] . This was the  fi rst realistic attempt in 
the human IVF  fi eld to create a simpli fi ed compe-
tence assessment scheme based upon speci fi c and 
common oocyte and embryo characteristics that 

the collective results showed to be positive or neg-
ative for outcome. IVF programs were encouraged 
to adopt this model both for purposes of standard-
ization by reducing operator- and program-related 
differences and biases and to allow empirical 
 fi ndings between programs to be compared on the 
same basis. 

 Metabolic parameters measured by Raman 
spectroscopy  [  4,   5  ] , proton nuclear magnetic 
 resonance  [  6  ] , relative amino acid concentra-
tions in spent culture medium  [  7  ] , metabolite 
consumption  [  8,   9  ] , and oxygen uptake  [  10  ]  have 
been optimistically suggested to be potentially 
important, largely operator-independent, and 
objective criteria (i.e., independent of morphol-
ogy or performance) of competence for oocyte 
and embryo selection. While the application of 
these microanalytical methods in clinical IVF 
programs often requires specialized equipment 
and expertise, a truly signi fi cant improvement in 
outcome (i.e., births) could justify the signi fi cant 
costs involved. This could be especially helpful 
where restrictions exist on the number of oocytes 
that are permissible for insemination or where 
the number of embryos that can be transferred is 
determined by agreement among IVF programs 
or by government mandates. However, as is often 
the case in this  fi eld, results from larger studies 
that are both prospective and randomized may 
fail to show truly signi fi cant improvements in out-
come when compared to conventional morpho-
logical assessments or may require modi fi cations 
of the study design to determine ef fi cacy  [  11  ] . 

 For metabolism in particular, a cell biologi-
cal explanation of speci fi c threshold bioenergetic 
values associated with competence has focused 
primarily on the contribution of mitochondria 

human oocyte may have important clinical implications if a greater 
understanding of the fundamental cell biology of the human 
oocyte results in information that can identify new causes of infer-
tility, or explain failures in treatments such as IVF.  

  Keywords 
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 Subcortical cytoplasm  •  Lipid raft microdomains  •  Mitochondria           
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to normal development in the maturing oocyte 
and preimplantation stage human embryo. 
Correlations between competence and mitochon-
dria for the human  [  12  ]  have largely focused 
on the following properties: bioenergetic status 
measured by ATP production  [  13,   14  ] , mtDNA 
copy number  [  15  ] , abnormalities in organelle 
structure  [  16  ]  or cytoplasmic distribution  [  17  ] , or 
apparent activity indicated by the relative poten-
tial difference across the inner mitochondrial 
membrane ( D  Y m) detected in the living state 
with potentiometric  fl uorescent probes  [  17–  19  ] . 
Speci fi c threshold values for each parameter have 
been considered proximal causes of maturation 
and fertilization dysfunction for the oocyte and 
failure of the nascent embryo to progress beyond 
the early cleavage stages. However, with the 
exception of relative  D  Y m observations made 
on living cells, quantitative threshold values for 
ATP or mtDNA require lysis of intact oocytes 
or embryos. Because oocytes and embryos are 
obtained for procreative purposes in clinical IVF, 
mitochondrial and bioenergetic  fi ndings come 
primarily from instances of maturational, fertil-
ization, or early embryonic failures, and for those 
assumed likely to be competent, their actual abil-
ities cannot be determined if used for analysis. 
However, a developmentally signi fi cant relation-
ship exists between mitochondrial bioenergetics 
and competence for individual blastomeres, and 
present evidence suggests that mitochondria in 
the subplasmalemmal cytoplasm of the matur-
ing oocyte and early embryo may have important 
focal in fl uences on critical developmental pro-
cesses, including those localized to the plasma 
membrane (see below). 

 These notions imply levels of regulation at the 
cellular and cytoplasmic levels that, if perturbed, 
could explain certain developmental abnormali-
ties and failures commonly observed in clinical 
IVF. This leads to the underlying theme of the 
science discussed in this chapter, namely, that 
developmentally signi fi cant activities localized 
to the plasma membrane and subplasmalemmal 
and subcortical cytoplasm are responsible for the 
establishment of developmental competence. In 
this context, this chapter examines (1) aspects of 
oocyte biology that could suggest new ways of 

considering how competence becomes compro-
mised and (2) whether molecular and cellular 
in fl uences on competence may be assessed for 
selective purposes in routine IVF practice. 

 In clinical practice, causes of fertilization fail-
ure after conventional IVF, abnormal develop-
ment, or arrested cell division are often dif fi cult 
to explain, especially when metabolic or mor-
phokinetic assessment models are positive for 
outcome and no direct answers are forthcoming 
from laboratory  fi ndings. Thus, while success 
rates have improved markedly during the past 
three decades of clinical IVF and patients have a 
greater chance than previously of having a nor-
mal pregnancy, failure is still common, despite 
advances in how embryos are cultured and evalu-
ated, including those shown to be chromosomally 
normal after preimplantation genetic diagnosis 
(PGD). The ability to understand failures in treat-
ment cycles when preimplantation developmental 
landmarks are time and stage appropriate (up to 
the point development ceases) is perhaps one of 
the greatest challenges remaining in the clinical 
IVF  fi eld. To this end, here, emphasis is placed 
on functional and organizational aspect of the 
mature oocyte that can impact embryo develop-
mental potential.  

   Known In fl uences on Human Oocyte 
and Embryo Developmental 
Competence 

 The relative contribution of the developmental 
biology of human gametes and early embryos 
to outcome is one signi fi cant element generally 
absent from discussions between clinician and 
patients, either prior to the start of an IVF cycle 
or afterward if failure occurs. This is not intended 
to be a criticism of either clinical or laboratory 
personnel, who are generally skilled and com-
petent, but rather of how little we know of what 
is involved at the molecular and cellular levels 
in producing a competent female gamete that 
results in a developmentally viable embryo. With 
respect to fertilizability and outcome after trans-
fer, mature oocytes and preimplantation stage 
embryos from the same cohort are frequently 
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developmentally heterogeneous. This repeated 
 fi nding was recognized shortly after IVF became 
a primary treatment for infertility and largely 
ascribed to cellular and chromosomal defects in 
the oocyte  [  20–  24  ] . Cytoplasmic defects were ini-
tially described as so-called dysmorphisms, i.e., 
cytoplasmic phenotypes found to be inconsistent 
with normal preimplantation embryogenesis, with 
some related to unusually high frequencies of 
chromosomal aneuploidies  [  21  ] . However, early 
cytogenetic studies of human oocytes repeatedly 
demonstrated that while aneuploidy was com-
mon, its occurrence did not preclude fertilization 
and lethal developmental consequences were 
often downstream of the preimplantation stages. 
Likewise, the effects on outcome of certain “life-
style” factors, such as tobacco smoking  [  25  ]  and 
obesity  [  26  ] , are now universally recognized as 
very signi fi cant negative in fl uences on the suc-
cess of infertility treatment, including IVF, and 
owing to poor outcomes, are considered criteria 
for exclusion for IVF in a growing number of 
infertility programs. 

 Yet women who are signi fi cantly overweight, 
smoke tobacco, or are of advanced reproductive 
age can and do have normal outcomes. 
Undoubtedly, every IVF program has had patients 
who conceive without treatment or intervention 
after multiple failed cycles of ovarian stimula-
tion, IUI, and IVF. This should reenforce a 
healthy skepticism that there may be no “abso-
lutes” with respect to the predictive power of 
oocyte selection where an underlying biological 
cause of developmental incompetence has not 
been identi fi ed. At present, a seemingly unavoid-
able fact of the normal developmental biology of 
early human development is that competence for 
any speci fi c MII oocyte or early embryo cannot 
be determined unambiguously, and at best, cur-
rent methods of assessment realistically provide 
only a positive or negative bias for selection at a 
particular stage of preimplantation development. 
Likewise, no current assessment method has the 
proven power to predict or explain fertilization 
failure for MII oocytes that are normal at the 
chromosomal and cytoplasmic levels, but where 
a sperm has reached the oolemma but fails to 
attach or penetrate. 

 Although not a focus of this chapter, uterine 
receptivity is clearly a central element in the 
development success of an otherwise competent 
embryo after transfer. The molecular and cellular 
biology of uterine receptivity has been long stud-
ied in model systems and correlates with outcome 
after clinical IVF have been indenti fi ed  [  27  ] . 
Typically, assessments of uterine receptivity used 
in most IVF programs are based on ultrasonic 
evaluations and measurements of endometrial 
thickness with certain threshold values consid-
ered primary criteria for transfer or cryopreserva-
tion. In the absence of validated biomarkers 
whose detection can be accomplished noninva-
sively, receptivity assessments prior to transfer 
remain largely based on ultrasound  fi ndings. The 
detection of certain molecular and cellular bio-
markers currently thought to be associated with 
normal receptivity  [  28,   29  ]  would require a diag-
nostic endometrial biopsy prior to transfer. This 
may be an unacceptable intervention or counter-
productive if the time required for analysis 
exceeded the optimal embryo “transfer window.” 
At present, the relative contribution to implanta-
tion failure of apparently competent euploid 
embryos that may result from molecular or cel-
lular defects in the embryo that originated in the 
oocyte, or placement in a suboptimal uterine 
environment, cannot be readily distinguished. 

 Here, we consider whether regulatory pro-
cesses exist at level of the oolemma and sub-
plasmalemmal and subcortical cytoplasm of the 
oocyte that could impact the normality of early 
human development. While much of the experi-
mental  fi ndings discussed come from model 
systems such as the mouse and for the human, 
some notions are speculative; they are presented 
in the context of novel directions for research 
that may explain possible common causes of 
clinical IVF failure. It could be reasonably 
argued that the human oocyte or embryo is not 
an experimental system for developmental biol-
ogy because in virtually all instances in which 
IVF is used, the singular intent of this treatment 
is to achieve pregnancy. For obvious reasons, 
the types of molecular genetic studies routinely 
performed in model mammalian systems, such as 
gene “knock-in” and “knockout” methodology, 
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used to investigate the consequences of the 
gain or loss of function associated with speci fi c 
genes, gene networks, and signaling pathways 
have no possible application in the human. 
However, while it is reasonable to suspect that 
similar developmental pathways and activities 
identi fi ed and studied in model systems likely 
have similar functions and consequences for the 
human oocyte and early embryo, important and 
fundamental differences do exist. With respect 
to developmental problems that affect human 
oocytes and early embryos, the mouse may be 
a poor model because aneuploidy is very rare, 
and in natural estrous cycles, the number of 
pups born is largely equivalent to the number 
of oocytes ovulated. Other species such as the 
bovine or porcine have been advanced as suit-
able human models, but issues related to oocyte 
and embryo availability, and establishing IVM 
and IVF, may be impractical, problematic, or, 
depending on the clinical setting, impossible. In 
this regard, the human oocyte and preimplanta-
tion embryo may be the best system to study the 
origins of normal and compromised competence 
and the most practical one given the ready avail-
ability of source material and patient history. 

 While genetic manipulations are impossible 
for the human (e.g., transgenics), targeted gene 
“knockdowns” using morpholino oligonucle-
otides  [  30  ]  may be the  fi rst step in identifying 
critical regulatory functions that contribute to the 
types of developmental abnormalities and demise 
observed during 5 or 6 days of human embryo 
culture. It is apparent from microarray analyses 
of the transcriptome and proteome that a large 
universe of potential gene targets exists and, to 
consider one to be more important than another 
with respect to developmental signi fi cance, may 
be dif fi cult to validate if based solely on relative 
expression levels and, ultimately, to con fi rm as 
“the” etiology of a fertilization defect or compro-
mised competence. The critical issue in design-
ing targeted gene knockdown experiments using 
embryos donated to research is how to maximize 
the clinical relevance of possible  fi ndings by 
identifying which gene(s) to target. We know lit-
tle about the regulation of gene expression in 
early human development, and considering the 

levels of regulation known to exist in eukaryotic 
cells, from microRNAs and RNA-binding pro-
teins to differential transcription factor activity, 
 fi ndings from high-resolution methods such as 
Chip-seq and RNA-seq technologies will produce 
a catalog of potential targets, but where to place 
investigational emphasis? Which speci fi c oocyte 
or embryo phenotypes may be mono- or multi-
genic or arise from a common regulatory defect? 
Indeed, it is currently impossible to rule out 
defects at the posttranslation level as a primary 
factor contributing to compromised competence. 
For example, early studies from this author’s lab-
oratory  [  31  ]  demonstrated that a signi fi cant pro-
portion of the changes detected by high-resolution 
proteomic analysis in the maturing oocyte and 
newly fertilized mouse egg were the result of 
posttranslational modi fi cations (e.g., glycosyla-
tion and phosphorylation) rather than new gene 
expression. 

 The universe of potential targets may be 
reduced signi fi cantly by focusing on common 
defects observed in clinical IVF, such as penetra-
tion and fertilization failure, the arrest of cytoki-
nesis, and the inability to compact or transition 
from a morula to a blastocyst or, for the blasto-
cyst, to escape the con fi nes of the zona pellucida. 
These defects may be especially suited for tar-
geted gene knockdown methodology where pro-
teomic or transcriptome analyses have identi fi ed 
candidate genes associated with these develop-
mental abnormalities in the human. An early aim 
of such studies would be to con fi rm a role in the 
occurrence of an oocyte or embryo defect by 
duplicating a suspected phenotype (phenocopy) 
and correlating it with the level of gene expres-
sion detected when it arises spontaneously  [  32  ] . 
Other potential candidates in this regard are those 
involved in fertilization and the so-called mater-
nal-effect genes (MEGs) that have regulatory 
functions during preimplantation embryogenesis, 
as discussed below. These may be particularly 
relevant as “ fi rst case studies” of competence 
because they are maternally derived developmen-
tal drivers of early embryogenesis and may be 
spatially compartmentalized in the ooplasm (see 
below). However, perhaps the  fi rst place to study 
“compartmentalized” functions is the oolemma 
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in instances where after conventional IVF with 
normal sperm and normal-appearing meiotically 
mature oocytes, sperm attachment or penetration 
fails. This is an unexpected and frequently inex-
plicable outcome that can necessitate the so-
called rescue ICSI if detected early. Where a 
suf fi cient number of fertilized oocytes occur, the 
most common course is to simply discard unfer-
tilized oocytes with no investigation as to cause, 
which is unfortunate.  

   The Oolemma and Competence: 
The Lipid Raft Theory 

 The oolemma is the interface between the cyto-
plasm and the external milieu, the site of sperm 
attachment and penetration, as well as site of 
transport and signaling activities. In this regard, it is 
surprising that so little is known about its organization 
in the human oocyte and early embryo and the 
extent to which functional defects may be respon-
sible for fertilization and early embryonic failure. 
Modern membrane theory considers the plasma 
membrane as a microheterogeneous bilayer of 
lipid-ordered and lipid-disordered microdomains 
in which their state of organization can promote 
molecular diversity, compartmentalization, and 
polarization of functions (e.g., apical vs. basal 
portions of a cell). A central component of mem-
brane theory involves lipid rafts, submicron-sized 
entities of cholesterol, sphingolipids, and protein 
that form microdomains which serve as concen-
trating platforms for a wide variety of membrane 
activities  [  33,   34  ] . 

 A large body of experimental and analytical 
studies generally supports the notion that lipid 
rafts can be “functional units” of the eukaryotic 
plasma membrane, and that by virtue of dynamic 
changes in their state of aggregation, turnover, 
protein density, and composition, dynamically 
change membrane function(s) in response to dif-
ferent intrinsic and extrinsic conditions. Classes of 
proteins localized to lipid rafts in the exoplasmic 
lea fl et of the lipid bilayer of the plasma membrane 
include a wide variety of receptors, transporters, 
G-proteins and GPI (glycophosphatidylinositol)-
linked proteins, and other members of signal trans-

duction cascades  [  35–  38  ] . Lipid raft microdomains 
also serve as sites for catalytic activity, such as 
phosphorylation, and for anchoring molecules, 
including proteins involved in the regulation of ion 
channels, endocytosis, cell recognition, attach-
ment, and communication (e.g., integrins and gan-
gliosides). Lipid rafts are postulated to  fl oat freely 
in lipid-disordered regions of the plasma mem-
brane and, by virtue of dynamic transitions in their 
state of aggregation, increase their net diameter 
from the submicron to micron range, which can 
regulate the relative density of associated mole-
cules. In the same respect, disassembly or disag-
gregation of lipid rafts within ordered microdomains 
is postulated to reduce the density of associated 
molecules. By means of dynamic transitions in 
lipid raft density and organization, up- or down-
regulation of membrane functions, as well as the 
gain or loss of function, can be accomplished glob-
ally or locally. 

 The molecular structure and organization of 
lipid rafts and the lipid-ordered microdomains 
they form in differentiated cells lead to the fol-
lowing questions for the human oocyte: (1) Does 
a similar membrane organization occur? (2) Does 
the oolemma undergo stage-related molecular 
remodeling of lipid raft microdomains? (3) Does 
remodeling establish de fi ned regions of func-
tional compartmentalized, and (4) Do defects in 
molecular organization occur and are they proxi-
mate causes of fertilization failure? While similar 
questions apply to the preimplantation embryo, 
here the focus is on the oocyte.  

   Lipid Rafts and Lipid-Ordered 
Microdomains in the Human Oocyte 

 Studies of lipid raft dynamics and membrane 
structure in the human oocyte face problems not 
encountered with tissues, cell cultures, or, for that 
matter, oocytes and embryos of model nonmam-
malian species. For biochemical analysis, lipid 
rafts are prepared by detergent extraction fol-
lowed by ultracentrifugation through a sucrose 
gradient to obtain a detergent-resistant membrane 
fraction (DRF). Isolation of a DRFs enriched in 
lipid rafts is based upon their buoyant density 
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characteristics  [  38  ] , and yields required for high-
resolution structural, biochemical, and proteomic 
analysis are typically obtained from high-density 
cell cultures, intact tissues, and cellular aggre-
gates such as the cumulus oophorus  [  39  ]  sperm 
 [  40  ]  and from species with either large oocytes or 
where massive numbers are released at one time 
 [  41  ] . Levels of detergent-resistant membrane 
required for lipid raft analysis make similar stud-
ies for the mouse problematic and for the human 
impossible. 

 The B subunit of cholera toxin (CTB), by vir-
tue of its high speci fi city and af fi nity binding to 
the relatively ubiquitous lipid raft ganglioside 
GM1 (monosialotetrahexosylganglioside), is one 
of the most common biomarkers used to identify 
lipid rafts  [  39,   42,   43  ] . When conjugated with a 
 fl uorophore (e.g.,  fl uorescein or rhodamine iso-
thiocyanate, Alexa 488 or Texas Red), constructs 
of this type report GM1-enriched microdomains 
in the exoplasmic lea fl et of the plasma mem-
brane. The direct  fl uorescent detection of GM1 
lipid rafts permits studies of microdomain reor-
ganization and membrane remodeling, as well as 
GM1 lipid raft turnover in living cells. 

 Whether GM1 microdomains occur in human 
oocytes and, if so, have a speci fi c organization 
associated with fertilization competence was 
assessed by scanning laser confocal microscopy 
of meiotically mature human oocytes, obtained 
under the following conditions: (1) normal-
appearing super fl uous MII oocytes from ovum 
donation cycles; (2) immature at follicular aspira-
tion but MII within 4 h of culture; (3) MII likely 
fertilizable, but intentionally not inseminated by 
ICSI owing to the presence of certain cytoplasmic 
features associated with adverse developmental 
consequences (Balaban  [  1,   21,   44  ] ); and (4) unfer-
tilized at 10 h after conventional IVF despite the 
presence of a sperm on the oolemma detected by 
differential interference contrast microscopy. 

 The confocal images in Fig.  19.1  are projec-
tions of fully complied section series showing in 
a single plane, all detectable CTB staining of the 
oolemma. Figure  19.1a  shows the typical appear-
ance of MII human oocytes used in the study of 
lipid raft microdomains. The typical pattern of 
CTB staining (Alexa Fluor 488 conjugate) of GM1 

found to be routinely associated with normal pene-
tration is one in which  fi nely punctate  fl uorescence 
is well dispersed (Fig.  19.1b ). A similar organiza-
tion occurs in oocytes that completed of meiotic 
maturation in vitro (Fig.  19.1c ) and in oocytes 
deselected for ICSI because of unfavorable cyto-
plasmic characteristics. In competent MII human 
oocytes, GM1 microdomains occur throughout 
the oolemma, whereas for unpenetrated oocytes, 
two predominant phenotypes are observed. The 
most common type, occurring in nearly 60 % of 
unpenetrated oocytes with sperm on the oolemma, 
showed intense  fl uorescence localized in dense, 
discrete clusters that appeared as “islands” sur-
rounded by CTB-negative regions (Fig.  19.1d, e ). 
For approximately 40 % of unpenetrated oocytes, 
punctate CTB  fl uorescence was relatively scant 
(arrows, Fig.  19.1f ) with large regions of the 
oolemma devoid of a detectable  fl uorescent sig-
nal (asterisks, Fig.  19.1f ). In MII oocyte(s) with a 
normal distribution of GM1 at retrieval (similar 
to Fig.  19.1b ), restaining at 6- to 8-h intervals for 
up to 36 h during culture was associated with a 
progressive decline in the intensity and density 
of CTB  fl uorescence. This was also observed 
(in vitro aging) in oocytes that originally showed 
the predominant “island” phenotype associated 
with penetration failure (e.g., 12 h, Fig.  19.1g ). 
These  fi ndings suggest that GM1 lipid rafts may 
be internalized (likely by endocytosis) and, if not 
replaced, effect a time-related loss of associated 
functions from the oolemma. Although relatively 
few oocytes from women of advanced maternal age 
(>40 years) have been available for study to date, 
Fig.  19.1h  shows a common GM1 phenotype asso-
ciated with fertilization failure after conventional 
IVF, where a sperm was observed in the perivitell-
ine space but not attached to the oolemma. This 
phenotype is similar to the “island” type described 
above for younger women, with large areas devoid 
of CTB  fl uorescence (asterisk). While the islands 
generally appear to be of a lower density, fertil-
ization failure may have the same biological 
consequences associated with of this type of orga-
nization as observed in younger women.  

 For oocytes that are likely fertilization compe-
tent at retrieval, CTB  fl uorescence is typically well 
dispersed with individual punctate elements clearly 
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detectable (similar to Fig.  19.1b, c ). Figure  19.1i  is 
a representative high-magni fi cation image of what 
is likely a “fertilization-competent” organization of 
GM1 microdomains in the human oolemma. Based 

on current  fi ndings, this organization is considered 
indicative of the molecular topology of the GM1-
enriched lipid raft microdomains the sperm “sees” 
(arrows) and can interact with when it reaches the 
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oolemma. According to the protocol presently in 
use, insemination for experimental purposes is not 
permitted. However, studies of zona-free mouse 
oocytes show that for each of the numerous sperm 
that bound to the oolemma within seconds after 
insemination in vitro, binding was always to discrete 
microdomains enriched in GM1 (arrow, Fig.  19.1j ; 
 [  45  ] ). However, for the few human oocytes where 
sperm were identi fi ed on the oolemma but had not 
penetrated ( n  = 28), preliminary  fi ndings after CTB 
staining indicate that all docked at GM1-positive 
microdomains (arrows, Fig.  19.1j, k ). 

 The possibility that a ganglioside such as GM1 
may participate in sperm binding is a novel notion 
with respect to the process of fertilization in the 
mammal, but may not be too unusual given their 
known roles in cell–cell adhesion, recognition, 
and signaling, as noted above. Con fi rmation that 
GM1 microdomains are sites of sperm binding to 
the human oolemma would go a long way in sug-
gesting possible causes of infertility and fertiliza-
tion failure after IVF. For example, if sperm 
passage through the zona pellucida occurs at a 
site that is largely devoid of GM1 microdomains 
(e.g., asterisks, Fig.  19.1d–g ), no attachment may 
occur, and because in this instance most of the 
tail will persist in an extended and motile state 
through the zona pellucida  [  46  ] , the head will 
likely remain  fi xed in position with respect to the 
oolemma. This could explain fertilization failures 
observed in normal-appearing MII oocytes where 
GM1 staining was scant or undetectable in large 
areas of the oolemma, as shown above. 

 Contact with the oolemma at an intensely 
 fl uorescent GM1 island may be equally problem-
atic if its density is too great to permit robust con-
tact between gamete membranes. In the mouse, 

this degree of membrane association may be 
facilitated by a rapid lateral displacement of GM1 
microdomains at the site of sperm contact and 
has been suggested to promote membrane fusion 
between sperm and oocyte  [  45  ] . If a similar focal 
microdomain reorganization is con fi rmed for the 
human, the inability of GM1 lipid rafts occurring 
at high density, such as the “island” phenotype, to 
dynamically partition into lipid-disordered regions 
and effect disaggregation or diminution of the cor-
responding microdomains in response to sperm 
contact may explain arrested fertilization where the 
sperm head remains  fi rmly attached to the oolemma 
at an island.  

   Membrane Organization and Sperm 
Penetration 

 CD9, a known constituent of lipid rafts and member 
of the transmembrane 4 superfamily (so-called 
tetraspanin family)  [  47  ] , has been shown to be 
a critical cell membrane protein that mediates 
fusion of male and female gamete membranes 
in the mammal  [  48,   49  ] . Figure  19.2a  shows the 
typical distribution of CD9 immuno fl uorescence 
in MII human oocyte detected in a projection of 
a fully compiled section series taken by scan-
ning laser confocal microscopy. Figure  19.2b  is 
a 4- m m section from this series showing its com-
plete circumferential distribution. Of particular 
note with respect to fertilization failure is that 
this distribution remains unchanged in instances 
of penetration failure where GM1 microdomains 
are scant or in the dense island con fi guration. 
These  fi ndings suggest that GM1 and CD9 may 
occur in unique lipid raft microdomains that may 

  Fig. 19.1    ( a ) Typical    appearance of an  MII  human oocyte 
used in the study of lipid raft microdomains (PB1,  fi rst 
polar body). ( b ,  c ) Show the appearance of GM1 lipid raft 
microdomains reported by  fl uorophore (Alexa Fluor 488) 
conjugated cholera toxin subunit B that is consistent with 
normal fertilization. ( d – h    ) GM1 phenotypes associated 
with fertilization failure after IVF. ( d ,  e ) Sperm showed 
strong attachment to the oolemma but there was no pene-
tration. ( f – h ) Sperm were unattached or weakly attached 
to the oolemma. GM1 positive microdomains were scant 
( arrows ,  f ) or undetectable in wide areas of the oolemma 

( asterisk ,  e – h ). ( d ) DAPI  fl uorescent chromosomes on the 
metaphase II, MII, spindle are indicated by an arrow. (i) A 
high magni fi cation view of GM1 microdomains from an 
area of the oolemma that in size, likely represents what 
the sperm head might ‘see’ for  docking when it reaches 
the oolemma of a fertilization competent oocyte (e.g., 
 b ,  c ). ( j – i ) The initial docking of a mouse ( j ) and human 
( k ,  l ) sperm to GM1 microdomains ( arrows ) on the exo-
plasmic lea fl et of meiotically mature oocytes. All images 
were taken by scanning laser confocal microscopy (see 
text for details)       
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be subject to different modes of regulation. For 
the human, it would appear that a critical protein 
involved in sperm penetration exists in the plasma 
membrane of unpenetrated human oocytes, which 
is consistent with the notion that certain common 
instances of fertilization failure may be related to 

the organization and distribution of GM1-enriched 
microdomains. In support of this possibility are 
 fi ndings from Jegou et al.  [  50  ] , who proposed that 
CD9 promotes the formation of “fusion compe-
tent sites” on the oolemma by mediating the close 
opposition of gamete membranes necessary for 

  Fig. 19.2    Scanning laser confocal images of CD9 local-
ization to the exoplasmic lea fl et of the oolemma ( arrows , 
 b ,  c ) in normal human ( a ,  b ) and mouse ( c ,  d )  MII  oocytes, 
shown as fully compiled projections of section series ( a , 
 c ) or in a midline cross section ( b ,  d    ). The  MII  spindle is 
stained with DAPI to show chromosomes ( c ). ( e ,  f ) 
Projections of fully complied section series of normal-
appearing  MII  human oocytes showing diminished CD9 
 fl uorescence and regions with no detectable signal ( aster-

isks ) where sperm attachment but not penetration occurred. 
( g – i ) Human  MII  oocytes stained with the potentiometric 
 fl uorescent dye JC1 to identify high-potential ( D  Y m) 
mitochondria. In normal and presumably fertilizable 
oocytes, high-potential mitochondria occur in a distinct 
subplasmalemmal domain ( arrows ,  g ). Oocytes with reduced 
( h ) or no fertilization competence show scant ( arrows ,  h ) or 
no high-potential forms ( i ) (see text for details)       

 



27519 The Role of the Plasma Membrane and Pericortical Cytoplasm in Early Mammalian Development

sperm penetration in the mouse. The extremes 
of GM1 microdomain distribution observed in 
human penetration failures in the presence of a 
normal CD9 phenotype may preclude this activ-
ity in GM1-scant or GM1-negative regions or 
where these microdomains occur at abnormally 
high density. Sperm attachment and penetration 
failures observed in human IVF also suggest that 
the presence of CD9 alone may be insuf fi cient to 
achieve the level of close membrane association 
that has been suggested to be required for penetra-
tion in the mouse.  

 An unexpected  fi nding in our survey of nor-
mal-appearing but unpenetrated human oocytes 
was the presence of CD9-negative regions 
of varying size and distribution, as shown in 
Fig.  19.2e, f . These MII oocytes showed grossly 
normal cytoplasmic morphology after insemina-
tion and a normal distribution and organization 
of GM1 microdomains. For the human, regions 
of the oolemma largely devoid of CD9 lipid raft 
microdomains could identify a new etiology of 
fertilization failure where sperm attachment to 
GM1 microdomains is normal, but there is no 
corresponding domain to facilitate close mem-
brane opposition and penetration. 

 The above studies represent intriguing 
insights into potentially new etiologies of unan-
ticipated fertilization incompetence and possible 
diagnostic means for their detection in clinical 
applications in IVF. Although ICSI is commonly 
used for insemination and would be expected to 
overcome defects in the oolemma that may con-
tribute to failure after insemination in vitro, it is 
not necessarily the  fi rst line approach in most 
IVF programs and would obviously not remedy 
fertilization failure in vivo if similar oolemmal 
microdomain organizations are responsible. It is 
also unclear whether GM1/CD9 microdomain 
defects in the oocyte that are likely overcome 
by ICSI have adverse downstream development 
consequences that could contribute to signaling 
defects and poor embryo performance or arrested 
development during cleavage. For example, 
CD9 and GM1 are detected in the plasma mem-
brane of human blastomeres during cleavage 
(Van Blerkom, unpublished), and while their 
function(s) during early embryogenesis remains 

to be determined, based on known activities, a 
role-promoting intercellular contact and com-
munication are distinct possibilities. Likewise, 
how microdomain distribution may be differen-
tially regulated could offer novel insights related 
to the acquisition of developmental competence 
in general and information that could be espe-
cially helpful in identifying idiopathic causes 
of reduced fertility. The  fi ndings discussed here 
show potential relevance in regard to poor IVF 
outcomes related to idiopathic infertility and, 
potentially, why fertility declines with mater-
nal age. The detection and localization of other 
lipid raft proteins whose membrane functions 
have been characterized in other cell types can be 
an important step in ongoing efforts to map the 
molecular organization of the human oolemma 
as it relates to the acquisition of developmental 
competence. 

 The regulation of the molecular organiza-
tion of the oolemma during early development 
is another area that warrants investigation with 
respect to developmental competence. The orga-
nization of lipid raft microdomains in exoplasmic 
lea fl et of certain somatic cells has been shown to 
be directly in fl uenced by two interacting elements 
in the subplasmalemmal cytoplasm: cortical actin 
micro fi laments and the phospholipid-binding 
 protein annexin 2. Annexin 2 is a calcium-depen-
dent protein that resides in lipid rafts in the cyto-
plasmic lea fl et of the plasma membrane  [  51  ] , and 
its state of oligomerization regulates lipid raft 
density in the exoplasmic lea fl et of certain dif-
ferentiated cells  [  52  ] , and changes in the state 
of oligomerization directly in fl uence the activ-
ity of lipid raft microdomains as concentrating 
platforms in the exoplasmic lea fl et. Annexin 2 
has been shown to occur in the inner lea fl et of 
the mature mouse oocyte  [  45  ] , and if a similar 
location is con fi rmed for the human oocyte, its 
calcium dependence and regulatory interactions 
with subplasmalemmal actin micro fi laments may 
suggest means by which local changes in subplas-
malemmal conditions could directly in fl uence 
molecular organization in the exoplasmic lea fl et 
and fertilization competence. 

 In this regard, preliminary  fi ndings from 
human oocytes with a normal GM1 distribution 
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prior to cryopreservation (programmed freezing) 
show that after thawing, the subplasmalemmal 
actin micro fi lament network is disrupted, GM1 
distribution shifts to the “island” phenotype, and 
oolemmal annexin 2 immunostaining occurs as 
distinct foci of intense  fl uorescence; a similar 
state of annexin 2 organization occurs in fresh 
oocytes with the so-called island phenotype (Van 
Blerkom, unpublished). While additional study is 
necessary to validate these  fi ndings, they tenta-
tively suggest a possible mechanism by which 
fertilization competence by conventional IVF is 
largely lost after thawing of oocytes that were 
likely fertilization competent prior to 
cryopreservation. 

 Functional and biochemical characterizations 
of the human oocyte and early embryo plasma 
membrane are at an early stage of investigation, 
but notwithstanding current analytical limitations, 
they offer the promise of identifying molecular 
conditions that in fl uence developmental normal-
ity for both oocyte and early embryo. The extent 
to which the speci fi c conditions or defects noted 
above directly in fl uence fertility in general, and 
outcome in infertility treatment in particular, 
remains to be determined. However, the important 
questions that need to be answered are whether 
the type of analytical  fi ndings described above 
can (1) be directly related to problems of devel-
opmental competence commonly encountered 
in clinical IVF and (2) produce diagnostic meth-
ods that may explain instances of fertilization 
or preimplantation failure, which, for the latter in 
particular, are not associated with chromosomal 
abnormalities. Tagging GM1 with CTB may be 
one method to identify causes of fertilization or 
early cleavage arrest that has potential applications 
in clinical IVF. Preliminary studies in the mouse 
indicate that staining with a  fl uorescent-CTB 
construct does not inhibit fertilization in vitro 
and that turnover of GM1 leads to a progressive 
loss of the original  fl uorescence signal, which 
is barely detectable after ~24 h (Van Blerkom, 
unpublished). However, before clinical applica-
tion could be contemplated for oocyte selection 
(e.g., ICSI or conventional IVF), it would have 
to be shown to be developmentally benign from 
fertilization to postnatal development in model 

species. That said, application as a diagnostic bio-
marker in fertilization failures may well provide 
a developmental biological basis for failure that 
could have important implications in planning 
subsequent treatment for affected patients and 
could indicate a possible etiology of a patient’s 
inability to conceive naturally.  

   The Subplasmalemmal Cytoplasm 

 The subplasmalemmal cytoplasm occupies about 
a 5- to 10- m m zone beneath the oolemma. Interest 
in this region has traditionally focused on the 
organization and function of actin micro fi laments 
and cortical granules and how ambient free cal-
cium levels change in response to the fertilizing 
spermatozoon. More recently, whether mitochon-
dria located in the subplasmalemmal cytoplasm 
have regulatory roles in early development has 
become a topic of investigation for mammalian 
oocytes and early embryos, including the human 
 [  12,   18,   53  ] . 

 The subplasmalemmal cytoplasm of the MII 
mouse and human oocyte is populated by cir-
cumferential domain of underdeveloped mito-
chondria that, while structurally identical to 
their more numerous counterparts in other parts 
of the ooplasm, are distinguishable by a higher-
potential difference across the inner membrane 
( D  Y m), as reported by mitochondria-speci fi c 
potentiometric  fl uorescence stains, such as JC1  [  18, 
  54,   55  ] . In differentiated cells with fully devel-
oped and metabolically active mitochondria, 
the relative magnitude of  D  Y m is usually high 
(termed hyperpolarized) and can be related to 
several critical mitochondrial activities, includ-
ing levels of ATP generation, protein import and 
functional modi fi cation, the regulation of organ-
elle volume homeostasis, and calcium sequestra-
tion and release signaling through mitochondrial 
calcium-induced calcium release  [  18,   56,   57  ] . 
In somatic cells, the magnitude of  D  Y m (−mV) 
 fl uctuates in response to intracellular conditions, 
such as mitochondrial density  [  58  ] , and extracel-
lular in fl uences such as the extent and type of 
intercellular contact  [  59  ] . Indeed, regions of dif-
ferential  D  Y m indicating differences in speci fi c 
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levels of activity can be spatially localized in the 
same fully developed mitochondrion in cultured 
cells  [  54  ] . Similar rapid transitions in  D  Y m are 
undetectable with current live-cell imaging meth-
ods for mammalian oocyte mitochondria because 
of their small size (~1  m m) and underdeveloped 
state (few, short cristae that do not traverse a 
dense matrix;  [  60,   61  ] ). 

 In MII mouse and human oocytes, the sub-
plasmalemmal cytoplasm has been estimated to 
contain ~2–3 % of the total mitochondrial com-
plement and is distinguished from the majority of 
mitochondria both by a relatively high potential 
and their spatial stability in the subplasmalemmal 
cytoplasm during oocyte maturation and early 
postfertilization development  [  57,   62,   63  ] . This 
apparent stability is in contrast to their lower 
potential that can change position with cytoplas-
mic movements or is translocated along microtu-
bular arrays to perinuclear locations  [  64,   65  ] . The 
apparent stability of this domain and proximity to 
the plasma membrane led us to suggest that by 
virtue of compartmentalization, they may have 
specialized regulatory functions or in fl uences 
during early development on local bioenergetic, 
ionic, or redox states  [  12,   53,   66  ] . In this context, 
defects in number, distribution, or magnitude of 
 D  Y m may have developmental consequences. 
Van Blerkom et al.  [  18  ]  reported that subplas-
malemmal  D  Y m in unpenetrated human oocytes 
was often relatively low, and Jones et al.  [  67  ]  
showed that a shift from high to low potential in 
this domain was associated with cryopreserva-
tion and that after thawing, the persistence of a 
low-potential state could render the oolemmal 
refractory to penetration. Van Blerkom and Davis 
 [  68  ]  showed that penetration (but not sperm 
attachment) was reversibly inhibited in the mouse 
by experimentally shifting  D  Y m in the subplas-
malemmal cytoplasm from a high to low to high. 
However, we have not observed a spontaneous 
shift of this type in any unfertilized human oocyte 
during subsequent culture. 

 The typical distribution of high-potential 
mitochondria reported by JC1 de fi nes a circum-
ferential domain just beneath the oolemma 
(arrows, Fig.  19.2g ). The  fl uorescence emission 
characteristics of JC1 are dependent upon the 

potential difference across the inner mitochon-
drial membrane (i.e., −mV), with low-potential 
mitochondria  fl uorescing green (indicating the 
presence of the molecule as a monomer), while 
those with a higher  D  Y m  fl uoresce orange red 
(indicating the presence of multimers). Potential-
driven multimerization results in a shift in 
 fl uorescence emissions from shorter (green, 
monomeric) to longer wavelengths (multimeric, 
orange red) due to the formation of multimers, 
termed J-aggregates  [  18,   54  ] . It is worth mention-
ing that similar to other potentiometric  fl uorescent 
stains, the potential difference across the inner 
mitochondrial membrane reported by JC1 does 
not indicate a speci fi c mV value but rather a rela-
tive range that can be described as high or low. 
The presence of green- fl uorescing mitochondria 
in JC1-stained oocytes or early embryos has often 
been misinterpreted to indicate metabolic inac-
tivity. This conclusion seems to be odd consider-
ing that virtually all mitochondria in the mouse or 
human oocyte would have to be considered inac-
tive, requiring that the bioenergetic requirements 
of the oocyte (i.e., ATP) be served by a minute 
fraction of the total mitochondrial population 
located in proximity to the oolemma. Intuitively, 
this is problematic from a bioenergetic perspec-
tive because the fully grown oocyte is the largest 
cell in the body and nascent ATP generated by 
mitochondria is largely utilized to drive biologi-
cal processes located close to the producing 
organelles. While ATP is comparatively stable in 
aqueous solutions, its intracellular half-life is 
measured in microseconds. It would seem likely 
that in the oocyte, ATP is used where produced 
mitochondria and the comparatively enormous 
cytoplasmic volume of the oocyte are not favor-
able for diffusion from subplasmalemmal to more 
interior locations. Indeed, inhibitor studies of 
mouse oocytes that effect different portions of the 
oxidative metabolic pathway or which collapse 
 D  Y m show a precipitous drop in ATP levels after 
inhibitor exposure  [  69  ] . 

 Oocyte mitochondrial activity and  D  Y m should 
have the same general relationship observed for 
somatic cells, but in the case of the oocyte, ATP 
levels supported by structurally immature and low-
activity organelle are presumably compensated for 
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by the size of the mitochondrial complement, which 
is orders of magnitude greater than in a typical cell. 
Therefore, while ATP generation/mitochondrion 
may be relatively small when compared to levels 
when fully developed (e.g., in the trophectoderm), 
in aggregate, it is obviously suf fi cient to maintain 
a net cytoplasmic content consistent with oocyte 
function. For normal developmental competence, 
several investigators suggest a net ATP content 
for the human oocyte around 1.8–2 pM may be an 
 optimal level  [  13,   14  ] . 

 If JC1  fl uorescence in the oocyte and early 
preimplantation embryo do correspond to dif-
ferences in activity levels, the occurrence of 
high-potential forms in the subplasmalemmal 
cytoplasm would seem to have higher functional 
capacities or activity. The origin of a higher 
 D  Y m detected in oocytes denuded of cumulus 
and coronal cells remains to be determined, but 
it may be due to a proximity to oxygen diffusing 
across the oolemma. If oxygen levels are higher 
at this domain and used for oxidative phospho-
rylation, an oxygen gradient may be established 
within the cytoplasm such that increasingly lev-
els of hypoxia (to virtually anoxic) may occur 
with distance from the oolemma. Although pres-
ently speculative, this could limit the ability of 
most mitochondria in the oocyte to transition to a 
higher potential. 

 Nitric oxide (NO) may be another factor that 
naturally regulates  D  Y m in the subplasmalemmal 
cytoplasm. In the intact oocyte, nitric oxide (NO) 
produced by the cells of the cumulus oophorus 
and corona radiata appears to have a suppressive 
effect on the level of  D  Y m in subplasmalemmal 
mitochondria of the mouse oocyte, most proba-
bly, by competing with oxygen at the level of 
cytochrome c oxidase located on the inner mito-
chondrial membrane  [  70  ] . The putative suppres-
sive effect appeared to diminish at MII in 
instances where the cumulus oophorus was fully 
expanded. Suppression of high  D  Y m and upregu-
lated levels of metabolism in the subplasmalem-
mal domain prior to the terminal stages of oocyte 
maturation could be compensated for by fully 
developed mitochondria in transzonal processes 
located in proximity to the oolemma  [  53  ] . These 
mitochondria may be a source of ATP needed to 

support activities in the subplasmalemmal cyto-
plasm before an increase in  D  Y m of the resident 
mitochondria. Prior to the resumption of meiosis 
(GV stage), gap junction-mediated communica-
tion between the oocyte and somatic cell com-
partment by means of transzonal processes 
provides a direct conduit for ATP passage into 
the oocyte. However, after their detachment and 
the disruption of gap junctions that initiates the 
resumption of meiosis, the termini of the pro-
cesses remain in close proximity to the oolemma 
 [  61  ] , and NO released from the residual processes 
may still have a suppressive in fl uence on subplas-
malemmal mitochondria until ovulation. 

 For the human, mitochondria in the subplas-
malemmal cytoplasm appear to be under the same 
regulatory in fl uences observed in the mouse  [  70  ] . 
A systematic investigation has not been under-
taken to determine if the size, degree of expan-
sion, or state of organization of the somatic cell 
compartment of the human cumulus-oocyte com-
plex is related to the occurrence and distribution 
of high  D  Y m in newly retrieved MII oocytes. 
However, there are  fi ndings that support this 
notion. MII human oocytes are observed in which 
high-potential forms are scant and discontinu-
ously distributed (arrows, Fig.  19.2h ) or all of 
low potential. Figure  19.2i  is an example of an 
MII oocyte where no detectable high-potential 
forms were observed, and in this instance, all 
eight unfertilized MII oocytes from the same 
patient (with a long history of infertility) showed 
this phenotype after conventional insemination. 
Although sperm were present within the matrix 
of the zona pellucida, what was noted as unusual 
at follicular aspiration was that the cumulus 
oophorus for each oocyte was relatively small, 
dark, and highly compact and that 16 h later, 
when denudation was done to determine fertiliza-
tion (so-called 2PN check), removal of both 
cumulus and coronal cells was unusually dif fi cult 
and, as a result, incomplete. 

 How different subplasmalemmal  D  Y m pheno-
types arise is unclear, and a few “interesting” IVF 
cases, such as the one described above, may be 
suggestive but are by no means de fi nitive. Where 
feasible, a systematic study of extrinsic factors 
that may regulate mitochondrial potential at MII 
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could offer new insights into whether mitochon-
drial activity in this domain in fl uences the molec-
ular organization and developmental competence 
of the plasma membrane. In this regard, prelimi-
nary  fi ndings suggest that the GM1 island pheno-
type (e.g., Fig.  19.1d, e ) may be associated with a 
scant population of high-potential forms. Further 
investigation should demonstrate whether a mem-
brane microdomain organization consistent with 
fertilization, which we suggest is associated with 
a dispersed and punctate GM1 distribution, is an 
energy-requiring process with ATP provided 
from the subplasmalemmal domain. The  fi nding 
that high-potential forms tend to be scarce or 
absent in the MII oocytes of women of advanced 
maternal age (>40 years) may also be related to a 
relatively scant population of GM1 lipid raft 
microdomains, as noted above (e.g., Fig.  19.1f ). 
Con fi rmation that oolemmal fertilization compe-
tence requires a circumferential domain of high-
potential mitochondria could have important 
implications in instances of unexpected fertiliza-
tion failure, particularly for women of advanced 
maternal age with long histories of infertility and 
repeated failure after conventional IVF. 

 The subplasmalemmal location of high-poten-
tial mitochondria observed for the mouse and 
human MII oocyte is also seen at the pronuclear 
stage and in blastomeres during early cleavage 
 [  18  ] . It is not until blastocyst stage that high-
polarized mitochondria are the predominant form 
detected throughout the cytoplasm but only in the 
trophectoderm; mitochondria in the inner cell 
mass (ICM) are largely characterized as low 
potential with JC1 (green  fl uorescent  [  18,   71  ] ). 
Here again, cell geometry, ambient oxygen avail-
ability, and rates of gaseous diffusion across the 
plasma membrane may play important roles in 
providing intracellular conditions permissive for 
high potential to occur in mitochondria that are 
now fully (i.e., structurally) developed with 
respect to shape, size, cristae number, and organi-
zation  [  60,   61  ] . In comparison to the ICM, tro-
phectodermal cells are highly  fl attened and with a 
greater surface area for diffusion that is increased 
signi fi cantly by a highly microvillus exoplasmic 
surface  [  61  ] . These features are typical of a high-
energy-consuming transporting epithelium, and 

the development of conditions supportive of a 
high  D  Y m in the trophectoderm is consistent with 
the function of this cell layer as a transporting epi-
thelium  [  72  ] . For example, trophectodermal mito-
chondria are in close proximity to the plasma 
membrane, while oxygen must pass through the 
trophectoderm and dissolve in the blastocoelic 
 fl uid to reach the ICM. While the precise contri-
bution to mitochondrial potential of spatial prox-
imity to the plasma membrane remains to be 
determined, in a low-ambient-oxygen environ-
ment, as likely occurs in the fallopian tube and 
uterus, an oxygen threshold for high potential 
appears to be met in the trophectoderm but not in 
the ICM. For the ICM, this changes rapidly when 
these cells are placed under conditions that sup-
port their growth as stem cells  [  57  ] . In this regard, 
an oxygen concentration threshold permissive to 
shift  D  Y m from low to high in the subplasmalem-
mal cytoplasm may be a relatively narrow one. If 
differences in cell dimension, shape, and location 
at the blastocyst stage effect  D  Y m and corre-
sponding mitochondrial functions and activity 
levels that are potential driven or dependent, they 
could contribute to an explanation of the compar-
atively lower levels of ATP generation by ICM 
cells  [  73  ] . 

 The extent to which ambient oxygen levels 
may be regulatory with respect to mitochondrial 
function in the oocyte in general and subplas-
malemmal cytoplasm in particular will require 
additional study. However, con fi rmation that such 
a regulatory relationship exists and may be 
dependent upon follicle-speci fi c intrafollicular 
oxygen tension  [  74  ] , or cumulus/coronal cell 
organization and function, could have important 
implications in the design of culture systems for 
in vitro oocyte growth and maturation or for 
embryonic development, if stage-speci fi c adjust-
ments of oxygen concentration prove to be 
bene fi cial. 

 In a developmental context, a domain of mito-
chondria in the subplasmalemmal cytoplasm that 
may be responsive to extrinsic conditions could be 
viewed as an adaptation by uniquely large and 
spherical cells that permits local regulation of crit-
ical stage-speci fi c developmental processes. The 
contribution of subplasmalemmal mitochondria to 
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net cytoplasmic ATP content is likely minimal, 
which is not unexpected considering they repre-
sent a minute portion of the total mitochondrial 
complement. However, the ability to focally upreg-
ulate ATP production in the subplasmalemmal 
cytoplasm, without altering  D  Y m globally, may 
have important developmental implications for 
membrane structure and function, as well as for 
local cytoplasmic physiologic conditions that 
could in fl uence critical signaling transduction 
pathways. For example, spatially compartmental-
ized, high-potential mitochondria may effect 
ambient free calcium, ATP, ROS levels, or cyto-
plasmic redox state that in fl uence the function of 
molecules, including those involved in signal 
transduction, whose activity is regulated by these 
cytoplasmic factors  [  12,   53,   68,   75  ] . 

 In support of this possibility are experimental 
 fi ndings that show that a transient reduction in 
 D  Y m in the subplasmalemmal cytoplasm of the 
MII mouse oocyte from high to low is inconsis-
tent with sperm penetration (but not attachment 
to the oolemma) in zona-free oocytes  [  68  ] ; how-
ever, penetration occurs after high potential is 
restored to its normal state. As noted above, mito-
chondria in the subplasmalemmal cytoplasm of 
human oocytes that remain unpenetrated after 
conventional insemination for IVF frequently 
show no high-potential forms, or J-aggregate-
positive forms that are scant or localized in small 
clusters discontinuously distributed in the sub-
plasmalemmal cytoplasm. In these instances, a 
bioenergetic de fi cit or alterations in free calcium 
levels localized to the subplasmalemmal cyto-
plasm  [  69  ]  may prevent (1) the occurrence of 
molecular activities in the oolemma that are per-
missive for the penetration of a sperm docked at 
a GM1 microdomain or possibly (2) attachment, 
if the molecular organization of the oolemma 
consistent with fertilization competence is depen-
dent upon energetic and ionic conditions in the 
subplasmalemmal cytoplasm. Con fi rmation that 
defects of this type occur and are related to fertil-
izability could go a long way in explaining the 
origins of conception failure in subgroups of 
infertile patients. 

 Loss of subplasmalemmal high-potential 
mitochondria to minor spontaneous fragmenta-

tion in early human blastomeres is often associ-
ated with an arrest of cell division or a grossly 
unequal cell divisions  [  62  ] , yet ATP levels in 
affected embryos are within those measured for 
normally developing embryos at the same stage. 
Here too, loss of high-polarized forms localized 
in the subplasmalemmal cytoplasm may have 
cell-speci fi c effects that are not directly associ-
ated with net bioenergetic status. In these 
instances, present evidence indicates that loss of 
most or a signi fi cant portion of the subplas-
malemmal domain to small fragments is not cor-
rected by replacement from the more abundant 
lower potential organelles, further indicating that 
this domain may be unique with respect to stabil-
ity and function. This interpretation is supported 
by experiments in which subplasmalemmal mito-
chondria that partitioned into small fragments 
were labeled with JC1, shown to high potential 
(JC1 red  fl uorescent), and then transferred to an 
intact blastomere(s) in the same or different 
embryo  [  63  ] . After deposition on the cell surface, 
most fragments spontaneously fused with the 
plasma membrane; their mitochondria retained 
high potential and remained during subsequent 
cell division(s), in the same subplasmalemmal 
location where they  fi rst entered the cytoplasm. 

 The above  fi ndings should not be interpreted 
to mean that the bioenergetic state of the early 
embryo is not important. Indeed, the ATP content 
of individual blastomeres does have a direct effect 
on developmental competence. Stage-speci fi c 
ATP thresholds consistent with normal cell function 
were demonstrated for normally progressing 
human embryos up to the late cleavage stages and 
for embryos in which one or more blastomeres 
arrested cytokinesis  [  65  ] . For normally progress-
ing embryos, the mitochondrial and ATP contents 
were relatively uniform between cells, but very 
different values were found in blastomeres that 
underwent asymmetric divisions or ceased to 
divide. In these instances, blastomere-speci fi c 
differences of developmental signi fi cance were 
associated with disproportionate mitochondrial 
segregation between cells at the  fi rst and second 
cleavage divisions. Unequal mitochondrial inher-
itance in blastomeres was traced to the symmetry 
of mitochondrial distribution at the pronuclear 
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stage, with different degrees of asymmetry creat-
ing corresponding differences in mitochondrial 
complement at the  fi rst and subsequent cell 
 divisions  [  65  ] . 

 ATP levels consistent with normal cell divi-
sion, arrested cell division, or, in the case of very 
low levels, cell lysis support the notion of stage-
speci fi c bioenergetic thresholds during human 
preimplantation development. Particularly rele-
vant to the outcome was the  fi nding that dispro-
portionate numerical mitochondrial segregation 
at the earliest stages of embryogenesis was not 
uncommon in human IVF. The critical clinical 
issue is whether different patterns of mitochon-
drial inheritance can be recognized noninvasively 
without the use of  fl uorescent probes. In this 
regard, advantage could be taken of mitochon-
drial auto fl uorescence at infrared frequencies, 
which has been shown to have no adverse devel-
opmental effects during the preimplantation 
stages for primate embryos  [  76  ] .  

   The Cortical/Subcortical Cytoplasm: 
Maternal-Effect Genes 

 In the MII mouse oocyte and early cleavage-
stage embryo, the subcortical cytoplasm, the 
region immediately below the subplasmalemmal 
zone described above, may be the site of regu-
latory activities that are compartmentalized in 
a stable complex of proteins and cytostructural 
elements  [  77  ] . Maternal-effect genes are transcribed 
during oogenesis, and their downstream function 
after fertilization is recognized by mutations in 
the maternal genotype that produce phenotypes 
that impair the normal progression of preimplan-
tation embryogenesis. Li et al.  [  78  ]  described 
three basic functions in which maternal-effect 
genes are likely involved during early develop-
ment: (1) molecular remodeling of the paternal 
genome (e.g., additional of maternal histones), 
(2) degradation of certain maternal polyadeny-
lated transcripts and proteins that are either no 
longer needed or replaced by embryonic forms, 
and (3) completion of zygotic genome activa-
tion. In addition to these essential activities, they 
may have roles in blastomere-speci fi c activi-

ties involved in the establishment of the inner 
cell mass and trophectoderm  [  79  ] . Maternal-
effect genes have been long postulated to exist 
in mammals, but it was not until 2000 that their 
occurrence was con fi rmed  [  80  ] . Developmental 
defects and abnormalities observed in mouse 
and attributed to null mutations in certain mater-
nal-effect genes do resemble some of the com-
monly occurring abnormal phenotypes seen 
during the in vitro culture of human embryos, 
such as cleavage arrest or numerical/organiza-
tional de fi ciencies in the trophectoderm or ICM 
 [  81,   82  ] . Human homologues of maternal-effect 
genes in the mouse have been identi fi ed,  [  81  ]  and 
defects associated with their normal expression 
are likely causes of early embryo developmen-
tal failure that could certain types of idiopathic 
infertility  [  83  ] . 

   Storage of Maternal-Effect Gene 
Products 

 The notion that maternal-effect genes have impor-
tant functions during early mammalian develop-
ment is attractive from a regulatory perspective 
when viewed in the context of ensuring that criti-
cal events and processes required during the pre-
implantation stages occur without the need for 
new transcription. Recent  fi ndings indicating that 
MEGs may be stored during oogenesis in the sub-
cortical cytoplasm in specialized cytoplasmic ele-
ments lend credence to this possibility. What 
makes these elements particularly interesting from 
a developmental biological perspective is that they 
disassemble by compaction and are largely unde-
tectable by the late morula to early blastocyst stage 
 [  84  ] , which would be consistent with a putative 
storage form of oocyte-derived factors (e.g., pro-
teins) that support preimplantation development 
prior to full activation of the embryonic genome. 
In addition to maternal-effect genes  [  85  ] , they are 
also storage sites of monomeric tubulin and ribo-
somal components  [  86–  88  ] . With regard to how 
these lattices form, Kim et al.  [  89  ]  indicated the 
involvement of the maternal-effect gene MATER 
in lattice assembly, suggesting functions during 
both oogenesis and early embryogenesis. 
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 While species-speci fi c differences in the  fi ne 
structure of the cytoplasmic lattices are observed 
between rodents, their distinct submicroscopic 
architecture in rodents is not observed in other 
mammals, including the human. Nevertheless, it 
has been suggested that a unique  fi brous network 
with similar functions is a characteristic of other 
mammalian oocytes and early embryos  [  84  ]  and 
that changes in organization during the preim-
plantation period are regulatory with respect to 
critical stage-speci fi c developmental transitions. 
For the mouse, a central role in development for 
cytoplasmic lattices is largely based on the lethal 
developmental consequences of experimental 
disruption of these elements or mutations that 
prevent their formation. In the mouse, maternal-
effect genes whose knockout phenotypes are 
developmentally lethal during the early preim-
plantation or fetal stages (e.g., FILIA, Dnmt1, 
FLOPED, MATER, TLe6) have been shown 
by immuno fl uorescence and immuno-electron 
microscopy to have a speci fi c localization in the 
subcortical cytoplasm of the mature oocyte  [  90  ] . 
Spatial compartmentalization within the ooplasm 
could be developmentally relevant if MEG func-
tions in the subcortical cytoplasm are linked to, or 
dependent upon, local changes in subplasmalem-
mal cytoplasmic physiology related to mitochon-
drial potential, bioenergetic and redox state, or 
calcium homeostasis that occur at fertilization or 
during cleavage. In this regard, Tong et al.  [  90  ]  
showed by immuno-electron microscopy that 
mitochondria were a speci fi c site of MATER 
localization in the mouse oocyte. Whether this 
 fi nding has developmental relevance for mito-
chondrial function or activity is unknown. 

 A new area of investigation into the origins of 
competence in the early human embryo could 
become apparent if regulatory molecules that are 
spatially compartmentalized in the oocyte become 
functional in response to dynamic changes in 
specialized storage platforms after fertilization. 
The most serious challenge to this notion has 
come from a recent report by Morency et al.  [  91  ] , 
who showed that the subcortical localization of 
two maternal-effect genes in the mouse, PADI6 
and MATER, was dependent upon the method of 

sample  fi xation and processing. Based on 
 variations of  fi xation and processing for 
immuno fl uorescence, the authors concluded that 
the distribution of these proteins was not spatially 
localized within the ooplasm. The potential 
importance of these  fi ndings needs to be consid-
ered in investigations seeking to relate spatial 
compartmentalization, including MEGs, with 
functional compartmentalization that could have 
localized development effects or based on distri-
bution during cleavage, cell fate determination 
 [  92  ] . This caveat should not imply that certain 
gene products do not have speci fi c addresses 
within the ooplasm or that a maternally derived 
structural complex that may serve as a storage 
site of regulatory proteins, including those 
classi fi ed as maternal effect, is an artifact. What 
it does mean is that such assignments need to be 
rigorously established. 

 Whether the malexpression of regulatory 
genes that may be of maternal origin plays a criti-
cal role in early human embryogenesis is an 
exciting possibility with respect to possible 
explanations of the variable development perfor-
mance of preimplantation embryos in the same 
cohort. If con fi rmed, follow-up studies could ask 
whether intrafollicular conditions associated with 
controlled ovarian hyperstimulation could 
in fl uence the function of inherited/stored mole-
cules, perhaps by altering bidirectional commu-
nication between the oocyte and cumulus cells 
 [  93,   94  ]  and, as a consequence, local physiologi-
cal conditions (e.g., redox potential, bioenergetic 
or ionic state, kinase activity) in the subplas-
malemmal and subcortical cytoplasm. This would 
represent new areas of investigation with respect 
to developmental competence and would be a 
departure from phenotype-driven evaluations of 
oocyte and embryo competence.   

   Future Directions 

 Certain preimplantation embryo performance char-
acteristics are common in IVF and repeatable for 
the same patient during multiple attempts. Why 
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they reoccur despite changes protocols of ovarian 
stimulation or culture is unknown. While some 
phenotypes can be positively or negatively related 
to outcome, the molecular or cellular conditions 
that may be responsible are at a very early stage of 
investigation and characterization. Current tran-
scriptional and translational microarray technology 
provides information on the relative expression lev-
els of a large number of genes, but the  fi ndings are 
presently in the “cataloging and correlating” phase. 
It remains to be seen whether this methodology 
will ultimately have suf fi cient predictive power and 
reliability to justify routine use in IVF programs as 
blastomere biopsies would be required. Even if a 
set of transcripts or proteins could be generally 
associated with competence for the embryo, simi-
lar diagnostic procedures for the oocyte would 
likely require the extraction of cytoplasm during an 
ICSI procedure with selection made some time late 
on embryos when gene expression results became 
available. Whether analysis of the secretome could 
be of bene fi t in this regard remains to be validated 
but could be of use for section if developmental 
roles for candidate secreted proteins are understood 
and their occurrence in culture medium shown to 
be a normal and consistent feature of early human 
embryogenesis. In the same respect, gene expres-
sion levels from microarray analyses of cumulus 
cells that may be predictive of developmental com-
petence for the corresponding oocyte are a promis-
ing approach  [  95  ]  that needs further validation 
before it can be considered suf fi ciently sensitive 
and reliable to justify the cost and effort for use in 
routine IVF programs. 

 Live-cell imaging with  fl uorescent probes can 
reveal the  fi ne details of plasma membrane and 
cytoplasmic organization that may be related to 
developmental competence. To date, this method 
has been shown to be an effective and informative 
tool in trying to diagnose instances of fertilization 
and early developmental failure after the fact. 
However, whether it can be used proactively for 
selective purposes is either questionable (e.g., 
mitochondrial stains) or unknown (e.g., CTB). For 
example,  fl uorescent-tagged CTB appears to be 
able to distinguish between normal and abnormal 
microdomain con fi gurations that, if applicable 

clinically, could identify oocytes for conventional 
IVF or ICSI. However, for such an application, its 
use and detection would have to be demonstrated 
to have no adverse downstream consequences for 
fertilization or embryogenesis, and the probe itself 
would have to be shown to be developmentally 
benign. A similar demonstration would have to be 
undertaken for JC1 or any other mitochondrial (or 
other organelle-speci fi c) reporter if the organiza-
tion and distribution of high-potential mitochon-
dria in the subplasmalemmal region, or cytoplasm 
in general, can indeed provide developmentally 
signi fi cant information for oocyte or embryo 
selection. While current mitochondrial probes 
may be problematic in this regard because of 
potential functional toxicity after ultraviolet illu-
mination, JC1-stained GV stage mouse oocytes 
and cleavage-stage embryos examined brie fl y 
(~5 s) by conventional epi fl uorescence illumina-
tion at reduced intensity (using neutral density 
 fi lters in the optical path) mature to MII or con-
tinue cell division, respectively (Van Blerkom, 
unpublished), indicating that continued study in 
this regard may be productive. In the same sense, 
mouse oocytes stained with CTB are fertilizable 
several hours after staining, presumably owing to 
the spontaneous turnover of GM1  [  45  ] . In addi-
tion, precedents exist in reproductive biology for 
selection with  fl uorescent stains. For example, 
insemination with X- or Y-bearing sperm stained 
with intercalating  fl uorescent DNA probes such 
as DAPI and separated by  fl uorescent-activated 
cell sorting does not appear to have any adverse 
developmental consequences, as shown by nor-
mal offspring in the bovine where this method is 
used commercially. Whether procedures can be 
developed that take advantage of the unique 
reporting properties of existing probes such as 
those noted above, or new probes can be devel-
oped that enable the organization or activity of 
cellular components to be assessed without 
adverse consequences, presents the real possibil-
ity for competence selection based upon estab-
lished cell biological criteria of normal oogenesis 
and early embryogenesis. Whether they can ulti-
mately be applicable for routine clinical IVF prac-
tice warrants further investigation.  
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   Summary 

 For nearly 35 years, IVF programs have corre-
lated oocyte morphology with fertilization, 
embryo performance in culture, and clinical out-
comes. With the exception of numerical chromo-
somal disorders that arise during preovulatory 
meiotic maturation, an understanding of how 
normal developmental competence is established 
or becomes compromised at the molecular and 
cellular levels in euploid embryos has advanced 
little. The intent of this chapter was to consider 
new  fi ndings and avenues of investigation that 
could better de fi ne and identify how develop-
mental competence in the human oocyte is 
acquired. Whether these  fi ndings could lead to 
the use of “competence biomarkers” capable of 
distinguishing between competent and develop-
mentally compromised human oocytes and 
embryos is the central question that future studies 
will determine. To this end and with respect to 
function, the organization of the oolemma, sub-
plasmalemmal, and cortical cytoplasm are con-
sidered in terms of functional compartmentalization 
of regulatory activities and molecules and the 
question of whether their developmental expres-
sion may be mutually dependent and temporally 
and spatially coordinated for successful fertiliza-
tion and embryogenesis. While some of the 
notions presented are speculative, mammalian 
oocytes and early embryos are eukaryotic cells, 
albeit with certain unique and stage-speci fi c 
properties, but would be expected to use molecu-
lar pathways and have dynamic membrane and 
cytoplasmic  organizations similar to those of 
somatic cells. As noted above, there is no a priori 
reason to suspect that defects detected in vitro are 
not also primary causes of fertilization and early 
developmental failure in vivo. It is therefore rel-
evant to investigate when and how these defects 
may arise, especially if more frequent after ovar-
ian hyperstimulation, and whether the types of 
developmental defects discussed in this chapter 
for the oocyte can be associated with follicle-
speci fi c intrafollicular conditions and biochemis-
try  [  95,   96,   97  ] . 

 It is worth repeating that while some of the 
notions discussed are tentative, they can offer 

new avenues for human oocyte and early 
research that may establish a developmental 
biological foundation for fertilization and early 
developmental defects that, while long docu-
mented empirically in clinical IVF, are not well 
understood in terms of etiology. This may be 
especially important if the state of the oolemma 
can be linked to abnormal conditions in the 
subplasmalemmal cytoplasm or re fl ective of 
defects in subcortical activities that have nega-
tive consequences for development after fertil-
ization. The most signi fi cant challenges ahead 
will be to establish whether such linkages exist 
and to determine whether  fl uorescent reporters 
used in live-cell imaging can have a place in 
clinical IVF.      
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   Introduction 

 Fertilization is the process by which the male and 
female gametes recognize each other, interact, 
and fuse to give rise to a new cell from which a 
fully formed individual will ultimately develop. 
It, therefore, represents the bridge between gen-
erations, accomplishing the functions of repro-
duction and transmission of genetic variation. 

 From a mammalian “oocentric” standpoint, 
fertilization is also a time of transition, during 
which oogenesis is  fi nally achieved with the com-
pletion of meiosis, while the journey of the newly 
formed embryo has already started through the 
fusion of the oocyte with the spermatozoon. The 
mature oocyte is at the same time the stage and 
the main actor of the performance of fertilization. 
It can in fact undergo activation, i.e., recapitulate 
many of the events of fertilization – including cor-
tical granule release, completion of meiosis, and 
formation of the female pronucleus – in the 
absence of paternal contribution. Nevertheless, 
this choreography would be largely imperfect 
without the participation of the spermatozoon. 
This chapter describes the major events occurring 
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during fertilization in human and other mamma-
lian species. In particular, sperm-oocyte interac-
tion, gamete fusion, activation events, pronuclear 
formation and development are illustrated with 
the intent to give emphasis to both physiological 
and applicative implications – i.e., in vitro fertil-
ization (IVF) for fertility treatment – of the fertil-
ization process.  

   Initial Contact: Involvement 
of Cumulus Cells in Fertilization 

 Cumulus cells have an important role in fer-
tilization in vivo. It has been shown that the 
organization of the oocyte, cumulus cells, and 
extracellular matrix is essential for successful 
fertilization in the oviduct  [  1,   2  ] . In particular, 
infertility of female mice defective for pentraxin 
synthesis, a structural constituent of the cumulus 
mass extracellular matrix, is caused by severe 
cumulus mass abnormality and inability to sup-
port oocyte fertilization in vivo, but not in vitro 
 [  3  ] . The cumulus mass functions physically to 
entrap spermatozoa and guide them to the oocyte 
 [  4,   5  ] , having a chemotactic effect probably 
mediated by chemokine signaling  [  6,   7  ] . Once 
reached the cumulus cell-oocyte complex (COC), 
spermatozoa search a passage through the extra-
cellular matrix. The disassembly of the extracel-
lular matrix, observed in vitro in the presence of 
nonphysiological excess of spermatozoa, may be 
due to sperm motility and sperm hyaluronidase 
activity  [  8  ]  or may be regulated in an autocrine 
or paracrine manner by cumulus cells. In vivo, 
only a few spermatozoa may be found around the 
oocyte at any one time, a condition that probably 
allows persistence of an intact cumulus mass for 
a relative long period of time after fertilization.  

   Sperm–Oocyte Interaction and Fusion 

 Once the spermatozoon reaches the oocyte sur-
face, the two gametes recognize, bind, and fuse 
with each other. In the 1970s, studies in inverte-
brate models suggested the concept of the exis-
tence of species-speci fi c sperm receptor(s) on the 

oocyte vestment, the zona pellucida (ZP)  [  9  ] . In 
mammals, sperm competence to recognize the 
oocyte is acquired as a consequence of a posttes-
ticular maturation process. This transformation is 
started in the epididymis where sperm mature, 
acquiring the ability to swim progressively, 
advance through the female reproductive tract, 
undergo capacitation and acrosome reaction, and 
 fi nally fertilize the oocyte  [  10  ] . 

 During capacitation, spermatozoa change their 
movement to a hyperactivated motility  [  11,   12  ] . 
At the same time, the membrane surface is exten-
sively remodeled. Of particular importance is the 
activation of the signal transduction pathway of 
sperm protein kinase A and protein kinase C  [  13–
  15  ] , making spermatozoa competent to bind the 
ZP and respond to this cell recognition event with 
the initiation of acrosome reaction. In mouse, the 
ZP is formed from three glycoproteins, ZP1, ZP2, 
and ZP3  [  16  ] . Even if the molecular mechanism 
that directs sperm-ZP binding remains controver-
sial, one of the most accepted hypotheses is that 
spermatozoa interact in a species-speci fi c man-
ner with O-linked carbohydrate ligands of ZP3 
 [  17  ] , provided that this zona protein is structur-
ally associated with ZP2  [  18  ] . In the last several 
years, a number of candidate ZP3 receptors have 
been identi fi ed. At present, the prevailing opinion 
is founded on the idea that a sperm multimeric 
complex is responsible for the interaction with 
ZP3 and that the assembly of this complex is 
mediated by chaperons that are themselves acti-
vated during capacitation  [  19–  21  ] . 

 Following sperm-ZP binding, the acrosome 
reaction is induced. The inner acrosomal mem-
brane is exposed, and enzymes, such as a serine 
protease and acrosin, are secreted permitting the 
digestion of the ZP  [  22  ] . The hyperactivated sperm 
cell can then drill through the zona pellucida with 
sequential local zona digestion and rebinding. 

 The next steps are adhesion and fusion of the 
gametes’ plasma membranes. After ZP penetra-
tion, the spermatozoon accesses the perivitelline 
space and begins to fuse with the oocyte surface 
starting from the equatorial segment, located 
between the inner acrosomal membrane and the 
plasma membrane overlying the nucleus in the 
posterior half of the sperm head  [  23  ] . Microvilli 
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present on the oocyte surface envelop the sperm 
head, preceding sperm–oocyte fusion. On the 
basis that sperm rarely fuse with mouse oocytes 
in regions of the oolemma lacking microvilli 
 [  24  ] , many studies have been undertaken to  fi nd 
binding and fusogenic molecules present on 
oocyte microvilli and the sperm equatorial seg-
ment  [  25,   26  ] . 

 Cell adhesion molecules have been proposed 
to be involved in sperm–oocyte adhesion, as they 
mediate somatic cells adhesion. In particular, a 
role has been suggested for integrins after the 
identi fi cation of an integrin ligand-like disinteg-
rin domain in fertilin  a  (alpha), fertilin  b  (beta), 
and cyritestin sperm ligands  [  27,   28  ] . 

 Fertilin  a  (alpha) (ADAM 1), fertilin  b  
(beta) (ADAM 2), and cyritestin (ADAM 3) are 
 members of the ADAM family (a disintegrin and 
 metalloproteinase domain-containing protein). 
Fertilin  b  (beta) was originally identi fi ed in the 
guinea pig as an antigen for an antibody (PH-30) 
that blocked fertilization  [  29  ] . Fertilin  a  (alpha) 
was found to form a heterodimer with fertilin  b  
 [  30  ] . In turn, cyritestin was originally identi fi ed 
in mouse  [  31  ]  and monkey  [  32  ] . Subsequently, 
all these molecules have been identi fi ed in var-
ious other rodents and primates, but functional 
fertilin  a  and cyritestin genes have not been 
identi fi ed in human  [  33  ] . ADAM proteins con-
tain a metalloproteinase domain, a disinteg-
rin-like domain, a cysteine-rich domain, an 
EGF-like repeat, and a transmembrane segment 
with a short cytoplasmic tail. Knockout mice for 
the genes of three ADAM proteins showed some 
sperm de fi ciencies in oolemma-binding activity, 
but not fusion  [  34–  37  ] . 

 Integrins are a heterodimeric protein family of 
a combination formed from 18  a  and 8  b  sub-
units  [  38  ] . They have been recognized as oolem-
mal receptors for sperm–oocyte interaction and, 
in particular, as candidates to recognize sperm 
ADAMs. 

 Some integrins are expressed on the surface of 
mouse oocytes.  a  

6
  b  

1
 -integrin was the  fi rst 

identi fi ed candidate for sperm–oocyte binding 
and fusion  [  39  ] . This integrin is also implicated 
as a receptor for fertilin  b  and cyritestin  [  39–  41  ] , 
although studies on oocytes from  a  

6
 -knockout 

mice show that  a  
6
 -expression is not required for 

fertilization  [  42  ] . 
 Another family of proteins, tetraspanins, char-

acterized by four transmembrane regions and two 
extracellular loops, are involved in cell adhesion 
and other physiological processes. These proteins 
associate in the plane of the lipid bilayer of the 
oolemma with other membrane proteins, includ-
ing integrins, immunoglobulins, proteoglycans, 
complement regulatory proteins, and growth fac-
tor receptors, forming multimolecular complexes, 
referred to as tetraspanin web  [  43  ] . In particular 
in mouse, CD9, a member of this family, is 
involved in gamete membrane interaction. In 
mouse, CD9 is localized over the entire oocyte 
surface, except the area lacking microvilli where 
sperm rarely fuse with the oocyte  [  44  ] . The same 
distribution pattern characterizes  a  

6
 -integrin. 

CD9 knockout female mice ovulate normally, 
and oocytes reach the metaphase II stage but are 
rarely fertilized. Sperm can bind to oocytes but 
gametes are generally unable to fuse either 
in vitro or in vivo  [  43–  45  ] . In addition, oocytes 
from CD9 knockout mice can be fertilized by 
ICSI and give rise to embryos that develop to 
term, while CD9 knockout females infrequently 
conceive spontaneously  [  45  ] . These observations 
suggest that CD9 may act in a cooperative fash-
ion with other molecules to facilitate sperm–oo-
cyte fusion. ZP-free oocytes treated with anti-CD9 
antibodies showed reduced levels of binding of 
sperm ligands fertilin  a , fertilin  b , and cyritestin 
 [  40,   41,   46,   47  ] . These and other data of binding 
assays suggest a role for CD9 in strengthening 
the adhesion mediated by ADAMs. 

 Members of the CRISP family (cysteine-rich 
secretory protein) are localized on sperm and are 
thought to be involved in fusion. CRISP1/DE was 
 fi rst identi fi ed in rats. It is synthesized by the 
epididymal epithelium and assembled on rat 
sperm during epididymal transit. In capacitated 
rat sperm, CRISP1/DE protein is localized in the 
equatorial segment  [  48  ]  and is implicated in gam-
ete membrane interaction. Puri fi ed CRISP1/DE 
protein binds to the entire oocyte surface, except 
the area lacking microvilli  [  49  ] . In addition, anti-
CRISP1/DE antibodies prevent sperm fusion 
with zona-free oocytes  [  50  ] . 
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 In conclusion, several studies have been car-
ried out to identify molecules involved in sperm–
oocyte interaction. Collectively, they suggest the 
presence of multimeric complexes necessary for 
interaction on both sperm and oocyte membranes. 
CD9 appears to be a key component of these 
complexes in the oocyte. In the case of sperm, 
multimeric complexes seem to be particularly 
important, as indicated by the phenotype of ferti-
lin  b  and cyritestin knockout mice. Furthermore, 
the fact that antibodies against such molecules 
cause a reduction in gamete adhesion/fusion is 
supportive of these hypotheses.  

   Block to Polyspermic Fertilization 

 Mammalian oocytes display different strategies 
to prevent polyspermic fertilization (polyspermy) 
and avoid the formation of nonviable polyploid 
embryos. 

 These blocks occur at the level of the plasma 
membrane and the zona pellucida. In nonmammals 
(such as sea urchins and frogs), a rapid (30–60 s) 
and transient depolarization of the plasma  membrane 
potential is responsible for the membrane block 
(referred to as “fast block”)  [  51  ] . On the contrary, in 
some mammalian species, the membrane block is 
established approximately 1–2 h after insemination 
 [  52–  55  ]  and is not generated by a change in oolemma 
electrical polarization  [  51  ] . Rather, inhibition of 
sperm–oocyte fusion may be dependent on a reduc-
tion in sperm adhesion to the oocyte plasma mem-
brane or a detachment after brief or weak adhesion 
 [  53,   56–  58  ] . There is evidence that changes in the 
organization of membrane lipids occur after fertil-
ization  [  59  ]  and also that  fl uidity of membrane pro-
teins changes  [  60  ] , so that molecular differences are 
present between fertilized and unfertilized oocytes. 
The use of an intracellular Ca 2+  chelator has shown 
that if postpenetration Ca 2+  signaling (see below) is 
gradually attenuated, oocytes are increasingly fertil-
ized by more sperm  [  61  ] , suggesting that the 
oolemma does not become receptive to sperm 
according to an all-or-none reaction, but rather that 
the membrane block is a graded response. 

 The main system assuring prevention of 
polyspermy in mammals involves the exocytosis 

of cortical granules (CGs) from the cortex of the 
oocyte. CGs fuse with the overlying oolemma 
and release their contents of enzymes into the 
perivitelline space (an event referred to as corti-
cal reaction). During the cortical reaction, glyco-
protein ZP2 is cleaved by a protease, while 
 b -hexosaminidase B digests the oligosaccharide 
receptor on glycoprotein ZP3, so that sperm can-
not bind to the zona for the absence of a receptor 
 [  61  ] . Furthermore, ZP tyrosine residues are cross-
linked preventing proteolytic cleavage. In such a 
way, sperm penetration is hampered.  

   The Key Role of Calcium Oscillations 
in Fertilization 

 At the intracellular level, Ca 2+  ions mediate fun-
damental processes in various cell types. Reports 
in the sea urchin  Arbacia lixula  consistent with 
an involvement of Ca 2+  in fertilization date back 
as early as the 1930s  [  62  ] , but the concept that 
this element was a universal signal for triggering 
oocyte activation emerged decisively only in the 
1970s  [  63  ] . Initially in  fi sh  [  64  ]  and sea urchin 
 [  65  ] , a release of Ca 2+  able to promote activation 
after sperm-egg fusion was observed as a single 
and transient increase in cytosolic-free ions, 
crossing the ooplasm and lasting for several min-
utes. In mammals, Ca 2+  changes at fertilization 
unfold in a different fashion, taking the form of a 
series of low-frequency, high-amplitude oscilla-
tions lasting for hours after sperm penetration 
 [  66  ] . Understanding how and why these oscilla-
tions are generated is crucial to appreciate the 
contribution of the spermatozoon to fertilization 
and pre- and postimplantation development. 

 Several lines of evidence suggest that Ca 2+  
oscillations are generated by release of stores of 
this ion stockpiled in the smooth endoplasmic 
reticulum. In particular, at the membrane level of 
this organelle, the inositol trisphosphate (InsP3) 
receptor appears to be centrally involved in such a 
mechanism, by binding its ligand and acting as a 
release channel for Ca 2+   [  67  ] . In fact, blockage of 
the binding ability of this receptor with a speci fi c 
antibody  [  68  ]  or downregulation of its expression 
 [  69  ]  prevents the generation of Ca 2+  oscillations in 
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hamster and mouse oocytes, respectively, exposed 
to sperm. The same effect can be obtained in 
mouse by inhibiting the receptor expression 
through injection of siRNA  [  70  ] . The critical 
involvement of the InsP3 receptor implies an 
increased phosphoinositide metabolism and InsP3 
generation. This has been shown to occur in sea 
urchin  [  71  ]  and frog eggs  [  72  ] . In mammals, tech-
nical constraints have prevented direct measure-
ment of InsP3, but the fact that fertilization causes 
downregulation of the InsP3 receptor is consistent 
with a mechanism in which sperm penetration 
generates a rise in InsP3  [  69  ] . Although several 
hypotheses have been formulated on how a Ca 2+  
response is orchestrated by the oocyte at fertiliza-
tion, it seems now clear that after gamete fusion 
the initial trigger for Ca 2+  oscillations is provided 
by a factor delivered and released by the spermato-
zoon. The original clue was the  fi nding that the 
injection of soluble sperm extracts was able to 
induce Ca 2+  oscillations in hamster oocytes  [  73  ] . 
Moreover, a factor derived from mouse sperm was 
shown to cause oscillations in free Ca 2+  by induc-
ing the InsP3 pathway  [  74  ] . The nature of this 
factor(s) remained elusive for years, but it is cur-
rently accepted that it corresponds to a novel form 
of phospholipase C, described as PLC z , described 
for the  fi rst time less than a decade ago  [  75  ] . Sperm 
extracts immunodepleted of this activity are unable 
to induce Ca 2+  oscillations in oocytes  [  76  ] . A phys-
iological role for PLC z  (zeta) is suggested also by 
the fact that the amount required to stimulate Ca 2+  
oscillations in microinjected mouse oocytes is 
comparable to the quantity presumably contained 
in a single sperm  [  77  ] . 

 The discovery of PLC z  (zeta) has been a mile-
stone in the understanding of the involvement of 
Ca 2+  in fertilization, but other aspects remain only 
partially explained. The question of how PLC z  
can generate an oscillatory phenomenon is critical 
in this respect. Repetitive release of Ca 2+  from the 
smooth endoplasmic reticulum might be associ-
ated to the activity of the InsP3 receptor. It has 
been proposed that, in the course of a single oscil-
latory event occurring in mammalian oocytes, the 
Ca 2+  releasing activity of the receptor is initially 
stimulated by a stable increase in InsP3 and inhib-
ited in a successive phase by a negative feedback 

mechanism elicited by the same Ca 2+ . This model 
can explain why a single injection of InsP3 can 
induce Ca 2+  oscillations in unfertilized mouse 
oocytes  [  78  ] . However, a particular characteristic 
of PLC z  suggests that, during fertilization, Ca 2+  
dynamics may also depend on another mecha-
nism. Contrary to other PLCs, PLC z  is in fact pro-
moted by very low concentrations of Ca 2+   [  79  ] . 
After gamete fusion, resting concentrations of 
Ca 2+  in oocytes are probably suf fi cient to stimu-
late an increase in PLC z  activity and, as a conse-
quence, cause a rise in InsP3 concentration. The 
following release of Ca 2+  is then anticipated to 
enhance further this mechanism. These two mod-
els based on InsP3 and PLC z  are not mutually 
exclusive and together could explain the observed 
oscillatory changes in Ca 2+ . In fact, the positive 
feedback mechanism based on the sensitivity of 
PLC z  to Ca 2+  could account for the initial Ca 2+  
rise, while the negative feedback action of Ca 2+  on 
the InsP3 receptor could be responsible for reset-
ting the ion concentration to resting levels. 

 The diverse events that concur to the fertilization 
process are triggered by different intensities of the 
oscillatory stimulus. For example, a single transient 
may be suf fi cient to induce meiotic resumption, 
while repeated oscillations are required to cause a 
decrease in kinase activities that regulate the cell 
cycle  [  80,   81  ] . This implies that, irrespective of the 
apparatus that governs Ca 2+  dynamics, a down-
stream biochemical interface is needed for translat-
ing the digital language of Ca 2+  oscillation patterns 
in precise instructions, expressed in an analogue 
form, to the terminal effectors. Although calmodu-
lin-dependent kinase II (CaMKII) and protein 
kinase C (PKC) have been proposed as possible 
decoders  [  82,   83  ] , the way by which Ca 2+  oscilla-
tions are  fi nely interpreted by the fertilization 
machinery remains unexplained. It is interesting to 
note that in mouse oocytes, while a single release or 
short sequences of Ca 2+  oscillation are insuf fi cient 
to trigger full activation, more prolonged series of 
Ca 2+  transients are much more ef fi cient in eliciting 
responses associated to fertilization  [  84  ] . The ques-
tion then arises on the signi fi cance of mechanisms 
that generate and decrypt Ca 2+  oscillations in mam-
mals, unlike other organisms. Studies in rodent par-
thenogenetic embryos and fetuses offer a possible 
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answer to this matter. In mouse blastocysts devel-
oped from activated eggs, the relative abundance of 
cells of the inner cell mass and trophectoderm 
appears to be in fl uenced by the duration of exposure 
to Sr 2+ , an agent which causes Ca 2+  oscillations  [  85  ] . 
Furthermore, the pattern of Ca 2+  oscillations by 
which activation is experimentally obtained in rab-
bit oocytes has been shown to in fl uence the growth 
and morphology of the ensuing parthenogenetic 
fetuses  [  86,   87  ] . Therefore, although the most obvi-
ous reason for the occurrence of Ca 2+  oscillations at 
fertilization lies in the necessity to coordinate the 
activation events, the dynamics of Ca 2+  may play a 
role well beyond fertilization, extending over much 
later stages of development.  

   Metaphase II Arrest and Meiotic 
Resumption 

 Achievement of meiotic maturation requires a 
modi fi ed cell cycle mechanism, by which two con-
secutive chromosome segregation events occur 
without an intervening phase of DNA replication. 
Although detailed description of regulation of 
meiosis is given elsewhere in this book (see Chap. 
  13    ), the present paragraph offers some basic ele-
ments on the same subject in the context of the 
fertilization process. 

 In mammals, meiosis is initiated already in 
the fetal life but is arrested at the prophase stage 
shortly afterward. The process is reinitiated only 
at the time of ovulation, with the consequence 
that human oocytes can remain in meiotic pro-
phase arrest for up to four decades. Luteinizing 
hormone (LH) surge at ovulation produces a sig-
naling cascade that ultimately promotes meiotic 
resumption and progression to metaphase II. 
This effect is mediated by a characteristic dynam-
ics of a key cell cycle regulator, the kinase activ-
ity M-phase-promoting factor (MPF), whose 
constituents are Cdc2 (referred to also as cyclin-
dependent protein kinase 1/CDK1) and cyclin 
B1. At the GV stage, MPF activity is low. Its 
increase prompted by the ovulatory stimulus 
causes meiotic resumption (signi fi ed by GV 
breakdown) and entry into meiosis I (MI). At the 
transition between MI and meiosis II (MII), 

cyclin B1 undergoes only limited degradation, 
which coincides with a partial and brief reduc-
tion in MPF activity. This determines that entry 
into interphase and chromosome duplication are 
prevented, so that haploid oocytes can be ulti-
mately generated. Exit from MI and extrusion of 
the  fi rst polar body is therefore followed by 
direct entry into metaphase II, after further syn-
thesis of cyclin B1 and reestablishment of high 
MPF activity. At the metaphase II stage, the 
oocyte can pause for several hours waiting for 
the sperm  [  88,   89  ] . Metaphase II arrest is made 
possible by maintenance of high MPF levels. 
MPF activity tends to decay rapidly, a reason 
why in somatic cell it can be detected only tran-
siently (30–40 min) during the M phase  [  90  ] . In 
fact, a soon as metaphase II is attained, cyclin B1 
is usually subjected to ubiquitination by the ana-
phase-promoting complex/cyclosome (APC/C) 
and proteasome degradation. Instead, in oocytes 
that have extruded the  fi rst polar body, MPF is 
stabilized for a much longer period of time to 
prevent exit from metaphase II. The nature of the 
regulatory element responsible for MPF stabili-
zation, referred to as cytostatic factor (CSF), has 
remained elusive for decades, but evidence 
gained in the last few years has shed new light on 
its molecular identity. Originally in the early 
1970s  [  91  ] , CSF was functionally described as 
an activity meeting some key criteria including 
(a) appearance and steady increase peaking at 
metaphase II during maturation, (b) ability to 
induce M-phase arrest in blastomeres upon injec-
tion, and (c) inactivation following augmented 
levels of intracellular Ca 2+  that occur at fertiliza-
tion. Studies conducted mainly in  Xenopus  over 
the subsequent 20 years established that CSF 
could coincide biochemically with a pathway 
including Mos, MAPK/extracellular signal-reg-
ulated kinase (MEK), mitogen-activated protein 
kinase (MAPK), and ribosomal S6 kinase (Rsk) 
 [  88  ] . However, how the Mos pathway could ulti-
mately inhibit the activity of APC/C and thereby 
prevent ubiquitination and degradation of cyclin 
B1 was unclear for another decade. More recent 
evidence has suggested that endogenous meiotic 
inhibitor 2 (Emi2) is the missing link between 
the Mos-MAPK pathway and APC/C  [  92–  94  ] . 

http://dx.doi.org/10.1007/978-0-85729-826-3_13
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Emi2 is targeted by both Cdc2-cyclin B1 and the 
Mos-MAPK pathway. Emi2 phosphorylation by 
Cdc2-cyclin B causes the dissociation of the 
Emi2-APC/C complex  [  95  ] . The free form of 
APC/C is active and could induce exit from 
metaphase II. This effect is antagonized by the 
Mos-MAPK pathway, which promotes Emi2 
dephosphorylation, reconstitution of the Emi2-
APC/C complex, and APC/C inhibition  [  96  ] . In 
this regulatory network, it is important to note 
how a rise in intracellular Ca 2+  can in fl uence 
Emi2 activity and, by this means, promote mei-
otic resumption. In fact, upon fertilization, acti-
vation of CamKII by Ca 2+  transients causes a 
regulatory cascade involving a series of Emi2 
modi fi cations including phosphorylation, forma-
tion of a complex with Plx-1, ubiquitination, and 
ultimately degradation  [  97  ] . In this manner, 
APC/C can be converted in the active form and 
drive exit from metaphase II. Future studies will 
clarify whether this model is also applicable to 
mammalian species.  

   Centrosome Origin and Formation 
in the Fertilized Egg 

 Following completion of oocyte meiosis with the 
extrusion of the second polar body (PBII), the 
haploid maternal and paternal chromosome com-
plements become organized in their respective 
pronuclear structures. At the beginning of their 
life cycles, pronuclei are usually distant from 
each other. Therefore, on a cell scale, they need 
to sustain a potentially long journey before they 
can make contact in the innermost part of the 
oocyte and share their chromosomal contents 
upon breakdown of pronuclear envelopes. This 
translocation is carried out and directed by an 
aster of microtubules originating from a single 
centrosome that acts as an organizing center for 
microtubules. 

 Differences exist among mammals, but gener-
ally the centrosome of the fertilized egg includes 
a centriole of paternal origin and pericentriolar 
material (PCM) of maternal derivation  [  98  ] . 
Exception to this rule is the mouse in which the 
spermatozoon does not contribute a centriole and 

the centrosome is entirely maternally derived 
 [  99  ] . The dual origin of the centrosome observed 
in the fertilized egg of most species re fl ects the 
history of this organelle in oocytes and spermato-
zoa during gametogenesis. Early during oogene-
sis, the two centrioles are lost while centrosomal 
proteins are retained  [  100  ] . Acentriolar cen-
trosomes are characteristically found at the poles 
of the metaphase I (MI) and metaphase II (MII) 
spindles during oocyte meiosis  [  101,   102  ] . These 
centrosomes include proteins, e.g.,  g -tubulin and 
nuclear mitotic apparatus (NuMA) protein, found 
in the more canonical centriolar centrosomes of 
the mitotic apparatus. Centrosomal proteins are 
also dispersed in the ooplasm. They are not easily 
detectable, but may be observed as aggregates of 
increasingly larger size in response to pH and 
intracellular Ca 2+  changes or stimuli that cause 
oocyte activation  [  103  ] . A different picture char-
acterizes mature sperm, in which most pericen-
triolar material has been shed while the two 
centrioles, termed proximal and distal, have been 
retained  [  104  ] . The proximal centriole, adjacent 
to the basal plate of the sperm head, is distin-
guished by nine triplets of microtubules  [  105  ]  
and some pericentriolar proteins, including  g -tu-
bulin  [  106  ] . This is the sperm centriole that will 
exclusively contribute to the constitution of the 
centrosome of the fertilized egg, upon fusion of 
the two gametes  [  98  ] . The distal centriole, posi-
tioned perpendicularly to the proximal centriole 
and coaxially to the sperm  fl agellum, is regarded 
as a degenerated structure because it does not 
show an intact nine-triplet organization, typical 
of normal centrioles  [  105  ] . It also includes 
appendages, whose function is still little under-
stood, that are normally found connected to the 
mother centriole of mitotic centrosomes  [  107  ] . 

 Once the fertilizing spermatozoon has been 
incorporated into the oocyte, maternal and pater-
nal constituents cooperate for the assembly of the 
zygotic centrosome. Complementary contribution 
from both parents after selective reduction/
modi fi cation of centrosomal components during 
gametogenesis probably responds to the need to 
avoid the presence of two complete centrosomes 
at the time of gamete fusion, an event that would 
lead to tetrapolar spindles during the  fi rst mitosis 
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and disruption of chromosome segregation in the 
two daughter blastomeres. Following gamete 
fusion, an early step in centrosome formation is 
the proteasome-mediated detachment of the sperm 
proximal centriole from the distal centriole  [  108  ] . 
Proteasome activity at the centrosomal level 
appears critical because its inhibition has been 
shown to be associated with abnormal aster for-
mation. Once released, the paternal proximal cen-
triole represents the nucleating force of the rising 
centrosome. Although some  g -tubulin of paternal 
origin is associated to the sperm centriole, in the 
fully formed centrosome, most of this protein is 
recruited from a diffused ooplasmic reservoir 
 [  109  ] . The amount of maternal  g -tubulin that pro-
gressively organizes around the paternal centriole 
is crucial for centrosomal function, because it 
determines the size and function of the microtu-
bular aster that drives pronuclear relocation  [  101, 
  110  ] . The aster is formed from microtubuli 
anchored with their minus ends to the centrosome, 
while their plus ends progressively grow and radi-
ate to distal ooplasmic locations to make contact 
with pronuclei. In this fashion, the cytoskeletal 
network that allows the essential process of pro-
nuclear repositioning is generated. However, cen-
trosomal and aster function embraces other 
aspects of fertilization. The nucleating capacity 
of the centrosome and the plasticity of the aster, 
together with associated motor proteins, repre-
sent a logistic infrastructure by which organelles 
(e.g., mitochondria) and macromolecules are dis-
placed, reassorted, and regulated. An example of 
that is the centrosomal protein PMC1 and associ-
ated factors, such as centrin and pericentrin, 
which are recruited from distal locations, con-
veyed along microtubules through a dynein-
mediated mechanism, and concentrated in the 
pericentriolar compartment where they partici-
pate in the recruitment of  g -tubulin  [  111  ] .  

   Pronuclear Formation, Migration, 
and Breakdown 

 Pronuclear formation and development is the cru-
cial process during fertilization by which the 
parental chromosome complements merge and 
give rise to the zygotic genome. Pronuclei are 

formed shortly after gamete fusion. They grow, 
migrate, and juxtapose over several hours and 
undergo breakdown immediately before the  fi rst 
cell cleavage. The entire process has been 
observed in detail in human, initially by conven-
tional microscopy  [  112  ]  and more recently by 
time-lapse microscopy  [  113  ] . Perturbations in 
time or space of the unfolding of these highly 
regulated steps are often diagnostic of develop-
mental failure  [  114  ] . 

 Before pronuclear formation, the maternal and 
paternal chromosome sets follow different paths. 
In the mature oocyte, the meiotic process is 
arrested at the metaphase stage of the second 
division. Activation induced by the spermatozoon 
prompts resumption of meiosis, separation of 
bivalents, and elimination of one array of chro-
matids through the extrusion of the PBII. This 
sets the stage for the formation of the female pro-
nucleus. Chromatids, while still localized near 
the point of emission of the PBII, establish con-
tact individually or in groups with membranes 
probably derived from the Golgi apparatus and 
become progressively incorporated into vesicles. 
Immediately after their assembly, these vesicles 
coalesce to form the female pronucleus. The pre-
liminaries of male pronuclear formation are dif-
ferent. The DNA of the fertilizing sperm is in fact 
associated with protamines, proteins rich in lysine 
and arginine required for tight chromatin packag-
ing in the sperm head. Protamines must be 
removed and replaced by histones before the 
male pronucleus may be formed  [  115  ] . Studies 
performed with leftover material derived from 
IVF treatments have described in detail the 
dynamics of male pronuclear formation in human 
 [  112  ] . Immediately after incorporation into the 
oocyte cytoplasm, the sperm head undergoes a 
phase of decondensation occurring progressively 
according to an anterior-posterior axis and sig-
naled by decrease in opacity and loss of de fi nition 
of its outline. These two changes in the sperm 
head are followed by swelling of the chromatin 
mass whose projected area increases sevenfold in 
about 60 min. During these steps, it is presumed 
that disulphide bonds linking sperm proteins are 
reduced, protamines are shed, and chromatin is 
decondensed in a more relaxed conformation. After-
 ward, the mass of the decondensed  chromatin 
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regresses to form a rounded shape, decreasing to 
a size that however remains larger than one of the 
original sperm head. This phase of re-condensa-
tion is caused by packaging of the sperm DNA 
with maternal histones and occurs in a time frame 
of 40–60 min. The re-condensed sperm head then 
undergoes a second wave of expansion accompa-
nied by appearance of a distinct outline. In the 
following 30–60 min, numerous small masses of 
sperm chromatin appear as nucleolar precursors. 
In such a way, the male pronucleus is formed. 

 Studies in the rhesus monkey suggest that the 
application of intracytoplasmic sperm injection 
(ICSI) to achieve fertilization may affect the pro-
cess of sperm head decondensation  [  116,   117  ] . In 
fact, when a spermatozoon is microinjected into 
an oocyte, in some cases the condensation of the 
apical (acrosomal) part of the sperm head is 
delayed, perhaps as an effect of partial persistence 
of the acrosomal cap, which vice versa is com-
pletely shed during standard IVF before the sper-
matozoon penetrates through the zona pellucida. 
A delay in the disassembly of the acrosomal cap 
and the underlying perinuclear theca might have 
signi fi cant implications for the remodeling of 
paternal chromatin. In particular, it might cause a 
lag in processing of apical chromatin during pro-
nuclear formation, an area where the X chromo-
some chromatin is preferentially located  [  118, 
  119  ] . Together, these factors might interact and 
ultimately play a role in the generation of a small 
increase in sex chromosome aneuploidies 
detected in children born from ICSI treatments 
 [  120  ] . In microinjected rhesus oocytes, in which 
delayed chromatin decondensation is observed, 
formation of the zygotic centrosome and the 
microtubular aster is unaffected either structur-
ally or temporally  [  116  ] , a sign that during pro-
nuclear formation the male chromatin does not 
regulate the egg cytoskeleton. This is consistent 
with the observation that aster formation is 
noticed also in oocytes in which the sperm head 
fails to decondense completely  [  121  ] . 

 In human, in general male and female pro-
nuclei are formed almost synchronously. In 
standard IVF, early observation of pronuclear 
formation is prevented by presence of cumulus 
cells surrounding the egg, but after ICSI – case 
in which cumulus cells are removed – pronuclei 

become visible as early as 3 h postinsemina-
tion (p.i.). More commonly, they may be  fi rst 
observed between 4 and 7 h p.i., while formation 
delayed to beyond 10 h p.i. is highly likely to 
be associated with developmental failure. Time-
lapse microscopy has had a fundamental role in 
determining pronuclear dynamics  [  113  ] . Usually, 
the two pronuclei are formed at different loca-
tions in the fertilized egg. The female pronucleus 
emerges invariably next to the site where the PBII 
is extruded, while formation of the male pronu-
cleus can occur anywhere, depending on the site 
where gamete fusion has occurred or the sper-
matozoon has been deposited after microinjec-
tion. In mouse, sperm penetration is inhibited in 
the area surrounding the point of emission of the 
PBII. Therefore, the male pronucleus is always 
formed at a signi fi cant distance from the female 
pronucleus. In human, pronuclear formation is 
accompanied by a still poorly understood cyto-
plasmic phenomenon described as circular waves 
of subcortical contractions, occurring 2–10 times 
with a periodicity of 20–50 min  [  113  ] . Another 
cytoplasmic event, referred to as cytoplasmic 
 fl are and concomitant with pronuclear forma-
tion, is the propagation across the cell of a single 
wave of contraction  [  113  ] . Considering that this 
wave usually originates from the site of appear-
ance of the male pronucleus, it is tempting to 
speculate that it represents a manifestation of the 
radiation of the sperm aster. Once pronuclei are 
formed, they are displaced by cytoskeletal forces 
to establish mutual contact (Fig.  20.1 ). In par-
ticular, the female pronucleus is drawn toward 
the male counterpart. This phase, occurring in 
most cases between 6 and 9 h p.i., is crucial. In 
fact, fertilized eggs that fail to assist pronuclear 
juxtaposition (Fig.  20.2 ) are destined to develop 
into embryos affected by massive blastomere 
fragmentation and early developmental arrest 
 [  122,   123  ] . Pronuclei may juxtapose while they 
are still positioned eccentrically and only subse-
quently be transported to a central or paracentral 
position. Alternatively, they are moved inde-
pendently, from separate peripheral positions 
to the center, where they  fi nally make contact. 
Peripheral displacement of pronuclei after their 
initial central localization is also predictive of 
developmental failure (Fig.  20.3 ). During the 
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phases of transportation and juxtaposition, pro-
nuclei increase in size. The diameter of the male 
pronucleus changes from approximately 16  m  to 
over 24  m (mu)m, while the female pronucleus 
reaches a size of about 22  m m at the end of the 
growth phase.    

 Chromatin also rearranges during pronu-
clear development. In both pronuclei, initially it 
becomes visible as small masses that subsequently 
aggregate in nucleoli. Nucleoli are continuously 

motile while undergoing partial coalescence and 
alignment along the edge of the nuclear envelope 
where pronuclei juxtapose. It has been suggested 
that chromatin organization at such an early stage 
of development may be predictive of embryo 
viability. In particular, at the time of fertilization 
check during a human IVF procedure (16–18 h 
p.i.), it appears that embryos with higher chances 
of establishing a pregnancy are characterized by 
nucleolar alignment along the juxtaposition area 

a b

c

  Fig. 20.1    Human fertilized egg showing juxtaposed 
 pronuclei in which chromatin is organized in four to seven 
nucleoli aligned along the pronuclear contact area ( a ). 

This organization, which is normally maintained during 
the later stage during fertilization ( b ), is suggestive of 
higher implantation ability of the ensuing embryo ( c )       
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of the two pronuclei and a number of nucleoli 
comprised between four and seven in both pro-
nuclei (Fig.  20.1 )  [  114  ] . Several studies seem to 
con fi rm the developmental signi fi cance of nucle-
olar organization  [  122,   124  ] , although the under-
lying biology remains elusive. 

 Pronuclear and nucleolar development are 
extensive and active processes requiring extraor-
dinary mechanical and energetic support from 
the egg. This justi fi es the massive organelle rear-

rangement that accompanies pronuclear migra-
tion from the periphery to the center. In particular, 
the entire population of mitochondria is reas-
serted, driven by movements that are believed to 
be under the control of dynein molecules shifting 
on tracks of microtubules  [  125  ] . These organelles, 
which provide the major ATP energy source for 
mechanical and biochemical processes, may be 
found aggregated in clusters of various sizes 
throughout the cytoplasm in mature unfertilized 

a b

c

  Fig. 20.2    Human fertilized egg in which the process 
of pronuclear juxtaposition failed. Pronuclei initially 
 juxtaposed ( a ), but separated afterward ( b ). The  fi rst 

cleavage generated two blastomeres of different sizes 
( c ), a phenomenon associated with poor developmental 
competence       
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oocytes of the rhesus monkey  [  126  ] . With the 
onset of fertilization, they are progressively relo-
cated toward more central positions forming two 
distinct masses of accumulation along either side 
of the surface of pronuclear juxtaposition. This 
arrangement seems to have a developmental 
signi fi cance because in its absence extensive 
blastomere fragmentation has been observed after 
the 8-cell stage of the ensuing embryo. 
Mitochondrial accumulation around the pronu-
clei has been observed also in the human fertil-
ized egg  [  127  ] . Other organelles, such as tubuli 

and cisternae of the endoplasmic reticulum, are 
rearranged in a similar fashion, with the effect 
that starting from 8 to 10 h p.i., the cortical 
domain, left relatively deprived of subcellular 
structures, appears as a thinner cytoplasmic halo 
under conventional microscopic observation 
 [  124  ] . Likewise pronuclear position and nucleo-
lar arrangement, formation of a cytoplasmic halo 
has been proposed to be predictive of higher 
implantation potential. As fertilization pro-
gresses, the egg also undergoes a signi fi cant 
overall contraction corresponding to a decrease 

a b

c

  Fig. 20.3    Human fertilized egg. Pronuclei were initially localized in a central position ( a ), but were subsequently 
displaced to the cortex ( b ), The resulting two-cell embryo was affected by very severe fragmentation ( c )       
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in diameter of 5–10  m m  [  113  ] . This massive phe-
nomenon is not well understood but might be 
generated by the same mechanisms that control 
centripetal organelle displacement. 

 Pronuclear juxtaposition/relocation in central 
position, formation of the cortical halo, and con-
traction of the cortex are followed by an appar-
ently uneventful phase lasting several hours in 
which movement of nucleoli is the only obvious 
manifestation of cellular activity under light 
microscopy observation. In reality, as early as 
8–10 h p.i., chromosomal DNA starts to dupli-
cate. The S phase of the fertilized eggs extends 
over 4–7 h and is usually completed by 14–17 h 
p.i.  [  128  ] . At the end of this phase, the 2 n /4C 
DNA content is established in preparation for the 
 fi rst cleavage. The timing of DNA synthesis has 
practical implications with respect to the practice 
of zygote cryopreservation in human IVF. 
Irrespective of whether controlled rate freezing 
of vitri fi cation is applied, during cryopreserva-
tion the fertilized egg is subjected to massive 
physical and biochemical stress that could affect 
DNA integrity in a phase of synthesis in which 
this macromolecule is particularly vulnerable. 
Therefore, cryopreservation should be postponed 
at around 20 h p.i., at a time when DNA duplica-
tion has been completed. 

 Once DNA duplication has been achieved, 
the fertilized egg is equipped to deliver two 
equivalent sets of chromosomes to each of the 
blastomere of the 2-cell embryo. This requires 
simultaneous breakdown of pronuclei in order 
for chromosomes to be released in the cyto-
plasmic compartment and pooled together in a 
single set. Pronuclear breakdown usually occurs 
at around 23–25 h p.i., but its time range is 
included between 19 and 35 h p.i.  [  129  ] . Two to 
three hours before the breakdown of pronuclei, 
the cortical cytoplasm undergoes a short event 
of contraction that accompanies the disappear-
ance of the cortical halo. This might signify a 
redistribution of mitochondria, endoplasmic 
reticulum, and other organelles. Once in direct 
contact with the cytoplasmic environment, chro-
mosomes are progressively recruited onto the 
mitotic spindle that meanwhile is assembled in a 
central position.  

   The Final Act of Fertilization 

 Fertilization is concluded by the  fi rst mitotic 
division. Geometrically directed by the central 
position of the mitotic spindle, the cleavage 
furrow divides the zygote cytoplasm into two 
blastomeres of equal size. Observations in 
human suggest that timing, geometry, and reg-
ularity of the  fi rst cleavage are indicative of the 
destiny of the ensuing embryo. In human IVF, 
early timing of the  fi rst cleavage appears to be 
positively associated with implantation ability. 
In 1997 for the  fi rst time, in a retrospective 
study, a higher pregnancy rate was reported in 
transfers whose embryos underwent the  fi rst 
cleavage by 25 h postinsemination  [  130  ] . The 
existence of a positive association between 
early cleavage and implantation ability was 
subsequently con fi rmed by a number of studies 
 [  131–  133  ] . The recent introduction in routine 
clinical embryology of time-lapse microscopy 
(TLM) has opened entirely new opportunities 
to interpret the signi fi cance of embryo develop-
mental morphokinetics, allowing monitoring at 
short intervals (2–20 min) rather than very few 
observations at  fi xed time points. It has been 
reported that, together with other parameters, 
the duration of the  fi rst cytokinesis is predictive 
of embryo developmental ability  [  134  ] . In par-
ticular, embryos that develop to blastocyst per-
form the cleavage process within a precise time 
interval (14.3 ± 6.0 min). In addition, embryos 
able to reach the blastocyst stage start and 
 fi nish the  fi rst cytokinesis in a smooth, con-
trolled fashion. On the contrary, in embryos 
destined to cleavage arrest, the  fi rst cytokinesis 
occurs over a long period of time, and the cleav-
age furrow is accompanied by extensive mem-
brane instability. Meseguer et al.  [  129  ]  have 
also adopted TLM to predict embryo implanta-
tion ability, concluding that in embryos with 
higher implantation ability, the  fi rst cleavage 
occurs between 24.3 and 27.9 h p.i. and daugh-
ter blastomeres are comparable in size. 
Therefore, it appears that the  fi rst cleavage, i.e., 
the  fi nal act of fertilization, is already to some 
extent informative of embryo developmental 
ability.  



302 G. Coticchio and F. Brambillasca

   Conclusions 

 Fertilization joins the  fi nal phases of the 
oocyte life with the  fi rst steps of the journey of 
a newly formed individual. The oocyte is 
therefore central to the process of reproduc-
tion. However, the role of the male gamete is 
crucial, not only to restore biparental diploidy. 
In fact, the paternal-derived PLC z  and centri-
ole provide biochemical and cytoskeletal cues 
that orchestrate distinct fertilization events, 
such as meiotic resumption and pronuclear 
formation and migration. In such a way, the 
legacies of the female and male gametes lay 
the foundations for successful development.      
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  Abstract 

 Fertilization failures diminish the number of zygotes available for fertility 
treatment. When considering the potential etiologies of fertilization fail-
ures, oocyte determinants merit careful attention. Multiple oocyte-borne 
defects may hinder successful fertilization. The list of cellular and molec-
ular components that render an oocyte competent for fertilization is grow-
ing, among which are the meiotic spindle and chromosomes, organelles, a 
calcium response machinery, structural and accessory proteins, a redox 
state, bioenergetic stores, and signaling or regulatory proteins. Speci fi c 
instances are presented, along with the timing of when during develop-
ment the oocyte progressively acquires these elements, which together 
endow the oocyte with full fertilization potential. Key changes in the fer-
tilization potential of the oocyte occur within the con fi nes of the develop-
ing follicle, and under the in fl uence of its components. The developmental 
transitions that are relevant include: oocyte growth, pre-maturation, matu-
ration, post-maturation; together, these transitions lead up to a window of 
maximal fertilizability that is followed by post-ovulatory aging. Along 
with basic studies, a careful evaluation of failed to fertilize oocytes has 
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      Fertilization Failures 

 Despite the improvement of in vitro fertilization 
techniques in the last years, fertilization failure 
or suboptimal fertilization rates are a recurrent 
phenomenon that has been historically mainly 
explained in terms of oocyte’s chromosomal 
abnormalities. In humans and most mammalian 
species, fertilization takes place at metaphase 
of the second meiosis (MII), a stage at which 
oocytes are arrested after maturation. Oocyte 
quality is critically important for successful fer-
tilization, and a variety of different criteria have 
been used to assess its quality. However, in many 
cases, the reasons for fertilization failure remain 
unclear and cannot be determined based on pres-
ently available morphological and molecular/
biochemical data  [  1  ] . For this reason, it is impor-
tant to evaluate speci fi c factors that are known 
to play a role in oocyte quality and affect suc-
cessful fertilization. Recently, several studies 
focusing on mammalian oocytes analyzed by con-
focal microscopy techniques under  fl uorescence 
showed different types of fertilization failures 
after conventional in vitro fertilization (IVF) and 
intracytoplasmic sperm injection (ICSI)  [  2–  5  ] . 
In these reports, sperm chromatin remodeling 
during decondensation, oocyte activation, mei-
otic resumption, and pronuclear migration have 
been described in humans. As  fi rst de fi ned by 
Asch et al., Simerly et al., and Van Blerkom et al. 
 [  6–  8  ] , fertilization failure in mammals may have 
different etiologies. Firstly, the injected oocyte 

can fail to initiate the biochemical processes 
necessary for oocyte activation (activation fail-
ure)  [  9  ] . Alternatively, this process may be initi-
ated but may not occur normally, leading to an 
incomplete or abortive activation. Further, the 
spermatozoon may remain poorly accessible to 
oocyte factors required for chromatin deconden-
sation and formation of the female pronucleus 
 [  10–  12  ] . Finally, either the structural problem at 
the level of the zona pellucida causing the block 
to polyspermy after IVF or the injection within 
the oocyte metaphase plate after ICSI can occur, 
albeit at a low frequency. 

 In an effort to establish the causes of fertiliza-
tion failure in humans, the use of epi fl uorescence 
and confocal microscopy permits a sophisticated 
and precise analysis of stages at which human 
fertilization fails. In brief, immuno fl uorescence 
analysis may require removal of the zona pel-
lucida (depending on the targeted antigen) by 
a short incubation in Tyrode’s acid solution. 
Denuded oocytes are then  fi xed and permeabi-
lized in a microtubule-stabilizing buffer. Anti- a -
acetylated tubulin monoclonal antibodies can be 
used to identify the sperm tail, and anti- b -tubu-
lin-Cy3 monoclonal antibodies for analysis of the 
meiotic spindle. Chromatin can be identi fi ed by 
counterstaining with Hoechst 33258 or TOTO-
3. Before DNA staining, the TUNEL technique 
can be applied to the samples in order to explore 
the degree of DNA fragmentation (sperm DNA, 
oocyte chromosomes, or both can be affected). 
The processed material is mounted between 

augmented our understanding of oocyte determinants of fertilization 
 success, such as ones involved in cytoskeletal remodeling, sperm aster 
formation, and pronuclear assembly and dynamics. Identifying the exact 
cause(s) of fertilization failure can not only facilitate diagnostic efforts but 
also tailor potential therapies. A mastery of in vivo and in vitro factors 
in fl uencing the acquisition of fertilization potential is essential to the opti-
mal retrieval and handling of oocytes.  
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  Fig. 21.1    Representation of stages at which human fer-
tilization fails after IVF and ICSI. Six different categories 
were identi fi ed after immuno fl uorescent analysis of 
oocytes that did not show pronuclei 20–40 h after insemi-
nation or injection. Within some of the categories, several 
levels were detected and schematically represented as 

seen under the microscope.  MII  or  MIII  metaphase II or 
III oocytes,  PCC  premature chromosome condensation, 
 2PB  second polar body,  PN  pronuclei,  +  indicates the 
degree of sperm decondensation while in the oocyte 
(Obtained with permission from Rawe et al.  [  5  ] )       

a slide and a coverslip and examined using 
epi fl uorescence or confocal microscopy  [  3  ] . 

 Flaherty et al.  [  13  ]  and Liu et al.  [  14  ]  have 
shown that total failed fertilization is a rare event 
after ICSI (3 %) and is more frequent in cycles in 
which only one or two oocytes are injected. The 
risk of failed fertilization reduces from 37 %, 
when one oocyte is injected, to only 0.8 % when 
 fi ve or more oocytes are injected. The rationale of 
the cellular analysis of fertilization failures is to 
try to elucidate cellular/molecular aspects of the 
failed interaction of both gametes to understand 
the etiology of each particular case. With a clear 
diagnosis in hands, clinicians can take an appro-
priate conduct in future cycles and even include 
therapeutic tools to improve the prognosis. 

 Using immuno fl uorescence, we studied a total 
of 871 “non-fertilized” human oocytes after IVF 

and ICSI, in which no pronuclei were visualized, 
and, in some cases, the extrusion of the second polar 
body had not occurred after 20–40 h post-insemina-
tion or sperm injection. The work is part of previ-
ously published results  [  4,   5,   15–  17  ]  and can be 
summarized in different categories as represented in 
Fig.  21.1 . Among the total failed  fertilized oocytes, 
the absence of sperm penetration was the main rea-
son after conventional IVF (57.2 %). Microtubule 
and DNA analysis revealed that 32.1 % of the IVF-
failed oocytes initiated the fertilization process but 
arrested at speci fi c stages. On the other hand, 10.7 % 
of the “non-fertilized” IVF oocytes showed more 
than one sperm within the ooplasm. These results 
agree with those previously described  [  18,   19  ] .  

 The main reason of fertilization failure after 
ICSI was oocyte activation failure (39.5 %). The 
sperm contains a temperature-sensitive cytosolic 
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factor called “oscillin,” which triggers activation 
when injected into the oocyte  [  20–  22  ] . Today, the 
sperm-borne trigger candidate common to all 
animal oocytes at activation is phospholipase C 
(PLC), zeta 1  [  23–  25  ] . The absence of this factor 
or the lack of activity in “weak” sperm as those 
used in ICSI procedures could partly explain the 
activation failure observed after ICSI  [  26–  28  ] . 
One of the most striking types of sperm defect 
that cause lack of oocyte activation is the “round-
headed” sperm or globozoospermia. As the focus 
of the present chapter is on oocyte’s related 
causes, the reader can refer to Dam et al.  [  29  ]  for 
this speci fi c sperm abnormality. 

 After sperm injection, there was a signi fi cantly 
higher rate of DNA fragmentation in sperm that 
was partially decondensed compared to the sperm 
that was not  [  19  ] . This observation may either 
suggest a correlation between the rate of DNA 
fragmentation and the underlying severe male 
factor present in ICSI semen samples or could 
represent the incomplete remodeling of the sperm 
chromatin by oocyte factors. The latter alterna-
tive could be linked to an inappropriate capacity 
of oocytes to transform the compact sperm chro-

matin into a fully developed male pronucleus. 
Unpublished observations showed up to 50 % of 
ICSI failures carrying sperm DNA fragmentation 
visualized by TUNEL (Fig.  21.2 ). Interestingly, 
among the studied materials, 34 % of the oocytes 
also showed some signs of DNA fragmentation at 
the MII plate.  

 Premature chromosome condensation (PCC) 
was observed in 8 % of the oocytes studied after 
IVF and ICSI. Schmiady et al.  [  30  ]  originally 
described this process, and the essential prerequisites 
are no oocyte activation and the presence of con-
densing factors (e.g., high levels of M-phase pro-
moting factor, MPF) in the ooplasm, in turn 
preventing the transformation of sperm nuclei 
into pronuclei. Metaphase II arrest in mammalian 
oocytes is supposed to be maintained by persist-
ing high concentrations of MPF stabilized by a 
cytostatic factor (CSF)  [  31  ] . MPF inactivation is 
one of the principal events in oocyte activation 
that  prevents the male pronucleus from entering 
metaphase prematurely. 

 The term “abortive activation” was used to 
describe an event occasionally observed after IVF 
and ICSI (less than 2 %), which is  characterized 

  Fig. 21.2    Confocal microscopy analysis of fertilization 
failures after ICSI. In both cases, oocytes are arrested at 
metaphase II ( MII ) stage, and a lack of sperm chromatin 
decondensation with fragmented DNA ( green ) is visualized. 
Tubulin is visualized ( red ) as microtubules of the spindle 
(itself associated with chromosomes in  blue ) and unpo-

lymerized subunits (background like aspect) throughout the 
cytoplasm. Non-fragmented and fragmented oocyte chro-
mosomes ( a  and  b , respectively) are shown as magni fi ed 
images in  upper right corners . The TUNEL technique was 
used to identify DNA fragmentation ( green )       
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by the formation of a third metaphase plate (MIII) 
and the inability to progress to interphase. It has 
been shown that MIII formation is clearly depen-
dent of the rhythm of Ca 2+  oscillations that drive 
oocyte activation. Perturbation in frequency and/
or amplitude of Ca 2+  repetitive spikes leads to 
abortive activations  [  32  ] . 

 Defects in pronuclear formation and/or migra-
tion have been found at a similar incidence after 
IVF and ICSI (32.1 and 28.3 %, respectively). 
Schatten  [  33  ]  have shown that this situation can 
arise from an inability in the assembly of the 
microtubules around the paternal centrosome 
(see section on “ Ooplasmic Factors During 
Fertilization ”). An arrest at metaphase plate of 
the  fi rst mitosis of the embryo ( fi rst mitosis arrest 
in 21.1) is more frequently observed after ICSI 
than IVF (11 % vs. 6 %, respectively). One possi-
ble explanation is that during the sperm injection 
(ICSI), the correct pattern of calcium oscillations 
is perturbed in the ICSI oocyte, causing an arrest 
in the  fi rst mitosis more frequently than with IVF 
failures. In human oocytes, the early calcium 
reaction to the spermatozoon is characterized by 
an initial group of three to six rapidly occurring 
calcium spikes which is then followed by lower 
frequency spikes for the rest of the calcium 
period  [  34  ] . The dif fi culties for ICSI oocytes to 
go through cell cycle checkpoints could be the 
consequence of a high disruption of Ca 2+  oscil-
lation pattern. In mouse, ICSI-generated zygotes 
cleaved at a slower rate had lower cell numbers 
and lower hatching rates. ICSI and IVF induced 
similar initial [Ca 2+ ]i responses, although ICSI 
zygotes  exhibited shorter durations of [Ca 2+ ]i 
oscillations and showed diminished degradation 
of IP3R-1. ICSI-induced [Ca 2+ ]i responses are not 
equivalent to those initiated by IVF, and they may 
thus have developmental consequences  [  35  ] . 

 Given the complex nature of the cellular inter-
actions at fertilization, failure may occur at one 
or more steps; defects are often tied together 
and dif fi cult to distinguish. The causes may also 
stem from the oocyte and/or the sperm, thereby 
necessitating the need to identify the culprit in 
instances of fertilization failure. We focus the rest 
of this chapter onto oocyte factors that may help 
explain clinical instances of fertilization failure. 

   Oocyte Development: A Time 
to Become Fertilizable 

 The oocyte undergoes a remarkably long and 
complex journey prior to reaching MII in a state 
that renders it fully competent for fertilization. A 
myriad processes prepare the oocyte for fertiliza-
tion; thus, a de fi ciency in any one or more event(s) 
will render the oocyte refractory to fertilization 
and possibly result in fertilization failure in the 
laboratory. All of the preparatory events occur 
during the protracted timeline of oogenesis within 
the unique and highly differentiated milieu cre-
ated by the follicle. Thus, to reach an understand-
ing of fertilization failure, we must consider the 
developing follicle and its in fl uences on oocyte 
quality (i.e., developmental competence or the 
ability to become fertilized and support early 
embryonic development). With such knowledge, 
we may be able to manipulate follicles and strive 
for the retrieval of oocytes that can all be fertil-
ized. The follicle consists of several compart-
ments, including the cumulus-oocyte complex, 
follicular  fl uid, and granulosa cells. A large body 
of evidence has demonstrated the determining 
in fl uences of the differentiation state of the folli-
cle on the quality of its enclosed oocyte  [  36–  38  ] . 
Follicle development is a characteristically 
dynamic process; in a cyclic fashion, follicles 
grow and differentiate as a group or cohort while 
a single follicle will be selected and continue 
development as the dominant or preovulatory 
one. Consequently, all follicles within a recruited 
cohort (other than the dominant one) are not nat-
urally selected for ovulation; it is thus not sur-
prising that during routine IVF, oocytes are 
retrieved from some follicles that have not com-
pleted the developmental program necessary to 
support an oocyte to full competence. Retrieved 
oocytes may be thus intrinsically de fi cient in pre-
paratory steps that are essential for fertilization, 
thereby potentially accounting for many instances 
of oocyte-borne fertilization failure. 

 Figure  21.3  summarizes the cellular and 
molecular attributes that render an oocyte pre-
pared to support fertilization, and Fig.  21.4  
depicts the developmental transitions that ensure 
the making of a fertilizable oocyte during follicu-



312 C.M.H. Combelles and V.Y. Rawe

logenesis and oogenesis. The accompanying text 
that elaborates on both  fi gures follows.   

   Oocyte Growth 
 In human and large domestic species, the bulk 
of oocyte growth occurs prior to antral folli-
cular development (in primary and secondary 
preantral follicles), although a little growth 
continues in the antral follicle  [  39–  42  ] . The 
oocyte grows while arrested in prophase of 
meiosis I, and its growth phase is character-
ized by the storage of cytoplasmic components, 
including organelles and molecules necessary 
for fertilization  [  43–  45  ] . 

 Several organelles accumulate and undergo 
modi fi cations, including their positioning toward 
the periphery of the oocyte at a site most suited to 
their functions. Of relevance to fertilization compe-
tence are mitochondria, smooth endoplasmic retic-
ulum (SER), and cortical granules. Given the 

entirely maternal inheritance of mitochondria at 
fertilization, the full-grown oocyte becomes 
endowed with a very large number of them (after 
multiple rounds of replication), making it the most 
abundant organelle in the oocyte  [  46  ] . Cortical 
granules, upon their regulated secretion, are respon-
sible for blocking polyspermy during fertilization 
 [  47  ] . The contribution of an extensive SER network 
to fertilization is presented below (under “ Oocyte 
Maturation ”). Oocyte growth is a time when the 
zona pellucida is synthesized as the extracellular 
matrix that is crucial for gamete interactions during 
routine IVF  [  48–  50  ] . It is also during oogenesis 
that the layer of cumulus cells becomes highly spe-
cialized, rendering its associated oocyte fertilizable 
 [  51  ] . The growing oocyte also experiences a 
remarkable accumulation of ribosomes, RNA tran-
scripts, and proteins, some of which are required 
for the continued differentiation of the oocyte itself 
and others for fertilization  [  45  ] . 

 Through the growth phase, the oocyte becomes 
meiotically competent or able to resume meiosis in 
a stepwise fashion. Depending on the species, mei-
otic competence may not be attained until antral fol-
liculogenesis, a period during which the oocyte will 
continue acquiring developmental competence. 
Many of the modi fi cations taking place during 
oocyte growth are obligatory for later differentia-
tion events when the oocyte becomes endowed with 
further specializations for fertilization.  

   Oocyte Prematuration 
 Even when nearly fully grown, the oocyte experi-
ences  fi ne-tuning events, including ones required to 
support fertilization. These  fi nal steps occur imme-
diately prior to and during oocyte maturation, 
which refers to the progression from prophase I to 
MII in response to the LH surge. The developmen-
tal phase prior to meiotic resumption is referred to 
oocyte capacitation or prematuration  [  44,   52–  54  ] . 
Oocyte prematuration entails molecular events dur-
ing which transcripts and proteins are stockpiled in 
the ooplasm, in anticipation for their use during fer-
tilization and later development. Even though 
oocyte prematuration is now established as a pre-
requisite to the development of fully competent 
oocytes, its exact nature remains poorly de fi ned. 
Notably, the list of molecular modi fi cations is likely 
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  Fig. 21.3    Cellular and molecular components that render 
an oocyte fully competent for fertilization. As presently 
understood, some of the main elements that provide the 
oocyte with fertilization potential are depicted as pieces of 
a pie; there are however functional overlaps between some 
of the categories as for instance with the SER, signaling 
proteins, calcium response machinery, and bioenergetic 
stores. Each category is discussed throughout the chapter, 
including the timing of their acquisition (see Fig.  21.4 ). 
The importance of the oolemma, zona pellucida, and 
cumulus cells is not represented here.  MII  metaphase II, 
 SER  smooth endoplasmic reticulum,  CG  cortical granule       
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more exhaustive than currently envisaged. 
Modi fi cations and rearrangements of organelles 
(including cortical granules that are necessary for 
the block to polyspermy at fertilization) also take 
place during prematuration  [  40,   44  ] . 

 Oocyte prematuration and maturation occur in 
the  fi nal stages of antral folliculogenesis, and both 
processes are in fl uenced by a follicular microenvi-
ronment that has become highly differentiated. 
Only a dominant follicle that is one selected as the 
preovulatory one will provide the necessary sig-
nals, somatic support cells, and follicular  fl uid to 
enable the oocyte to complete its prematuration 
and maturation. More speci fi cally, prematuration 
takes place during the  fi nal differentiation phase 
of antral folliculogenesis, while the dominant 
follicle is in a stationary growth phase and poised 
to receive the preovulatory LH surge  [  37  ] . 
Interestingly, an oocyte in the preovulatory follicle 

is not the only one capable of supporting fertiliza-
tion and early development; indeed, oocytes in fol-
licles showing early signs of atresia exhibit a 
developmental competence that is not only com-
parable to an oocyte in a preovulatory follicle but 
also superior to oocytes in all other follicles  [  55–
  58  ] . Mechanistically, the unique microenviron-
ment of early atretic follicle would mirror the one 
of preovulatory follicles, thereby supporting the 
 fi nal prematuration steps of the enclosed oocyte. 
This phenomenon is of relevance to oocytes 
retrieved during routine ART, since aspirated fol-
licles are likely in various stages of atresia, some 
of which may be early atretic. The heterogeneity 
in follicle sources may thus underlie the inability 
of a proportion of retrieved oocytes to undergo fer-
tilization, more precisely due to the failure to com-
plete some of the essential prematuration events. 
Prematuration merits further attention; a thorough 
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  Fig. 21.4    Developmental continuum in the life of an 
oocyte when its fertilization potential changes. Only rela-
tive changes in the ability of an oocyte to sustain fertiliza-
tion are depicted on the Y-axis. Shown above the  graphed 
line  are the times when each developmental transition 
occurs within follicles of a certain type (growing, early 
atretic, or dominant), the oviduct, or in culture following 
oocyte retrieval. The steepness of each segment on the 

line attempts to approximate the extent of fertilizability 
that is gained by the oocyte during the respective develop-
mental period. Furthermore, each transition depends on 
the previous one being completed, culminating in the for-
mation of an oocyte of maximal potential. Supporting 
details are provided in the section entitled “ Oocyte 
Development: A Time to Become Fertilizable ”       
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understanding of its processes and regulation 
should shed light on not only causes but also treat-
ment of fertilization failure. Notably, ovarian stim-
ulation and oocyte retrieval methodologies during 
ART should be aimed at permitting the complete 
differentiation of the oocyte (by enabling a plateau 
phase following follicular growth).  

   Oocyte Maturation 
 The  fi nal preparatory steps that the oocyte under-
goes prior to fertilization occur in response to the 
ovulatory signal, during oocyte maturation, and 
within the con fi nes of the preovulatory follicle 
in vivo. Oocyte maturation itself can proceed 
thanks to a series of developmental processes that 
took place during growth and prematuration; it 
includes both nuclear and cytoplasmic events, all 
of which impart on the oocyte its full develop-
mental competence. During nuclear maturation, 
the oocyte progresses from prophase I arrest 
through meiosis I before arresting again at MII. 
Cytoplasmic maturation entails morphological 
and biochemical changes that are under the criti-
cal in fl uence of the antral follicular milieu  [  36, 
  54  ] . Cytoplasmic maturation is not yet completely 
de fi ned, but despite some of its elusiveness, cyto-
plasmic maturation is unequivocally imperative 
for fertilization. Further attesting to the complex-
ity of making an oocyte of full competence is the 
need for nuclear and cytoplasmic maturation 
events to be coordinated  [  59  ] . Indeed, a recurring 
theme is the accumulation of cytoplasmic compo-
nents while the oocyte is progressing through 
maturation, such that by the time MII is reached, 
the bulk of cytoplasmic events are completed. 
Nuclear and cytoplasmic events must thus occur 
along an optimal timeline, the speci fi c sequence 
of which we do not yet fully grasp. Indeed, nuclear 
and cytoplasmic events are not necessarily always 
interdependent; for instance, a cytoplasmic 
modi fi cation may not be strictly dependent on a 
nuclear stage. This has been shown for the ability 
to sustain calcium oscillatory patterns  [  60  ]  and 
the reorganization of ER clusters in the oocyte 
cortex  [  61  ] . Noteworthy is the need for at least 
germinal vesicle breakdown, particularly when it 
comes to cytoplasmic specializations that are nec-
essary to render the oocyte fertilizable  [  59  ] . 

Cytoplasmic maturation is a multifaceted process, 
but a few speci fi c changes merit mention when 
considering the maternal underpinnings of fertil-
ization. We will largely focus on the accumulation 
of the antioxidant glutathione and the acquisition 
of a calcium-dependent response. 

 Every cell must maintain a redox environment 
that permits normal cell function, and the oocyte 
does not escape such rule. Pertinent to fertilization 
is the reliance of sperm processing on maternal 
stores of glutathione; indeed, sperm decondensation 
entails the exchange of protamines for histones, a 
process that begins with the reduction of disul fi de 
bonds of protamines, in turn causing their release 
from sperm chromatin  [  62,   63  ] . The ooplasm must 
thus provide a strong reducing environment, which 
is achieved, thanks to a large concentration of the 
small tripeptide glutathione (GSH). The levels of 
GSH vary during oocyte development, notably dur-
ing oocyte maturation with highest GSH found in 
hamster MII when compared to earlier meiotic 
stages  [  64  ] . Functional evidence includes the 
inability of rodent and bovine oocytes depleted or 
de fi cient in GSH to become fertilized, with a 
speci fi c failure in sperm decondensation  [  62,   65, 
  66  ] . Most recently, a mouse model with the expres-
sion of glutamate cysteine ligase or  Gclm  (the rate-
limiting enzyme in GSH synthesis) lacking only in 
oocytes resulted in compromised fertilization, with 
a decreased incidence of paternal pronucleus for-
mation; concomitantly, maternal GSH was low in 
the ooplasm of ovulated oocytes  [  67  ] . Interestingly, 
GSH may ensure the normal function of the mater-
nal meiotic spindle, and in turn the formation of a 
single female pronucleus at fertilization  [  68  ] , 
although con fl icting results exist  [  66  ] . While 
species-speci fi c requirements and/or variations in 
the extent of GSH depletion may explain different 
responses, the sensitivity of fertilization to oxida-
tive stress also merits attention. 

 Another fertilization event that is deeply 
rooted in oogenesis is the process of oocyte acti-
vation. While triggered by a sperm factor  [  23, 
  24  ] , activation can only proceed in an oocyte that 
contains all of the necessary elements for the 
myriad calcium-dependent responses  [  69,   70  ] . 
Upon entry into the oocyte, the sperm factor (now 
identi fi ed as phospholipase C zeta or PLC- z ) 
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 triggers the formation and subsequent release of 
1, 4, 5-inositol triphosphate (IP3) from the mater-
nal oolemma. The second messenger IP3 then 
binds to its receptor (type I IP3R), itself a cal-
cium channel at the oocyte’s smooth endoplasmic 
reticulum (SER). Lastly, once released from SER 
stores into the ooplasm, calcium ions act as 
another second messenger molecules that in turn 
regulate cell cycle molecules (themselves stock-
piled during oocyte development), exocytosis, 
maternal RNA recruitment, and protein transla-
tion machinery  [  70  ] , or histone assembly onto 
sperm chromatin  [  71  ] , all of which are events 
crucial to fertilization. An immature oocyte 
arrested in prophase I does not yet possess such 
potential in contrast to the later stages of matura-
tion  [  60,   72  ] . To elicit a satisfactory response, 
development must endow the oocyte with an 
extensive SER network  [  73  ]  that is enriched in 
IP3-gated calcium channels (IP3-receptors), itself 
biochemically modi fi ed  [  74–  77  ] ; sequesters a 
high concentration of calcium ions  [  60,   72  ] ; and 
is placed in the proper locale (in the oocyte cor-
tex, near the site of sperm-oocyte fusion) within 
the large volume of the cell  [  61,   78–  81  ] . Evidently, 
it is only by the end of meiotic maturation that the 
oocyte possesses all of these cellular and molecu-
lar features that will enable the sperm PLC- z  to 
trigger the release of internal calcium stores into 
the ooplasm  [  69,   79,   82,   83  ] . Furthermore, fertil-
ization is characterized by not just a single release 
of calcium from maternal SER stores, but rather, 
an oscillatory activity must exist so as to allow a 
species-speci fi c pattern of increases and decreases 
in cytoplasmic calcium. This oscillatory activity 
may be rooted in oogenesis, with the search for 
the controllers of calcium in fl ux and their origins 
still ongoing  [  84  ] . Further adding to the complex-
ity of calcium control is the demonstrated contri-
bution of oocyte mitochondria to calcium 
signaling at fertilization  [  85  ] . As aforementioned, 
a large proportion of fertilization failures are 
attributed to defects in oocyte activation; evalua-
tion and treatment of such failures must thus con-
sider inherent de fi ciencies in the calcium-signaling 
machinery of the oocyte. 

 A suf fi cient maternal store of ATP is expect-
edly required for fertilization, since it is an 

energy-consuming process; for example, energy 
is needed to sustain calcium oscillations (for 
the reuptake of calcium into SER stores) and 
to allow pronuclear formation (for the assem-
bly of histones onto paternal chromatin). There 
is thus an increase in ATP consumption at fer-
tilization. Interestingly, ATP levels are tightly 
controlled via a coupling mechanism between 
mitochondrial ATP supply and demand; as a 
result, the oocyte may lessen the potential risks 
associated with increased ROS generation, in 
turn maximizing fertilization competence  [  85,   86  ] . 
Maternal mitochondria may indeed play a deter-
mining role in the ability of mature oocytes to 
be fertilized. Some clinical evidence supports 
associations between fertilization outcomes and 
number of mitochondrial DNA genomes  [  87, 
  88  ] , or mitochondrial gene expression  [  89  ] . In 
the pig animal model, the control of mitochon-
drial DNA replication during oocyte develop-
ment may also in fl uence fertilization  [  90,   91  ] . 
Although awaiting further evidence, another 
cytoplasmic event that promotes successful 
fertilization may be the establishment of high-
polarized mitochondria in the maturing oocyte 
 [  92,   93  ] . The normal biogenesis of mitochon-
dria thus merits attention during oocyte devel-
opment, notably with respect to its impact on 
fertilization competence  [  94  ] . 

 Fertilization is a tightly regulated and rapid 
process that relies on maternal control mecha-
nisms established during oocyte maturation. 
Signal transduction components accumulate and 
become positioned properly within the oocyte, 
including a large number of protein tyrosine 
kinases  [  95  ] . Downstream signaling molecules 
are also central to the activating effect of calcium 
oscillations at fertilization  [  70,   96  ] . Any abnor-
malities in transcription, translation, control of 
activity, and positioning of signal transducers 
during oocyte development will eventually cause 
fertilization failures. 

 There are other maternal in fl uences that shall 
not be overlooked, including the accumulation 
of proteins necessary at fertilization, such as his-
tones (for sperm chromatin remodeling), lamins 
(for pronuclear formation  [  97  ] ), and  g -tubulin 
(for sperm aster assembly  [  33,   98,   99  ] ). For 
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example, it is during oocyte maturation that the 
oocyte acquires the functional activity required 
to replace protamines with maternal histones 
 [  71,   100,   101  ] . More precisely, the mRNA tran-
scripts of oocyte factors necessary for histone 
assembly accumulate during the growth phase of 
oogenesis, but their translation only occurs upon 
meiotic maturation. Not discussed here but pre-
sented elsewhere  [  1  ]  is the machinery developed 
in the oocyte for sperm-oocyte binding and 
fusion. While already present in suf fi cient num-
bers, cortical granules do not yet assume their 
 fi nal and necessary cortical distributions (for 
exocytosis to block polyspermy) until comple-
tion of meiotic maturation  [  102,   103  ] . Another 
type of cytoplasmic immaturity, albeit not yet 
de fi ned at the molecular level, has been docu-
mented as underlying a certain type of fertiliza-
tion failure, notably an arrest prior to sperm 
chromatin remodeling. For instance, a cytoplas-
mic state that would prevent inactivation of the 
M-phase cell cycle regulator (maturation-pro-
moting factor or MPF) would then favor the pre-
mature chromosome condensation (PCC) of 
sperm  [  104–  106  ] . Other instances when the 
cytoplasmic endowment of the oocyte in fl uences 
fertilization events are presented in a separate 
section below (e.g., cytoskeletal dynamics, 
nuclear formation). 

 A complete nuclear arrest of the oocyte may 
also explain a fertilization failure. All retrieved 
oocytes may be arrested at prophase I in the ger-
minal vesicle (GV) stage, or metaphase I (MI), 
or a mixture of both GV and M-I  [  107  ] . Not hav-
ing reached MII in spite of ovarian stimulation, 
these oocytes are expectedly unable to be fertil-
ized. Although maturation arrests occur during a 
developmental period that precedes fertilization, 
they remain relevant to consider during any 
cycles of fertilization failure. Indeed, what may 
be grossly described as a failure in fertilization 
may simply stem from the retrieval of immature 
oocytes rather than a speci fi c impairment at fer-
tilization. Based on animal studies, there are sev-
eral molecular candidates (i.e., factors that 
control meiotic progression) that may be per-
turbed and cause a complete maturation arrest 
 [  107,   108  ] . Diagnostic efforts have pointed 

toward spindle organization defects in some 
instances  [  109–  111  ] , or chromosomal aberra-
tions  [  109,   112–  114  ] . Studies to date consist of 
case series or reports that attempt to de fi ne the 
defect and document management and/or treat-
ment strategies. Albeit instrumental to augment-
ing our collective knowledge of maturation arrest 
issues, none of these studies have yet pinpointed 
a single culprit or mutation that would explain a 
failure to mature to the index fertilizable MII 
stage. Adequate cell cycle control in the oocyte 
is evidently pivotal for fertilization to ensue.  

   Beyond Metaphase II 
 Along the same line, oocytes may fail to arrest at 
MII and progress to a cell cycle stage that is 
incompatible with fertilization. For instance, any 
oocyte that undergoes spontaneous activation has 
exited M phase, and such premature resumption 
of meiosis II has been described in a recurring 
case of complete fertilization failure  [  115  ] . This 
case also illustrates the need to undertake a rou-
tine analysis of failed to fertilize oocytes, particu-
larly in situations of uniform and recurrent 
failures even following ICSI. The knowledge 
obtained can then be used for management, as for 
example, counseling the patients toward oocyte 
donation whenever a clear oocyte-borne defect is 
at play. 

 The retrieval of a cohort of oocytes at a uni-
form time post-hCG may not allow all of the 
oocytes to reach a similar, and complete, matu-
rity state. This may occur due to variations in the 
differentiation states of punctured follicles (due 
to current ovarian stimulation protocols), thereby 
potentially accounting for varying maturity states 
and fertilization potentials across a cohort. Even 
once the oocyte has reached MII and it has pre-
sumably completed the developmental program 
to support fertilization, some penultimate differ-
entiation events still take place prior to fertiliza-
tion. After all, it is not immediately following its 
release from the ovary that the ovulated oocyte 
interacts with sperm and becomes fertilized, but 
rather after a delay period in the oviduct. Once in 
the oviduct, further cellular/molecular alterations 
may take place in the oocyte as for instance a 
 fi nal maturation of the zona pellucida, a process 
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that actually began during folliculogenesis  [  116  ] . 
The oocyte may also continue to acquire full acti-
vation competence during the protracted period 
of MII arrest, as demonstrated in the mouse  [  117  ] . 
Routine laboratory practices may allow addi-
tional cytoplasmic alterations during MII arrest 
that is during a short delay prior to sperm encoun-
ter. Indeed, fertilization rates appear to bene fi t 
from a preincubation of MII oocytes between the 
times of retrieval and either insemination (IVF) 
or sperm injection (ICSI)  [  118–  122  ] . 

 While permitting a delay prior to insemination 
or sperm injection may enhance cytoplasmic 
maturity and in turn fertilization, too long of a lag 
may prove detrimental  [  122  ] . Detrimental 
changes occur during post-ovulatory aging, and 
given the risks and bene fi ts, a balance must thus 
be struck. Studies in a mouse model support 
signi fi cant modi fi cations in cellular elements 
necessary for fertilization  [  123  ] . Indeed, calcium 
oscillations become altered (with aberrant cal-
cium release and reuptake across the ER)  [  124, 
  125  ] , and the regulation of intracellular ATP reg-
ulation at fertilization differed  [  126  ]  in in vivo-
aged oocytes. Alterations in calcium stores and 
oscillations were con fi rmed during the in vitro 
aging of mouse oocytes, together with compro-
mised activation  [  127,   128  ] . Further attesting to 
the disrupted activation of mouse oocytes aged 
in vitro are dysfunctions in several later activa-
tion events: the completion of meiosis II, exocy-
tosis of cortical granule exocytosis, changes in 
zona pellucida, and recruitment of maternal 
mRNAs  [  129  ] . These aging-associated altera-
tions may thus compromise the ability of some 
oocytes to be fertilized (notably ones that are 
more vulnerable depending on their initial qual-
ity). To constitute a clinically relevant problem, 
consideration should be of course given to the 
length of aging under study. Some of the deterio-
rations may not occur until more than a day such 
as for cytoskeletal perturbations  [  130,   131  ] ; thus, 
these are not directly pertinent to routine fertil-
ization practices in the ART laboratory. However, 
several of the aforementioned studies did test 
post-ovulation times that demonstrate the ephem-
eral nature of fertilization competence, with del-
eterious changes detected as early as 4–6 h in the 

mouse  [  124–  126,   128,   132,   133  ] . Con fi rmatory 
results await in the human. 

 Also noteworthy is the fact that a mature 
oocyte with full developmental competence may 
still fail to fertilize. Besides the changes associ-
ated with in vitro aging, there is a temporal win-
dow within which activities that were acquired 
during oocyte development can act at fertiliza-
tion. For instance, the remodeling of sperm chro-
matin can only take place after several hours 
following activation  [  101  ] . In the same vein, acti-
vation itself may induce further modi fi cations 
that are necessary for completion of the multiple 
events of fertilization; an instance exists in sea 
urchin oocytes with the rearrangements of cyto-
plasmic membrane domains at fertilization, 
thereby permitting assembly of the male pronu-
clear envelope  [  134  ] . Preparatory events thus 
continue in the oocyte, even during fertilization.   

   Ooplasmic Factors During Fertilization 

   Cytoskeletal and Chromosomal 
Abnormalities of the Oocyte 
 The oocyte cytoskeleton is critically important 
for successful fertilization and for all stages of 
subsequent development. Therefore, it is impor-
tant to evaluate speci fi c factors that are known to 
play a role in oocyte quality and affect successful 
fertilization. The most prominent structure of 
the MII oocyte is the MII spindle containing the 
maternal chromosomes that are aligned at the 
metaphase plate and connected to centrosomes at 
the opposite spindle poles by kinetochore micro-
tubules (kMTs). Along with nucleation of kMTs 
from spindle pole centrosomes are pole-to-pole 
microtubules that are important for chromosome 
separation  [  17  ] . The integrity of spindle  fi bers as 
well as centrosome is an important criterion for 
oocyte quality as it re fl ects the general condition 
of the individual oocyte including oocyte aging 
that may occur during the process of IVF  [  135  ] . 

 As the oocyte lose centrioles during gameto-
genesis, the MII spindle is organized by acentrio-
lar centrosomes consisting of numerous maternal 
centrosomal proteins, including  g -tubulin, cen-
trin, and nuclear mitotic apparatus (NuMA). In 
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humans, the MII spindle is localized perpendicu-
lar to the cell surface, and it is a barrel-shaped to 
pointed structure. Although it appears static in 
immuno fl uorescence and TEM images, the MII 
spindle is a highly dynamic structure that main-
tains its shape by a complex set of regulatory 
kinases and other regulatory proteins  [  135  ] . The 
main functions of the MII spindle are to precisely 
separate chromosomes and extrude one set of sis-
ter chromatids into the polar body; consequently, 
diploidy is restored after fertilization when the 
sperm contributes the paternal set of chromo-
somes. Thus, any failure in MII spindle functions 
can result in cellular and developmental abnor-
malities that may lead to abortion, disease, or 
birth defects  [  135  ] . Misaligned chromosomes 
may result from dysfunctional microtubules and 
spindle proteins. For instance, recent studies in 
human oocytes have clearly shown the impor-
tance of oocyte-derived NuMA in the correct 
assembly of the MII spindle and functions of the 
male pronucleus  [  99,   136,   137  ] . The studies by 
Alvarez Sedó et al.  [  136  ]  carefully monitored the 
presence of NuMA during human oocyte matura-
tion; furthermore, abnormal MII spindles were 
formed, and fertilization failure took place after 
chemical inhibition of NuMA. 

 The MII spindle is therefore a crucial struc-
ture that requires precise regulation by impor-
tant ooplasmic factors (centrosomal proteins, 
molecular motors, kinases, and phosphatases) 
and sperm during fertilization. An intact MII 
spindle is a key criterion when assessing oocyte 
quality  [  2  ] .  

   Sperm Aster Formation During 
Fertilization 
 One of the essential cytoplasmic structures that 
human sperm contribute to the oocyte during fer-
tilization is the centrosome. Still not completely 
understood at the structural and functional levels 
after more than 100 years since its discovery, the 
centrosome serves as the dominant microtubule-
organizing center in the majority of animal cells 
 [  138  ] . Consisting of an orthogonal pair of centri-
oles and surrounded by an amorphous cloud of 
pericentriolar material, the centrosome nucleates 
microtubules from a central structure known as 

the  g -tubulin ring complex  [  139  ] . In most mam-
malian species, including humans, the centrosome 
degenerates in the oocyte and is retained in the 
sperm during the maturation process  [  33  ] . 

 Following the insemination of oocytes, the 
sperm centrosome, which lies attached to the 
sperm nucleus in the oocyte cytoplasm, nucleates 
microtubules to form a structure known as the 
sperm aster. De fi ned as a radial array of micro-
tubules anchored at the centrosome, the sperm 
aster grows and expands to reach both the surface 
of the female pronucleus as well as the oocyte 
cortex  [  33  ] . Contact of the sperm aster with the 
 cortex is thought to generate the force necessary 
to propel the male pronucleus to the center of the 
oocyte  [  140  ] . Microtubule association with the 
surface of the female pronucleus would in turn 
facilitate the migration of the female toward the 
male pronucleus that completes the fertilization 
process  [  33  ] . Thus, the paternally inherited cen-
trosome plays a pivotal role in establishing and 
supporting the microtubule-based motility within 
the zygote. A relevant aspect of the disassembly 
of the sperm aster is the mandatory presence of 
maternal proteasomes. The ubiquitin-proteasome 
pathway is the main cytosolic proteolytic system 
responsible for the regulated substrate-speci fi c 
degradation of most cellular proteins in eukary-
otic cells  [  141  ] . The mechanism by which the 
complex structure of the sperm tail connecting 
piece disintegrates to release the proximal centri-
ole after sperm entry into the oocyte is not fully 
understood, but the proteasomes of the sperm and 
the oocyte are implicated  [  142–  144  ] . Release of 
a functional sperm centriole that acts as a zygote 
microtubule-organizing center relies on selective 
maternal proteasomal proteolysis.  

   Formation and Dynamics of Pronuclei 
 A striking feature of the cell cycle is the separa-
tion of the nuclear and cytoplasmic compart-
ments. With either IVF or ICSI, the assembly of 
the nuclear envelope (NE) after fertilization starts 
with membrane-free chromatin organized in two 
distinct entities: a set of maternal chromosomes 
and the sperm nucleus  [  145,   146  ] . Subsequent 
steps mirror ones described during NE assembly 
in somatic cells: (1) membrane vesicles assemble 
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and fuse to form a continuous NE around form-
ing female and male pronuclei ; (2) the nuclear 
pore complexes (NPC), assembled from the 
speci fi c set of glycoproteins called nucleoporins, 
are incorporated into the NE and provide the 
channels for bidirectional nucleocytoplasmic 
traf fi cking between the newly established nuclear 
and cytoplasmic compartments; and (3) nuclear 
lamins are imported into the nucleus and form the 
scaffold of nuclear lamina underneath the NE. 

 Although the assembly and fusion of mem-
brane vesicles during NE formation have been 
studied extensively in somatic cells and in a 
 cell-free system  [  147  ] , little is known about the 
pathways leading to the formation of NPC on the 
zygotic NE, especially in mammalian models. 
Previous studies in bovine have demonstrated 
that the fertilizing sperm triggers the assembly of 
oocyte annulate lamellae (AL), in parallel with 
NPC insertion into NE  [  146  ] . Similar results 
have been obtained in humans  [  12  ]  where AL 
(the cytoplasmic stacks of NPC) were studied 
using a nucleoporin-speci fi c antibody. During 
fertilization arrest at 2PN stage, the NPC assem-
bly was disrupted, whereas AL were clustered in 
the zygote cytoplasm into large sheaths. This was 
accompanied by the lack of NPC incorporation 
into the nuclear envelope, suggesting that aber-
rant assembly of NPC and AL coincides with 
early developmental failure in humans. 

 Pronuclear migration and apposition (the 
events concluding the fertilization process) are 
followed by the breakdown of pronuclear enve-
lopes, the formation of a mitotic spindle, and the 
 fi rst interactions between the maternal and pater-
nal DNA. As it was previously discussed, the 
molecular pathway by which the microtubule-
organizing center recruits maternal components 
to form a fully developed sperm aster is slowly 
becoming better understood in mammalian 
zygotes  [  148  ] . Oocyte’s molecular motors appear 
to have prominent roles in spindle assembly and 
maintenance, with molecules such as dynein/
dynactin, minus-end-directed motor protein 
HSET, and NuMA crucial for preserving proper 
spindle structure and function  [  149  ] . Hall et al. 
 [  150  ]  characterized the developmental potential 
of aged oocytes by studying essential microtu-

bule proteins involved in meiotic and mitotic 
division. RT-PCR in single oocytes was per-
formed to determine expression of oocyte-speci fi c 
genes and microtubule markers [nuclear mitotic 
arrest ( NuMA ), minus-end-directed motor protein 
 HSET,  and the microtubule kinesin motor protein 
 Eg5 ]. Immunocytochemical analysis revealed 
that many oocytes displayed aberrant expression 
of NuMA and Eg5 and had disrupted meiotic 
spindles and tetrapolar mitotic spindles. The 
authors concluded that aberrant maternal proteins 
can cause mitotic spindle defects that may con-
tribute to poor embryo development. 

 Contrarily to rodents, bovine, nonhuman pri-
mate, and human zygotes rely upon sperm asters 
to mediate genomic union  [  151,   152  ] . Another 
maternal contribution to pronuclear apposition 
and normal spindle formation is the requirement 
for molecular motors dynein and dynactin, as 
demonstrated in bovine and nonhuman primate 
models  [  153  ] . Given the known interactions 
among microtubules, motor proteins, intermedi-
ate  fi laments, and nuclear pore complexes, Payne 
et al.  [  153  ]  suggested that dynein and dynactin 
bind to nucleoporins and vimentin at the cyto-
plasmic surface of the female pronuclear enve-
lope to mediate pronuclear migration along sperm 
aster microtubules. A model has been proposed 
for pronuclear assembly, motility, and union with 
dynactin, nucleoporins, and vimentin, interacting 
together with microtubules and dynein (Fig.  21.5 ). 
Nuclear pore complex assembly (accumulated as 
annulate lamellae (AL) in the oocyte cytoplasm) 
and insertion into the envelopes of newly forming 
pronuclei bring dynactin and vimentin  fi laments 
(all from the ooplasm) to the cytoplasmic face of 
nuclear pores, where they interact as a macromo-
lecular complex.  

 The apposition of both pronuclei depends upon 
sperm aster-independent microtubules, appear-
ing within the ooplasm after oocyte activation 
and contacting the surfaces of the pronuclei dur-
ing their assembly. The sperm aster, meanwhile, 
concomitantly develops as a focused set of micro-
tubules radiating out from the centrosome, now 
serving as the dominant microtubule-organizing 
center in the zygote. Enlargement of the sperm 
aster extends the microtubule plus ends away 
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from the male pronucleus, some of which then 
reach the female pronuclear envelope. Growth of 
the sperm aster toward the cortex could deliver 
dynein to the surface of the female pronucleus on 
these microtubule plus ends, allowing it to bind 
to dynactin and vimentin at nuclear pores and 
activate its motor activity. The dynein-dynactin 
complex would then be able to transport the 
female pronucleus to the sperm aster minus ends, 
culminating in pronuclear apposition  [  153  ] . 

 Understanding these protein interactions 
may shed light on certain cases of clinical idio-
pathic infertility in which inseminated oocytes 
arrest in development after the pronuclei fail to 
unite  [  6,   12  ] . As it has been mentioned before, in 
approximately 6 % of human fertilization fail-
ures discarded after IVF-ICSI, the sperm aster 
shows abnormal morphology within the zygote 
 [  144  ] . Both incomplete assembly and disar-
rayed organization of sperm aster microtubules 
would compromise the association of dynein 
with the female pronucleus  [  153  ] . Should 
microtubules fail to bind to the female pronu-
cleus, preventing dynein from localizing to its 
surface, genomic union would be unsuccess-
ful. Dynactin associates with nucleoporins and 
vimentin at the surfaces of both pronuclei upon 
their formation and throughout the fertiliza-
tion cell cycle. Dynactin concentration around 
zygotic pronuclei, meanwhile, resembles its 

localization to prophase nuclear envelopes 
in somatic cells, where it is thought to facili-
tate nuclear envelope breakdown  [  154,   155  ] . 
Dynein, in contrast, depends upon sperm aster 
microtubules to associate to the female pronu-
cleus where it interacts with dynactin, nucleo-
porins, and vimentin to facilitate pronuclear 
motility. To our knowledge, neither dynein nor 
dynactin has previously been reported to asso-
ciate with interphase nuclear envelopes during 
mammalian fertilization. Because migrating 
pronuclei are in S phase, dynactin concentra-
tion around pronuclear envelopes is likely to 
persist throughout zygotic interphase, reveal-
ing a unique functional association during fer-
tilization. The interaction between dynactin 
and nuclear envelope proteins common to both 
pronuclei, together with the spatial distribution 
of dynein to these proteins at the female pro-
nucleus, may ensure successful genomic union 
that completes mammalian fertilization.    

   Concluding Remarks 

 The oocyte becomes fertilizable during the pro-
tracted and complex developmental journey of 
oocyte growth, prematuration, maturation, and 
fertilization. Any exogenous factors with  negative 

  Fig. 21.5    A model for pronuclear assembly, motility, 
and union. Sperm entry activates the mature oocyte, lead-
ing to second polar body extrusion ( top ,  fi rst polar body 
not shown). Formation of pronuclei is accompanied by 
sperm aster-independent microtubules (second from  top , 
 left ), which bring dynactin ( black rectangle  with side 
arm) and vimentin  fi laments ( squiggly green lines ) to 
the cytoplasmic face of the nuclear pore complex ( bas-
ket structure ) (enlargement,  upper right ). Disassembly 
of microtubules and inhibition of nucleoporins and 
dynactin block proper complex formation at the outer 
surfaces of both pronuclei. Growth of sperm aster micro-
tubules, nucleated by the centrosome attached to the 

male  pronucleus, extends microtubule plus ends away 
from the male pronucleus, some of which then reach the 
female pronuclear surface (second from  bottom ,  left ). 
These microtubule plus ends could deliver dynein ( red 
wishbone ) preferentially to the surface of the female pro-
nucleus, allowing dynein to bind to dynactin and vimen-
tin at nuclear pores, and enabling the dynein-dynactin 
complex to transport the female pronucleus to the minus 
ends along the sperm aster (enlargement,  lower right ). 
The inhibition of either dynactin or dynein blocks migra-
tion and prevents apposition ( bottom ) (Reproduced/
adapted with permission from Payne et al.  [  153  ] )       
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in fl uences (such as an inappropriate  follicular 
environment) or intrinsic oocyte abnormality will 
compromise the fertilizing potential of a subset, 
or the entire cohort, of retrieved oocytes. During 
its development, the oocyte becomes equipped 
with complete cellular/molecular machinery that 
proves adequate for successful fertilization. We 
do not yet fully grasp all of the events underly-
ing fertilization failure, and the list of maternal 
determinants that ensure fertilization success 
is expected to grow with additional research. 
Despite extensive research in the area of human 
reproductive biology, much is still to be under-
stood at the cellular level of how oocytes control 
the assembly and disassembly of sperm’s compo-
nents. Understanding the role of the cytoskeleton 
during ICSI is an important step to improve fer-
tilization. The sperm contributions to fertilization 
failure also merit further attention. 

 During any routine IVF or ICSI cycle, there 
is a small proportion of oocytes that remain 
unfertilized. An inability to become fertilized 
may stem from an immaturity (at the nuclear, 
cytoplasmic, and/or membrane level) in 
some of the retrieved oocytes. Extensive and 
important changes occur in the oocyte dur-
ing pre- and post-ovulatory moments; indeed, 
the temporal window within which a human 
oocyte would possess maximal fertilization 
competence remains to be established. Once 
precisely de fi ned in vivo (while the oocyte 
remains in the follicle) and in vitro (while 
awaiting sperm addition), we will be in a better 
position to improve the ef fi ciency of the tech-
nique, thereby helping reduce the occurrences 
of fertilization failure in the laboratory. 

 There are also the unusual cases of total fertil-
ization failure, including the particularly chal-
lenging situations when a complete failure recurs 
across multiple cycles. In these cases, diagnostic 
efforts (including a thorough evaluation of both 
gametes) prove helpful, particularly when it 
comes to managing the patients effectively. Once 
again, an augmented understanding of oocyte 
determinants is imperative given that further 
evaluations have attributed unexplained cases of 
complete fertilization failures as due to an oocyte-
intrinsic abnormality  [  115,   156  ] . In instances of 

elevated fertilization failure, evaluating the cause 
underlying the failure would help detect inherent 
oocyte problems, which may include ones 
described herein or other yet unknown factors. 
As a result, targeted treatment strategies may be 
envisaged, and their ef fi cacy and safety tested.      
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   Introduction 

 The oocyte is the largest cell of the body, and 
unlike the spermatozoon, its role in the generation 
of mammalian offspring is essential  [  1  ] . Although 
challenged by some  [  2–  4  ] , the prevailing dogma is 
that postnatal ovaries of mammalian species are 
set with a  fi xed and nonrenewing pool of primor-
dial oocytes  [  5  ] . These primordial oocytes are at 
the diplotene stage of meiosis I and are surrounded 
by a single layer of  fl attened epithelial cells (i.e., 
pre-granulosa cells), forming a so-called primor-
dial follicle  [  6,   7  ] . Primordial follicles remain in a 
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  Abstract 

 Malnutrition (i.e., undernutrition and overnutrition) is a worldwide phe-
nomenon that can affect mammalian oocyte developmental competence 
following fertilization, compromising the establishment of pregnancy. 
However, live birth is usually possible during maternal malnutrition even 
in extreme cases of undernutrition (i.e., anorexia nervosa) and overnutri-
tion (i.e., morbid obesity). Several epidemiological and clinical studies in 
humans and experimental animal models have demonstrated that in utero 
development under nutritional stress can program the development of non-
communicable diseases (NCD) in adult life (e.g., diabetes, metabolic syn-
drome). Of further signi fi cance is the fact that malnutrition can also 
program the development of NCD in adulthood via changes on oocyte 
physiology before conception. This chapter focuses on the available evi-
dence supporting this latter hypothesis.  
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quiescent state until activated to grow. When pri-
mordial follicles are activated to grow, their single 
layer of  fl attened granulosa cells turns into a 
cuboidal shape, leading to the formation of pri-
mary follicles  [  7,   8  ] . Primary follicles further 
progress into successive preantral and antral stages 
during folliculogenesis  [  9  ] . Most of the primary 
follicles entering the growth phase will end up 
atretic, and only a limited number of follicles will 
be recruited to achieve the antral stages  [  10  ] . From 
this cohort of growing antral follicles, one (i.e., 
monovulatory species such as women, cows, and 
mares) or several follicles (i.e., polyovulatory spe-
cies such as pigs, rats, and mice) will be selected 
to ovulate  [  11–  16  ] . 

 During follicular growth from the primordial 
to the preovulatory stage, the oocyte increases 
its size, develops more layers of granulosa cells, 
and acquires both theca interna and externa layers 
 [  17–  19  ] . As oocyte growth proceeds, there is also 
an increase and reorganization of cytoplasmic 
organelles  [  20–  22  ]  along with synthesis and stor-
age of mRNAs and proteins  [  23–  25  ] . These cel-
lular and molecular changes in the oocyte of the 
growing follicle are controlled by the interaction 
between endocrine (e.g., gonadotropins, metabo-
lites, and metabolic hormones) and paracrine/
autocrine (e.g., growth factors) pathways in both 
monovulatory and polyovulatory species  [  26  ] . 
The resultant ovarian follicular microenviron-
ment from these interactive pathways determines 
the developmental competence of the oocyte. 
Hence, unperturbed oocyte development during 
folliculogenesis is essential for successful early 
embryo development, fetal growth, and offspring 
health  [  24,   27–  29  ] . 

 The endocrine and paracrine/endocrine path-
ways controlling the follicular milieu in which 
the oocyte develops are affected by several 
environmental factors, including nutrition  [  30  ] . 
A large number of studies have shown that 
imbalances in the maternal diet during preg-
nancy can impair preimplantation embryo via-
bility, fetal development, and offspring health 
 [  31–  37  ] . However, data are also available out-
lining the in fl uence of maternal malnutrition on 
embryonic, fetal, and postnatal development 
via effects on oocyte quality. This chapter will 

focus on the effect of malnutrition on the ability 
of the oocyte to achieve pregnancy. The long-
term effects of the nutritional in vivo microen-
vironment of the oocyte on offspring health will 
also be addressed.  

   Is the Study of Undernutrition and 
Oocyte Developmental Competence 
Only Relevant for Countries with 
Developing Economies? 

 Undernutrition is the result of de fi cient bioavail-
ability of one or more macro- and micronutrients 
caused by decreased dietary intake, increased 
nutritional requirements or losses, or impaired 
ability to absorb or utilize nutrients  [  38,   39  ] . 
Nutritional requirements are not being ful fi lled in 
a signi fi cant percentage of the population from 
countries with developing and emerging econo-
mies  [  40  ] , and extreme cases of starvation are 
still present in the twenty- fi rst century  [  41  ] . 
However, de fi cient intake of nutrients can occur 
in individuals living in developed countries. 
Indeed, underweight pregnant women are not 
uncommon in countries with very high human 
development index  [  42–  46  ] . Even in the current 
superpower country, a signi fi cant proportion of 
homeless pregnant women experience undernu-
trition  [  47  ] . Adolescent girls in developed coun-
tries can also experience undernutrition when 
trying to keep up with the thin appearance fash-
ion trend promoted by the media  [  48,   49  ] . In fact, 
some studies have found that thinness is more 
prevalent than obesity among adolescent girls 
 [  50,   51  ] . A recent survey indicated that a notably 
thin  fi gure as an ideal body shape is a perception 
also present in young women  [  52  ] . This drive for 
thinness is usually accomplished by reducing 
food intake with dieting rather than increasing 
physical activity, which in some cases can reach 
extreme levels, leading to serious eating disorders 
 [  48,   53,   54  ] . The possible effects of undernutri-
tion on offspring health via oocyte developmental 
competence in this population sector are relevant 
as pregnancies in adolescent girls are common 
 [  55–  58  ] , and patients with eating disorders (e.g., 
anorexia nervosa, bulimia nervosa) can conceive 
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and deliver a child  [  59,   60  ] , even in unplanned 
pregnancies  [  61  ] .  

   Undernutrition and the Ability 
of the Oocyte to Achieve the Early 
Stages of Pregnancy 

 Excessive undernutrition can stop ovulation 
in humans  [  62  ] . Nutritional-induced anovula-
tion has been replicated in other species includ-
ing pigs  [  63  ] , cattle  [  64,   65  ] , and mice  [  66  ] . 
However, anovulation is not always present in 
women experiencing severe undernutrition, and 
their oocytes are capable of achieving fertiliza-
tion  [  59,   61  ] . Nevertheless, women with anorexia 
nervosa and bulimia nervosa are more likely to 
experience two or more miscarriages than the 
general population  [  67  ] , suggesting that oocyte 
developmental competence may be compromised 
to a certain extent by undernutrition. Studies in 
monovulatory mammalian species have illus-
trated the effects of low nutritional intake on the 
ability of the oocyte to develop into a blastocyst. 
For example, the percentage of in vivo embryos 
in the stage of expanded blastocyst was reduced 
in non-superovulated ewes fed 0.5 of their main-
tenance nutritional requirements (M) compared 
with control animals fed 1.5 M for 14 days 
before mating  [  68  ] . In an in vitro fertilization 
(IVF) model, oocytes from ewes underfed (60 % 
of control maintenance diet) for 8 weeks before 
oocyte collection displayed reduced rates of 
cleavage and blastocyst formation  [  69  ] . In con-
trast, the ability of the oocyte to develop into a 
preimplantation embryo in polyovulatory species 
seems to be less affected by nutritional de fi cits. 
For instance, the capacity to attain the blastocyst 
stage in vitro of in vivo-derived two-cell embryos 
collected from mice fed with a low-protein diet 
during the pre-mating period was not different 
from that of females feeding on a medium-protein 
diet  [  70  ] . Pigs with restricted feed intake before 
puberty (i.e., 33 % less than that of an ad libi-
tum diet) did not show a signi fi cant increase in 
early pregnancy loss  [  71  ] . Likewise, nutritional 
restrictions in gilts during estrous cycles preced-
ing mating  [  72,   73  ]  or in primiparous sows before 

breeding  [  74  ]  did not limit progress to the blas-
tocyst stage. However, total food deprivation can 
impair oocyte competence as shown by reduced 
blastocyst formation in does subjected to 72 h 
fasting  [  75  ] .  

   Effect of Low Body Composition on 
the Ability of the Oocyte to Achieve 
the Early Stages of Pregnancy 

 Body condition score (BCS) is a common subjec-
tive method used to estimate fat reserves in domes-
tic species including cattle  [  76  ] , sheep  [  77  ] , goats 
 [  78  ] , pigs  [  79  ] , horses  [  80  ] , dogs  [  81  ] , and cats 
 [  82  ] . In sheep, both the number and percentage of 
blastocysts formed in vitro have been positively 
correlated with body condition score (BCS)  [  69  ] . 
A low BCS is a common characteristic of high-
producing dairy cows experiencing negative 
energy balance (NEB) during the postpartum 
period  [  83  ] . It is believed that this period of NEB 
is due to the lack of dietary intake capacity to cover 
energy demands for high milk yield imposed by 
intense genetic selection, resulting in mobilization 
of fat reserves and reduction in BCS  [  84  ] . Bovine 
oocytes collected during the period of NEB can 
display reduced morphological quality  [  85  ] . 
Moreover, oocytes recovered from dairy cows with 
a low BCS shown a reduced in vitro cleavage and 
blastocyst formation rate compared to oocytes col-
lected from cows with a good BCS  [  86  ] . 

 In humans, the ratio of body weight to height, 
known as the body mass index (BMI), is a mea-
surement (kg/m 2 ) used to allocate individuals that 
are underweight (18.4), overweight (25–29.9), and 
obese ( ³ 30) in relation to a reference “healthy” 
BMI (18.5–24.9) according to the World Health 
Organization  [  87,   88  ] . Studies with IVF patients 
have revealed that women with a low BMI may 
produce oocytes with reduced morphological 
quality  [  89  ] , but the capacity to achieve in vitro 
fertilization and early embryonic stages, and the 
chances of pregnancy following embryo trans-
fer, seem not to differ from women with normal 
BMI  [  89–  96  ] . Nevertheless, recent data showed 
a nonsigni fi cant trend toward lower odds of fer-
tilization  [  97  ]  and clinical pregnancy  [  97,   98  ]  
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in underweight women compared with normal 
weight control IVF patients. Moreover, under-
weight women displayed a signi fi cant reduction 
in the number of in vitro-produced embryos com-
pared with women with normal BMI  [  99  ] .  

   Is the Study of Overnutrition and 
Oocyte Developmental Competence 
Only Relevant for Countries with 
Developed Economies? 

 Overnutrition is a form of malnutrition that arises 
when bioavailability of one or more macro- and 
micronutrients exceeds the amounts necessary 
for normal physiological activity and metabo-
lism, which commonly leads to overweight or 
obesity  [  100  ] . World statistics indicate that more 
than 30 % of the adult population is either over-
weight or obese, and if the current trend contin-
ues, this value will rise to 57.8 % by 2030  [  101  ] . 
However, this is not a problem only present in 
countries with advanced economies. The preva-
lence of obesity and metabolic syndrome in some 
Latin America countries is similar or even higher 
than in developed countries  [  102,   103  ] . Similarly, 
obesity has become a public health concern in 
most countries of the Eastern Mediterranean 
region  [  104  ] . In fact, 80 % of deaths caused by 
nutrition-related chronic diseases occurs in coun-
tries with developing economies, and a large pro-
portion of these deaths are associated to 
overweight and obesity  [  105  ] .  

   Overnutrition and the Ability of the 
Oocyte to Achieve the Early Stages 
of Pregnancy 

 Overnutrition can cause anovulation in both 
humans  [  106  ]  and animals  [  107  ] . Although obese 
women can ovulate and achieve pregnancy spon-
taneously  [  43,   108  ] , or after induction of ovulation 
 [  109  ] , they are often at greater risk of pregnancy 
complications, including fetal and neonatal death 
 [  42,   45,   110–  112  ] . Several studies have pro-
vided evidence that oocyte competence is usually 
impaired in overfed individuals. Adamiak et al. 

 [  113  ]  using ovum pick-up/in vitro embryo pro-
duction (OPU/IVEP) demonstrated that heifers 
in good BCS consuming 2.0 M had a cumulative 
reduction in blastocyst yields compared to oocyte 
donors fed 1.0 M. The same group showed that 
bovine donors with low BCS consuming a diet 
high in starch and palm oil fatty acids yielded 
oocytes with reduced capacity to achieve the 
blastocyst stage. This high consumption of carbo-
hydrates and fatty acids, however, did not affect 
blastocyst yields in oocyte donors with moderate 
BCS  [  114  ] . In another OPU/IVEP study, bovine 
in vitro blastocyst production in superstimulated 
oocyte donors started to decline after a con-
tinuous experimental overfeeding regime for 
16 weeks  [  115  ] . The overfed donors showed an 
improvement in in vitro embryo production when 
they were switched to restricted feeding  [  115  ] . A 
similar scenario has been found in mice, in which 
in vivo fertilization rates were reduced in females 
fed a high-fat diet  [  107  ] . In vivo-derived zygotes 
from mice fed a high-fat diet also displayed 
a reduced ability to reach the blastocyst stage 
during in vitro culture  [  116  ] . Likewise, in vivo 
exposure of oocytes to a microenvironment high 
in omega-3 polyunsaturated fatty acids during 
in vivo fertilization impaired zygote morphology 
and decreased developmental ability to the blas-
tocyst stage  [  117  ] . In humans, impaired cumulus-
oocyte complex morphology has been associated 
with elevated fatty acid concentrations in ovarian 
follicular  fl uid  [  118  ] . 

 High intake of proteins leading to high ammo-
nia and urea concentrations in systemic circula-
tion and reproductive tract can also affect 
negatively oocyte developmental competence 
 [  119  ] . For instance, the proportion of oocytes that 
developed to the blastocyst stage during in vitro 
culture was reduced in bovine oocyte donors fed 
diets that increased ammonia concentration in 
plasma and ovarian follicular  fl uid  [  120  ] . Oocytes 
recovered from heifers with high plasma urea 
concentrations showed lower rates of cleavage 
and blastocyst formation during in vitro embryo 
production  [  121  ] . Recently, Ferreira et al.  [  122  ]  
reported a decreased hatching rate of in vitro-
produced blastocysts derived from oocytes col-
lected from heifers supplemented with urea 
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compared to non-supplemented oocyte donors. 
These  fi ndings could be relevant for humans, as 
women consuming a diet with high content of 
protein showed increased blood urea concentra-
tions  [  123  ] , and a strong positive correlation 
between blood and follicular  fl uid urea concen-
trations has been documented in IVF patients 
 [  124  ] . High-protein diets have been used as an 
intervention for weight loss in patients with the 
polycystic ovary syndrome (PCOS)  [  125  ] . 

 Interestingly, studies with ruminants suggest 
that overnutrition seems to be more detrimental 
than undernutrition for oocyte developmental 
competence. For instance, morphological oocyte 
quality was better in ewes offered a low diet 
(0.5 M) than in ewes fed ad libitum  [  126  ] . 
Superovulated heifers fed ad libitum for 100 days 
before superovulation produced less viable 
embryos than animals on a restricted diet  [  127  ] . 
Oocytes recovered from heifers under concen-
trate supplementation (high-energy source) had 
reduced ability to develop to the blastocyst stage 
in vitro compared to oocytes collected from ani-
mals consuming silage or hay  [  128  ] . Ewes fed 
0.5 M until the day of arti fi cial insemination pro-
duced more viable morulae than animals fed with 
2.3 M  [  129  ] . When these in vivo-produced moru-
lae were cultured in vitro for 72 h, the in vitro 
development to the blastocyst stage was also 
higher for the underfed group  [  129  ] . Oocytes 
from sheep fed 2.0 times maintenance energy 
requirements (MER) and supplemented with urea 
had lower cleavage rate and blastocyst produc-
tion in vitro than ewes supplemented with urea 
but under 0.5 MER  [  130  ] . Likewise, in a recent 
IVF study, ewes fed with 1.5 M showed a reduced 
blastocyst production compared to animals fed 
with 0.5 M  [  131  ] . 

 Farm pigs seem to be an exception to this det-
rimental effect of overnutrition on oocyte devel-
opmental competence. In superstimulated gilts, 
in vivo oocyte maturation was not affected by a 
high intake of energy  [  132  ] . A high intake of 
lysine was not associated with parameters of 
in vitro maturation in sows  [  133  ] . In fact, a high 
plane of nutrition during the pre-mating period 
did not affect  [  134  ]  or improve pig embryo sur-
vival  [  135,   136  ] . Accordingly, gilts subjected to a 

high plane of nutrition for 19 days showed a 
higher proportion of oocytes reaching the meta-
phase II (MII) status following in vitro matura-
tion compared to gilts under a maintenance diet 
 [  137  ] . The proportion of oocytes maturing to MII 
in vitro was also reduced in gilts subjected to 
restricted feeding (2.2–2.5 M) compared to those 
on a high plane of nutrition (3.0–3.5 M)  [  138  ] . 
Similarly, compared to a maintenance-energy 
diet, gilts fed a high-energy diet yielded a higher 
proportion of oocytes showing cumulus expan-
sion and reaching the MII state after in vitro cul-
ture  [  139  ] . The reason for this phenomenon is 
unknown, but it could be related to the use of 
nutritional requirement guidelines that are subop-
timal for sows used in modern pig production 
systems, which are the result of years of intensive 
genetic selection for high proli fi cacy  [  140  ]  and, 
therefore, with greater nutritional requirements 
than their less-proli fi c ancestors. Whatever the 
reason, it is clear that extrapolation of data gener-
ated in farm pigs for the creation of conceptual 
models on oocyte quality  [  141  ] , especially those 
relevant for human malnutrition, should be done 
with caution.  

   Effect of High Body Composition on 
the Ability of the Oocyte to Achieve 
the Early Stages of Pregnancy 

 High BCS has been associated with impaired 
bovine oocyte developmental competence in vitro 
 [  113  ] . Likewise, repeat breeder heifers are usu-
ally associated with a high BCS  [  142  ] . In women 
undergoing IVF treatment, high BMI can decrease 
fertilization rates and increase the incidence of 
early pregnancy loss and miscarriage, leading to 
a reduction in live birth rate  [  91–  93,   97–  99,   143–
  148  ] . In contrast, several studies reported that 
high maternal BMI did not affect pregnancy out-
come in IVF patients  [  90,   95,   149–  153  ] . In an 
oocyte donation model, it was found that human 
embryo recipients with a high BMI did not show 
differences in pregnancy outcome compared with 
embryo recipients with normal BMI  [  154  ] . Since 
young healthy women provided the oocytes, pos-
sible detrimental effects of high BMI on oocyte 
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quality were excluded, suggesting that the uterine 
microenvironment of embryo recipients with a 
high BMI is not a determinant factor for IVF 
pregnancy success when a good quality embryo 
is transferred  [  154  ] . Accordingly, implantation 
and pregnancy rates are not impaired in IVF 
patients with high BMI when embryos consid-
ered to be of high quality are transferred  [  155  ] . 
On the other hand, oocyte donation studies have 
also reported a higher risk of spontaneous abor-
tion  [  144  ]  and poor pregnancy rates  [  156  ]  in 
women with high BMI. It has also been reported 
that high maternal BMI did not affect the mor-
phological quality of in vitro-produced blasto-
cysts, but still it decreased pregnancy and live 
birth rates after embryo transfer  [  94  ] . These latter 
studies suggested that the adverse effects of high 
BMI on pregnancy IVF outcome can be also 
exerted in the uterus following transfer  [  94  ] . 
However, morphological evaluation is not an 
accurate method to determine embryo quality 
 [  157,   158  ] . An embryo with good morphological 
appearance may have a compromised develop-
mental competence. Under in vivo conditions, it 
is known that malnutrition can affect both the 
oviductal  [  159,   160  ]  and uterine microenviron-
ments  [  161  ] , and development of the early 
embryo critically depends on the luminal  fl uid 
present in the oviduct and uterus  [  162–  166  ] . 
Hence, the detrimental impact of overnutrition 
cannot only be infringed at the oocyte level dur-
ing folliculogenesis but also during embryo 
development in the oviduct and uterus. 

 The con fl icting results in studies addressing 
the effects of obesity on human IVF treatment 
using BMI measurements are probably related to 
the population sample and the cutting point used 
to de fi ne obesity  [  167,   168  ] . It also has to be con-
sidered that BMI is not a calculation of the per-
centage of body fat and the estimation of body 
fatness it provides is poor, as it cannot assess 
body fat compartmentalization (i.e., subcutane-
ous vs. visceral fat)  [  87,   169  ] . Inconsistencies 
among studies could also be due to the lack of 
control over critical variables that can in fl uence 
human IVF outcome such as age, dietary intake, 
lifestyle (smoking, drinking), and the BMI and 
fertility of the male partner  [  97,   153  ] . Interestingly, 

in a recent study analyzing data comprising over 
700,000 IVF cycles from 120 IVF units covering 
a 12-year period, Kupka et al.  [  170  ]  found that 
implantation rates in IVF cycles are affected pos-
itively when the male partner is obese and the 
female partner has a normal BMI.  

   Effect of the Nutritional 
Microenvironment of the Oocyte 
on Offspring Health 

 The above-discussed information clearly shows 
that oocytes that develop under a microenviron-
ment of malnutrition can achieve pregnancy, and 
although some pregnancies can be lost (Fig.  22.1 ), 
a successful delivery to term is usually possible, 
even in extreme cases of undernutrition  [  59,   60  ]  
and overnutrition  [  171,   172  ] . It seems that some 
individuals can adapt better than others to nutri-
tional stress and are able to maintain their fertil-
ity  [  173  ] . However, data from epidemiological 
and clinical studies in humans and experimental 
trials in animals have shown that malnutrition 
during pregnancy can program the development 
of noncommunicable diseases (NCD) such as 
obesity, diabetes, cardiovascular conditions, and 
metabolic syndrome in adult life  [  34,   174–  177  ] . 
This information has been the basis for the cre-
ation of the concept of developmental origins 
of health and disease (DOHaD). This adverse 
programming can be induced during the peri-
conceptional period (i.e., from folliculogenesis 
to implantation)  [  178  ] , affecting both the oocyte 
and oviductal-uterine embryo development  [  34, 
  175  ] . Although this nutritional programming of 
NCD in adulthood can be exerted in the oviduct 
and uterus during preimplantation embryo devel-
opment, there is evidence showing that these 
effects can also be induced solely in the ovary, 
during folliculogenesis (Fig.  22.2 ). For example, 
mice under an isocaloric low-protein diet prior 
to natural mating produced male and female off-
springs with elevated systolic blood pressure and 
attenuated in vitro vasoreactivity of mesenteric 
arteries to vasodilators  [  179  ] . In this nutritional 
model, the kidney weight of female offspring 
was reduced, but the number of glomeruli was 
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increased. This putative compensatory response 
to maternal undernutrition resulted in correlations 
between systolic blood pressure and morphologi-
cal variables such as glomerular number, kidney 
to body weight ratio, and heart to body weight 
ratio not seen in offspring from mothers fed with 
normal levels of protein  [  179  ] . Similarly, female 
offspring from ewes experiencing undernutrition 
(i.e., 0.5 M) for 30 days before conception dis-
played attenuated vasodilatation in left descend-
ing coronary artery, left internal thoracic artery, 
and third-order femoral artery  [  180  ] . The altered 
repertoire of cardiovascular and blood vessel func-
tion induced in these models of undernutrition is 
a known contributory factor for the development 
of cardiovascular disease  [  181  ] . Furthermore, 

maternal protein undernutrition before concep-
tion in mouse also caused abnormal anxiety-
related behavior in the resultant offspring when 
subjected to open- fi eld tests  [  179  ] . Likewise, 
ewes undernourished for 60 days before mating 
gave birth to lambs that display fewer attempts 
to escape when subjected to an isolation stress 
test compared to controls  [  182  ] . The implica-
tions of these alterations in behavioral reactions 
for human development are unknown, but they 
could be signi fi cant. For instance, it is known that 
Holocaust survivors subjected to malnutrition 
and related stress can develop long-term altera-
tions in metabolism  [  183  ] , and their offspring can 
display higher levels of distress, including higher 
anxiety levels, lower self-esteem, and relational 

Undernutrition Overnutrition

Folliculogenesis

  Fig. 22.1    Malnutrition can affect the quality of the 
oocyte during folliculogenesis, impairing its ability to 
reach the blastocyst stage or to sustain pregnancy  following 

implantation ( red arrows ). However, oocytes subjected to 
nutritional stress are often capable of achieving a success-
ful pregnancy ( black arrows )       
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 ambivalence  [  184,   185  ] , which can lead to a 
greater use of psychotropic medication  [  186  ] .   

 In a model of diet-induced obesity before con-
ception, 6-month-old offspring from obese mice 
were heavier and had greater visceral adipose tis-
sue and increased adipose tissue/body mass ratio 
than controls  [  187  ] . Compared to their lean con-
trol counterparts, male obese offspring showed 
elevated blood concentrations of insulin, triglyc-
erides, free fatty acids, adiponectin, and C-reactive 
protein (CRP); whereas female obese offspring 
did not have high levels of insulin, adiponectin, 
and CRP but displayed increased concentrations 
of cholesterol, leptin, triglycerides, free fatty 
acids, and soluble intercellular adhesion molecu-
lar-1 (sICAM-1)  [  187  ] . The impaired secretion 
pattern of these blood analytes has been associ-
ated with the metabolic syndrome and/or cardio-
vascular disease  [  188–  191  ] . A similar scenario 
has been found in ewes, where dams with a high 
BCS and fed ad libitum (1.7–1.9 MER) for 
4 months before conception produced female 
lambs with increased total fat mass at 4 months 
of age  [  192  ] . These animal studies gave partial 
support to the  fi ndings from recent studies in 
humans indicating that children born from moth-
ers that were overweight or obese before preg-
nancy have a higher risk of becoming overweight 
or obese during adolescence  [  193–  195  ] . 

 The effects of malnutrition before conception 
have been detected during the fetal period as well. 
Accordingly, methylation of proopiomelanocor-
tin and glucocorticoid receptor was reduced in 
the hypothalamus of fetuses (day 135 of gesta-
tion) from ewes subjected to undernutrition for 
60 days before conception, suggesting a possible 
alteration in the regulation of food intake  [  196  ] . 
With the same model, it was found that under-
nourished ewes developed higher insulin sensi-
tivity at 65 days of pregnancy  [  197  ] , associated 
with lower growth rate of fetuses in late preg-
nancy  [  197,   198  ]  compared with well-nourished 
control counterparts. Interestingly, non-over-
weight women losing weight before pregnancy 
have a higher risk of having small for gestational 
age newborns  [  199  ] .  

   Mechanisms Underlying the Effects 
of Malnutrition on Oocyte 
Developmental Competence 

   Malnutrition and Endocrine 
and Paracrine Mediators 

 Both undernutrition and overnutrition can affect 
circulating concentrations of metabolites and 
metabolic hormones capable of affecting oocyte 

Malnutrition Malnutrition

ChronicChronic

a b

diseases

noncommunicable

diseases

noncommunicable

  Fig. 22.2    Malnutrition during folliculogenesis ( a ) and preimplantation embryo development ( b ) can program the 
development of noncommunicable chronic diseases in adult life       
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physiology (Tables  22.1  and  22.2 ). However, 
circulating concentrations of blood constituents 
do not always re fl ect changes in ovarian follicu-
lar  fl uid (FF) concentrations during nutritional 
trials. This is especially true for blood analytes 
with endocrine and paracrine action. For exam-
ple, concentrations of insulin-like growth fac-
tor-1 (IGF1), a peptide essential for mammalian 
ovarian activity  [  225  ] , were affected in systemic 

 circulation but not in FF of cattle subjected to 
short-term fasting  [  202  ] . In ewes, IGF1 concen-
trations in FF were unaffected by body condition 
or level of feed intake despite signi fi cant treatment 
differences in systemic concentrations  [  226  ] . An 
opposite scenario was found during fat supple-
mentation in cows, in which IGF1 concentra-
tions were increased in FF but not in serum  [  219  ] . 
Similarly, concentrations of IGF1 were increased 

 Blood 
constituent  Effect  Species – nutritional model  Reference 

 IGF1  ↑  Pigs – high plane of nutrition   [  134,   137,   138  ]  
 ↑  Cattle – high BCS   [  161,   200  ]  
 ↑  Pigs – high-energy diet   [  139  ]  
 ↑  Pigs – starch diet   [  134  ]  
 ↑  Humans – high BMI   [  201  ]  
 ↓  Pigs – low-energy diet   [  139  ]  
 ↓  Cattle – fasting   [  202  ]  
 ↓  Cattle – negative-energy balance   [  203  ]  
 ↓  Cattle – low plane of nutrition   [  204  ]  
 ↓  Cattle – low BCS   [  113  ]  
 ↓  Ewes – fasting   [  205  ]  

 Insulin  ↑  Pigs – high plane of nutrition   [  137  ]  
 ↑  Buffaloes – high-energy diet   [  206  ]  
 ↑  Pigs – high-energy diet   [  139  ]  
 ↑  Pigs – starch diet   [  207  ]  
 ↑  Cattle – starch diet   [  114  ]  
 ↑  Cattle – high BCS   [  204  ]  
 ↑  Cattle – high plane of nutrition   [  113  ]  
 ↑  Ewes – high plane of nutrition   [  208  ]  
 ↓  Mice – low protein   [  209  ]  
 ↓  Pigs – low-energy diet   [  139  ]  
 ↓  Buffaloes – low-energy diet   [  206  ]  
 ↓  Ewes – fasting   [  205  ]  

 Leptin  ↑  Pigs – high plane of nutrition   [  134,   137  ]  
 ↑  Cattle – high BCS   [  161  ]  
 ↑  Buffaloes – high-energy diet   [  206  ]  
 ↑  Human – high BMI   [  201,   210–  212  ]  
 ↑  Human – high-fat mass   [  213  ]  
 ↑  Ewes – high plane of nutrition   [  208  ]  
 ↓  Buffaloes – low-energy diet   [  206  ]  
 ↓  Cattle – low plane of nutrition   [  204  ]  
 ↓  Cattle – low BCS   [  113  ]  
 ↓  Ewes – fasting   [  205  ]  

 Adiponectin  ↓  Humans – high BMI   [  214  ]  
 ↑  Humans –  fi sh-based diet   [  215  ]  
 ↑  Mice – low-energy diet   [  216  ]  

  ↑ increase, ↓ decrease,  BCS  body condition score,  BMI  body mass index  

Table 22.1 Effects of 
nutritional conditions on 
selected systemic metabolic 
hormones in female 
mammals with capacity to 
affect oocyte physiology
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in FF but not in systemic circulation of buffaloes 
fed with different levels of energy  [  206  ] . This 
emphasizes the importance of measuring analytes 
in blood and FF in experiment trials addressing 

the effect of malnutrition on ovarian physiology. 
Several analytes in FF have been reported to be 
altered during malnutrition, but for most of these 
FF components, a cause-effect relationship with 
oocyte developmental competence has not yet 
been demonstrated (Fig.  22.3 ). It is important 
to emphasize that FF components are not only 
in fl uenced by the amount of nutrients but also 
by diet composition  [  241,   242  ] . Interestingly, 
some analytes in follicular  fl uid can be affected 
in opposite directions under similar models of 
undernutrition. Moreover, both undernutrition 
and overnutrition can induce similar  fl uctuations 
of some intrafollicular components (Fig.  22.3 ).     

   Undernutrition and Oocyte Quality 

 Cows with low BCS can have a greater propor-
tion of oocytes with impaired morphology such 
as incomplete or absent cumulus layers, con-
densed cumulus, or vacuolated cytoplasm  [  243  ] . 
Oocyte morphological quality (i.e., the number 
of granulosa layers and cytoplasm homogeneity) 
was also reduced in buffaloes  [  206  ]  and pigs 
 [  139  ]  subjected to low-energy intake compared 
to animals fed a high-energy diet. Compared with 
feeding ad libitum, fasting for 48 h in immature 
female mice reduced the percentages of oocytes 
with germinal vesicle breakdown and polar body 
extrusion after in vitro FSH treatment, suggesting 
a possible detrimental effect on oocyte matura-
tion  [  66  ] . Interestingly, large follicles developed 
only in ovaries from fasting mice, and the folli-
cle-enclosed oocytes were dead  [  66  ] . Feed restric-
tion can also decrease the number of neutrophil 
granulocytes and monocytes-macrophages 
in fi ltrating the theca interna of rat preovulatory 
follicles  [  244  ] , but their role in oocyte develop-
mental competence is unknown.  

   Overnutrition and Oocyte Quality 

 Mice supplemented with urea showed a reduc-
tion in the percentage of oocytes of good mor-
phological quality  [  245  ] . In a model of 
diet-induced obesity, the percentage of oocytes 

   Table 22.2    Effects of nutritional conditions on selected 
systemic metabolites in female mammals with capacity to 
affect oocyte physiology   

 Blood 
constituent  Effect 

 Species – nutri-
tional model  Reference 

 Glucose  ↑  Buffaloes – 
 high-energy diet 

  [  206  ]  

 ↑  Pigs – starch diet   [  207  ]  
 ↑  Ewes – high plane 

of nutrition, 
  [  208  ]  

 ↓  Pigs – high plane 
of nutrition 

  [  137  ]  

 ↓  Mice – fasting   [  66  ]  
 ↓  Mice – low 

protein 
  [  209  ]  

 ↓  Buffaloes – 
 low-energy diet 

  [  206  ]  

 ↓  Cattle – negative-
energy balance 

  [  203  ]  

 Urea  ↑  Cattle – high-
protein diet 

  [  217  ]  

 ↑  Human – high-
protein diet 

  [  218  ]  

 Cholesterol  ↑  Buffaloes – 
 high-energy diet 

  [  206  ]  

 ↑  Cattle – fat 
supplementation 

  [  219  ]  

 ↑  Mice – high-fat 
diet 

  [  187  ]  

 ↑  Rabbits – high-fat 
and high-
 cholesterol diet 

  [  220  ]  

 ↓  Buffaloes – 
 low-energy diet 

  [  206  ]  

 ß-Hydroxy-
butyrate 

 ↑  Cattle – negative-
energy balance 

  [  203  ]  

 ↑  Humans – 
 high-protein diet 

  [  221  ]  

 ↑  Humans – fasting   [  222  ]  
 Nonesteri fi ed 
fatty acids 

 ↑  Cattle – negative-
energy balance 

  [  203  ]  

 ↑  Ewes – low-
energy diet 

  [  223  ]  

 ↑  Humans – 
 high-carbohydrate 
diet 

  [  224  ]  

  ↑ increase, ↓ decrease,  BCS  body condition score,  BMI  
body mass index  
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reaching germinal vesicle breakdown was 
reduced, the follicles presenting apoptosis was 
increased, and the size of the oocytes was 
reduced in obese mice compared to lean control 
counterparts  [  246  ] . Likewise, oocyte size was 
reduced in women undergoing IVF treatment 
and categorized as obese  [  247  ] . In vitro bovine 
models have shown that development to the 

blastocyst stage is positively associated with 
oocyte diameter  [  248  ] , and failure of the oocyte 
to reach a proper size has been linked with the 
inability to undergo meiotic maturation and 
increased frequency of polyspermic fertilization 
 [  249,   250  ] . Higher lipid content is also a com-
mon characteristic of oocytes from obese indi-
viduals and is considered a biomarker of 

Undernutrition Overnutrition
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  Fig. 22.3    Malnutrition can alter components in ovarian follicular  fl uid. Data from humans  [  107,   227–  231  ] , cattle  [  217, 
  219,   232–  236  ] , ewes  [  237,   238  ] , and pigs  [  239,   240  ]        
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lipotoxicity  [  107,   142  ] . Several molecular vari-
ables of oocyte quality have been also found to 
be altered during overnutrition (Fig.  22.4 ).   

   Malnutrition and Gene Expression 
in Oocytes and Granulosa Cells 

 Transcript expression of several developmentally 
important genes has been found to be affected by 
malnutrition in oocytes and granulosa cells. In 
ewes subjected to undernutrition, genes related to 
oocyte metabolism were downregulated, whereas 
in granulosa cells, genes related to follicle devel-
opment and metabolism were upregulated  [  251  ] . 
A higher expression of genes associated with 
endoplasmic reticulum stress has been reported 
in cumulus-oocyte complexes from obese mice 
and women  [  107  ] . Likewise, genes related to 
insulin signaling were upregulated in obese 
women compared with moderate-weight women 
 [  227  ] . Nevertheless, the number of genes exam-
ined in these studies is minute compared to the 
several thousand genes involved in oocyte devel-

opmental competence  [  252  ] . Furthermore, gene 
expression does not always translate into equal 
protein expression.  

   In Vitro Models of Malnutrition 

 In an in vitro model of cell undernutrition, Sirotkin 
 [  253  ]  found that porcine granulosa cells subjected 
to serum deprivation reduced BAX protein expres-
sion and release of progesterone and IGF1, but 
markers of cell proliferation (proliferating cell 
nuclear antigen [PCNA] and cyclin B1) remained 
unaffected. In cattle, oocytes exposed in vitro to 
nonesteri fi ed fatty acids (NEFA) concentrations 
found in FF of cows in NEB displayed an 
increased apoptosis of cumulus cells and impaired 
progression of meiosis with subsequent negative 
effects on cleavage rate and blastocyst formation 
 [  254  ] . Likewise, concentrations of ß(beta)-
hydroxybutyrate (BHB) are increased in cows 
experiencing NEB, and in vitro oocyte maturation 
in a high BHB microenvironment resulted in 
reduced cleavage rate and blastocyst yield  [  255  ] . 
In a more recent experiment, in vitro oocyte mat-
uration with elevated NEFA concentrations 
resulted in a diminished ability of oocytes to reach 
the blastocyst stage compared to oocytes matured 
with physiological concentrations of NEFA  [  256  ] . 
Blastocysts originating from oocytes matured 
with high NEFA concentrations showed reduced 
number of cells, increased levels of apoptosis, 
and upregulation of mRNA transcripts for meth-
yltransferase 3 alpha (DNMT3A), insulin-like 
growth factor receptor 2 (IGFR2), and solute car-
rier family 2 (facilitated glucose transporter) 
member 1 (SLC2A1, also known as GLUT1) 
 [  256  ] . Further analysis of the resultant blastocysts 
revealed lower consumption of oxygen, pyruvate, 
and glucose, along with higher consumption of 
lactate and greater amino acid consumption and 
production  [  256  ] . Studies in cattle and humans 
reported that granulosa cell survival was reduced 
after in vitro exposure to high NEFA concentra-
tions, which was associated to increase levels of 
apoptosis  [  257,   258  ] . The effects of NEFA on 
oocyte physiology are not only relevant for under-
nutrition but also for obesity  [  259  ] . 

Decrease mitochondrial membrane potential
Increased mitochondrial DNA content
Abnormal mitochondrial distribution
Increased mitochondrial activity
Increased redox state oxidation
Increased levels of apoptosis
Increased ROS production
Glutathione depletion 

Overnutrition

  Fig. 22.4    Molecular variables of oocyte quality can be 
altered by overnutrition  [  107,   159  ]        

 



34122 Maternal Diet, Oocyte Nutrition and Metabolism, and Offspring Health

 In a different bovine model, in vitro estradiol 
secretion by granulosa cells from ovarian folli-
cles collected from heifers fed 2 M was higher 
than granulosa cells from animals offered a main-
tenance diet  [  260  ] . This nutritional effect was 
observed in small but not in medium-sized ovar-
ian follicles  [  260  ] . The effect of high estradiol 
levels induced by overnutrition on oocyte compe-
tence are unclear as ovarian follicular concentra-
tions of estradiol have been associated positively 
with pregnancy outcome in some but not all 
human IVF studies [reviewed by  261  ] .  

   Malnutrition and Cell Number 
of Blastocysts 

 Previous research showed that a diet low in pro-
tein during the preimplantation period can alter 
cellular allocation of rat blastocysts  [  209  ] . More 
recently, Mitchell et al.  [  70  ]  compared high 
(HPD), medium (MPD), and low (LPD) protein 
diets during the periconceptional period in mice 
and found that HPD and LPD blastocysts dis-
played a reduced number of cells in the inner cell 
mass (ICM) compared to blastocysts produced in 
females consuming medium levels of protein. 
However, the environment the oocyte is exposed 
to during folliculogenesis can program embryo 
cell number. Indeed, in vitro-derived blastocysts 
produced with oocytes collected from heifers 
with high plasma urea concentrations showed a 
decrease in the total number of cells  [  121  ] . 
Compared to control lean counterparts, oocytes 
from obese mice yielded in vitro-derived blasto-
cysts that showed a signi fi cant smaller ICM/total 
cell proportion, due to higher allocation of cells 
to the trophectoderm and a decrease in the num-
ber of cells of the ICM  [  116  ] .   

   Conclusion 

 Malnutrition is affecting people around the 
world, and although the ability of the oocyte 
to achieve pregnancy can be decreased by mal-
nutrition, delivery to term is usually possible 
even in conditions of extreme undernutrition 
and overnutrition. However, epidemiological 
and clinical studies in humans have shown 

that NCD in adult life can be programmed by 
malnutrition during pregnancy. Furthermore, 
animal studies have shown that NCD can be 
also programmed before conception, during 
folliculogenesis. Still, not much emphasis has 
been put in researching the effects of malnu-
trition via oocyte competence. Several cellular 
and molecular variables of oocyte quality can 
be altered during malnutrition, but the under-
lying cause of this developmental program-
ming is far from being totally elucidated, and 
research has to continue in order to develop 
strategies for the prevention of NCD.      

  Acknowledgments   We are grateful for the  fi nancial 
support of the BBSRC, MRC, Gerald Kerkut Trust, and 
EU FP7 for funding of research in TPF’s laboratory. In 
addition, we acknowledge the support of the COST Action 
FA0702 “GEMINI” for the opportunity to discuss and 
share research ideas among scientists within this area.  

   References 

    1.    Wilmut I, Schnieke AE, McWhir J, Kind AJ, Campbell 
KH. Viable offspring derived from fetal and adult 
mammalian cells. Nature. 1997;385:810–3.  

    2.    Bukovsky A, Caudle MR, Svetlikova M, Wimalasena 
J, Ayala ME, Dominguez R. Oogenesis in adult 
mammals, including humans. Endocrine. 2005;26:
301–16.  

    3.    Oktem O, Oktay K. Current knowledge in the renewal 
capacity of germ cells in the adult ovary. Birth Defects 
Res C Embryo Today. 2009;87:90–5.  

    4.    Tilly JL, Niikura Y, Rueda BR. The current status of 
evidence for and against postnatal oogenesis in mam-
mals: a case of ovarian optimism versus pessimism? 
Biol Reprod. 2009;80:2–12.  

    5.    Gleicher N, Weghofer A, Barad DH. De fi ning ovarian 
reserve to better understand ovarian aging. Reprod Biol 
Endocrinol. 2011;9:23.  

    6.    Adhikari D, Liu K. Molecular mechanisms underlying 
the activation of mammalian primordial follicles. 
Endocr Rev. 2009;30:438–64.  

    7.    Moniruzzaman M, Miyano T. Growth of primordial 
oocytes in neonatal and adult mammals. J Reprod Dev. 
2010;56:559–66.  

    8.    van den Hurk R, Zhao J. Formation of mammalian 
oocytes and their growth, differentiation and matura-
tion within ovarian follicles. Theriogenology. 2005;63:
1717–51.  

    9.    Oktem O, Oktay K. The ovary: anatomy and function 
throughout human life. Ann N Y Acad Sci. 2008;
1127:1–9.  



342 M.A. Velazquez and T.P. Fleming

    10.    Edson MA, Nagaraja AK, Matzuk MM. The mam-
malian ovary from genesis to revelation. Endocr Rev. 
2009;30:624–712.  

    11.    Hutt KJ, McLaughlin EA, Holland MK. Primordial 
follicle activation and follicular development in the 
juvenile rabbit ovary. Cell Tissue Res. 2006;326:
809–22.  

    12.    Sato E, Kimura N, Yokoo M, Miyake Y, Ikeda J-E. 
Morphodynamics of ovarian follicles during oogene-
sis in mice. Microsc Res Tech. 2006;69:427–35.  

    13.    Mihm M, Evans ACO. Mechanisms for follicle domi-
nant selection in monovulatory species: a comparison 
of morphological, endocrine and intraovarian events 
in cows, mares and women. Reprod Domest Anim. 
2008;43 Suppl 2:48–56.  

    14.    Schwarz T, Kopyra M, Nowicki J. Physiological 
mechanisms of ovarian follicular growth in pigs – a 
review. Acta Vet Hung. 2008;56:369–78.  

    15.    Oktem O, Urman B. Understanding follicle growth 
 in vivo . Hum Reprod. 2010;25:2944–54.  

    16.    Mihm M, Gangooly S, Muttukrishna S. The normal 
menstrual cycle in women. Anim Reprod Sci. 
2011;124:229–36.  

    17.    Izumi T, Sakakida S, Nagai T, Miyamoto H. Allometric 
study on the relation between the growth of preantral 
and antral follicles and that of oocytes in bovine ova-
ries. J Reprod Dev. 2003;49:361–8.  

    18.    Rodriguez KF, Farin CE. Gene transcription and regu-
lation of oocyte maturation. Reprod Fertil Dev. 
2004;16:55–67.  

    19.    Grif fi n J, Emery BR, Huang I, Peterson CM, Carrell 
DT. Comparative analysis of follicle morphology and 
oocyte diameter in four mammalian species (mouse, 
hamster, pig, and human). J Exp Clin Assist Reprod. 
2006;3:2.  

    20.    Makabe S, Naguro T, Stallone T. Oocyte-follicle cell 
interactions during ovarian follicle development, as 
seen by high resolution scanning and transmission 
electron microscopy in humans. Microsc Res Tech. 
2006;69:436–49.  

    21.    Sathananthan AH, Selvaraj K, Girijashankar ML, 
Ganesh V, Selvaraj P, Trounson AO. From oogonia to 
mature oocytes: inactivation of the maternal cen-
trosome in humans. Microsc Res Tech. 2006;69:
396–407.  

    22.    Ferreira EM, Vireque AA, Adona PR, Meirelles FV, 
Ferriani RA, Navarro PAAS. Cytoplasmic maturation 
of bovine oocytes: structural and biochemical 
modi fi cations and acquisition of developmental com-
petence. Theriogenology. 2009;71:836–48.  

    23.    Massicotte L, Coenen K, Mourot M, Sirard MA. 
Maternal housekeeping proteins translated during 
bovine oocyte maturation and early embryo develop-
ment. Proteomics. 2006;6:3811–20.  

    24.    Maddox-Hyttel P, Svarcova O, Laurincik J. Ribosomal 
RNA and nucleolar proteins from the oocyte are to 
some degree used for embryonic nucleolar formation 
in cattle and pig. Theriogenology. 2007;68 Suppl 
1:S63–70.  

    25.    Rajyaguru P, Parker R. CGH-1 and the control of 
maternal mRNAs. Trends Cell Biol. 2009;19:24–8.  

    26.    Webb R, Garnsworthy PC, Campbell BK, Hunter 
MG. Intra-ovarian regulation of follicular develop-
ment and oocyte competence in farm animals. 
Theriogenology. 2007;68 Suppl 1:S22–9.  

    27.    Memili E, First NL. Zygotic and embryonic gene 
expression in cow: a review of timing and mecha-
nisms of early gene expression as compared with 
other species. Zygote. 2000;8:87–96.  

    28.    Sirard M-A, Richard F, Blondin P, Robert C. 
Contribution of the oocyte to embryo quality. 
Theriogenology. 2006;65:126–36.  

    29.    Kang MK, Han SJ. Post-transcriptional and post-
translational regulation during mouse oocyte matura-
tion. BMB Rep. 2011;44:147–57.  

    30.    Webb R, Garnsworthy PC, Gong J-G, Armstrong DG. 
Control of follicular growth: local interactions and 
nutritional in fl uences. J Anim Sci. 
2004;82(E-Suppl):E63–74.  

    31.    Burdge GC, Lillycrop KA, Jackson AA. Nutrition in 
early life, and risk of cancer and metabolic disease: 
alternative endings in an epigenetic tale? Br J Nutr. 
2009;101:619–30.  

    32.    Langley-Evans SC. Nutritional programming of dis-
ease: unravelling the mechanism. J Anat. 2009;
215:36–51.  

    33.    McMullen S, Mostyn A. Animal models for the study 
of the developmental origins of health and disease. 
Proc Nutr Soc. 2009;68:306–20.  

    34.    Watkins AJ, Fleming TP. Blastocyst environment and 
its in fl uence on offspring cardiovascular health: the 
heart of the matter. J Anat. 2009;215:52–9.  

    35.    Chmurzynska A. Fetal programming: link between 
early nutrition, DNA methylation, and complex dis-
eases. Nutr Rev. 2010;68:87–98.  

    36.    Freeman DJ. Effects of maternal obesity on fetal 
growth and body composition: implications for pro-
gramming and future health. Semin Fetal Neonatal 
Med. 2010;15:113–8.  

    37.    Funston RN, Larson DM, Vonnahme KA. Effects of 
maternal nutrition on conceptus growth and offspring 
performance: implications for beef cattle production. 
J Anim Sci. 2010;88(E-Suppl):E205–15.  

    38.    Alberda C, Graf A, McCargar L. Malnutrition: etiol-
ogy, consequences, and assessment of a patient at risk. 
Best Pract Res Clin Gastroenterol. 2006;20:419–39.  

    39.    Meijers JMM, van Bokhorst-de van der Schueren 
MAE, Schols JMGA, Soeters PB, Halfens RJG. 
De fi ning malnutrition: mission or mission impossi-
ble? Nutrition. 2010;26:432–40.  

    40.    Burchi F, Fanzo J, Frison E. The role of food and 
nutrition system approaches in tackling hidden hun-
ger. Int J Environ Res Public Health. 2011;8:358–73.  

    41.    Loewenberg S. Niger’s hunger crisis: a legacy of les-
sons unlearned. Lancet. 2010;376:579–81.  

    42.    Kristensen J, Vestergaard M, Wisborg K, Kesmodel 
U, Secher NJ. Pre-pregnancy weight and the risk of 
stillbirth and neonatal birth. BJOG. 2005;112:403–8.  



34322 Maternal Diet, Oocyte Nutrition and Metabolism, and Offspring Health

    43.    Bhattacharya S, Campbell DM, Liston WA, 
Bhattacharya S. Effect of Body Mass Index on 
pregnancy outcomes in nulliparous women deliver-
ing singleton babies. BMC Public Health. 2007;
7:168.  

    44.   Halloran DR, Cheng YW, Wall TC, Macones GA, 
Caughey AB. Effect of maternal weight on postterm 
delivery. J Perinatol. 2012;32:85–90.  

    45.   Sebastián Manzanares G, Angel Santalla H, Irene 
Vico Z, López Criado MS, Alicia Pineda L, José Luis 
Gallo V. Abnormal maternal body mass index and 
obstetric and neonatal outcome. J Matern Fetal 
Neonatal Med. 2012;25:308–12.  

    46.    Taylor-Robinson D, Agarwal U, Diggle PJ, Platt MJ, 
Yoxall B, Al fi revic Z. Quantifying the impact of 
deprivation on preterm births: a retrospective cohort 
study. PLoS One. 2011;6:e23163.  

    47.   Richards R, Merrill RM, Baksh L. Health behaviors 
and infant health outcomes in homeless pregnant 
women in the United States. Pediatrics. 2011;128:
438–46.  

    48.    Lawrie Z, Sullivan EA, Davies PSW, Hill RJ. Media 
In fl uence on the body image of children and adoles-
cents. Eat Disord. 2006;14:355–64.  

    49.    Lam TH, Lee SW, Fung S, Ho SY, Lee PWH, Stewart 
SM. Sociocultural in fl uences on body dissatisfaction 
and dieting in Hong Kong girls. Eur Eat Disord Rev. 
2009;17:152–60.  

    50.    Marques-Vidal P, Ferreira R, Oliveira JM, Paccaud F. 
Is thinness more prevalent than obesity in Portuguese 
adolescents? Clin Nutr. 2008;27:531–6.  

    51.    Lazzeri G, Rossi S, Pammolli A, Pilato V, Pozzi T, 
Giacchi MV. Underweight and overweight among 
children and adolescents in Tuscany (Italy). Prevalence 
and short-term trends. J Prev Med Hyg. 2009;49:
13–21.  

    52.    Grossbard JR, Neighbors C, Larimer ME. Perceived 
norms for thinness and muscularity among college 
students: what do men and women really want? Eat 
Behav. 2011;12:192–9.  

    53.    Schneider D. International trends in adolescent nutri-
tion. Soc Sci Med. 2000;51:955–67.  

    54.    Hesse-Biber S, Leavy P, Quinn CE, Zoino J. The mass 
marketing of disordered eating and eating disorders: 
the social psychology of women, thinness and culture. 
Women Stud Int Forum. 2006;29:208–24.  

    55.    Chen X-K, Wen SW, Fleming N, Demissie K, Rhoads 
GG, Walker M. Teenage pregnancy and adverse birth 
outcomes: a large population based retrospective 
cohort study. Int J Epidemiol. 2007;36:368–73.  

    56.    Reime B, Schücking BA, Wenzlaff P. Reproductive 
outcomes in adolescents who had a previous birth or 
an induced abortion compared to adolescents’  fi rst 
pregnancies. BMC Pregnancy Childbirth. 2008;8:4.  

    57.    Santelli JS, Melnikas AJ. Teen fertility in transition: 
recent and historic trends in the United States. Annu 
Rev Public Health. 2010;31:371–83.  

    58.    Tanne JH. Rise in the US teen pregnancies and births 
is “deeply troubling”. BMJ. 2010;340:c638.  

    59.    Mazer-Poline C, Fornari V. Anorexia nervosa and 
pregnancy: having a baby when you are dying to be 
thin-case report and proposed treatment guidelines. 
Int J Eat Disord. 2009;42:382–4.  

    60.    Siega-Riz AM, Von Holle A, Haugen M, Meltzer HM, 
Hamer R, Torgersen L, Berg CK, Reichborn-
Kjennerud T, Bulik CM. Gestational weight gain of 
women with eating disorders in the Norwegian preg-
nancy cohort. Int J Eat Disord. 2011;44:428–34.  

    61.    Bulik CM, Hoffman ER, Von Holle A, Torgersen L, 
Stoltenberg C, Reichborn-Kjennerud T. Unplanned 
pregnancy in women with anorexia nervosa. Obstet 
Gynecol. 2010;116:1136–40.  

    62.    Fenichel RM, Warren WP. Anorexia, bulimia, and the 
athletic triad: evaluation and management. Curr 
Osteoporos Rep. 2007;5:160–4.  

    63.    Armstrong JD, Britt JH. Nutritionally-induced 
anestrus in gilts: metabolic and endocrine changes 
associated with cessation and resumption of estrous 
cycles. J Anim Sci. 1987;65:508–23.  

    64.    Bossis I, Wettemann RP, Welty SD, Vizcarra J, Spicer 
LJ. Nutritionally induced anovulation in beef Heifers: 
ovarian and endocrine function during realimentation 
and resumption of ovulation. Biol Reprod. 2000;62:
1436–44.  

    65.    Bossis I, Wettemann RP, Welty SD, Vizcarra JA, 
Spicer LJ, Diskin MG. Nutritionally induced anovula-
tion in beef heifers: ovarian and endocrine function 
preceding cessation of ovulation. J Anim Sci. 1999;77:
1536–46.  

    66.    Yan J, Zhou B, Yang J, Tai P, Chen X, Zhang H, Zhang 
M, Xia G. Glucose can reverse the effects of acute 
fasting on mouse ovulation and oocyte maturation. 
Reprod Fertil Dev. 2008;20:703–12.  

    67.    Micali N, Simonoff E, Treasure J. Risk of major 
adverse perinatal outcomes in women with eating dis-
orders. Br J Psychiatry. 2007;190:255–9.  

    68.    Abecia JA, Lozano JM, Forcada F, Zarazaga L. Effect 
of level of dietary energy and protein on embryo sur-
vival and progesterone production on day eight of 
pregnancy in Rasa Aragonesa ewes. Anim Reprod 
Sci. 1997;48:209–18.  

    69.    Borowczyk E, Caton JS, Redmer DA, Bilski JJ, Weigl 
RM, Vonnahme KA, Borowicz PP, Kirsch JD, Kraft 
KC, Reynolds LP, Grazul-Bilska AT. Effects of plane 
of nutrition on vitro fertilization and early embryonic 
development in sheep. J Anim Sci. 2006;84:1593–9.  

    70.    Mitchell M, Schulz SL, Armstrong DT, Lane M. 
Metabolic and mitochondrial dysfunction in early 
mouse embryos following maternal dietary protein 
intervention. Biol Reprod. 2009;80:622–30.  

    71.    Etienne M, Camous S, Cuvillier A. Effets de restric-
tions alimentaires pendant la croissance des truies sur 
leur maturité sexuelle et leur reproduction ultérieure 
[Effects of feed restrictions during the growth of sows 
on their sexual maturity and subsequent reproduc-
tion]. Reprod Nutr Dev. 1983;23:309–19.  

    72.    Graham JR, Ray LJ, Stover SK, Salmen JJ, Gardiner 
CS. Effects of nutrient intake and number of oestrous 



344 M.A. Velazquez and T.P. Fleming

cycles on  in vitro  development of preimplantation pig 
embryos. J Reprod Fertil. 1999;117:35–40.  

    73.    Novak S, Almeida FRCL, Cosgrove JR, Dixon WT, 
Foxcroft GR. Effect of pre- and postmating nutritional 
manipulation on plasma progesterone, blastocyst 
development, and the oviductal environment during 
early pregnancy in gilts. J Anim Sci. 2003;81:
772–83.  

    74.    Patterson JL, Smit MN, Novak S, Wellen AP, Foxcroft 
GR. Restricted feed intake in lactating primiparous 
sows. I. Effects on sow metabolic state and subsequent 
reproductive performance. Reprod Fertil Dev. 2011;
23:889–98.  

    75.    García-García RM, Rebollar PG, Arias-Álvarez M, 
Sakr OG, Bermejo-Álvarez P, Brecchia G, Gutierrez-
Adan A, Zerani M, Boiti C, Lorenzo PL. Acute fast-
ing before conception affects metabolic and endocrine 
status without impacting follicle and oocyte develop-
ment and embryo gene expression in the rabbit. 
Reprod Fertil Dev. 2011;23:759–68.  

    76.    Roche JR, Friggens NC, Kay JK, Fisher MW, Stafford 
KJ, Berry DP. Invited review: body condition score 
and its association with dairy cow productivity, health, 
and welfare. J Dairy Sci. 2009;92:5769–801.  

    77.    Osgerby JC, Gadd TS, Wathes DC. Effect of maternal 
body condition on placental and fetal growth and the 
insulin-like growth factor axis in Dorset ewes. 
Reproduction. 2003;125:717–31.  

    78.    Rivas-Muñoz R, Carrillo E, Rodriguez-Martinez R, 
Leyva C, Mellado M, Véliz FG. Effect of body condi-
tion score of does and use of bucks subjected to added 
arti fi cial light on estrus response of Alpine goats. Trop 
Anim Health Prod. 2010;42:1285–9.  

    79.    Salak-Johnson JL, Niekamp SR, Rodriguez-Zas SL, 
Ellis M, Curtis SE. Space allowance for dry, pregnant 
sows in pens: body condition, skin lesions, and perfor-
mance. J Anim Sci. 2007;85:1758–69.  

    80.    Vecchi I, Sabbioni A, Bigliardi E, Morini G, Ferrari L, 
Di Ciommo F, Superchi P, Parmigiani E. Relationship 
between body fat and body condition score and their 
effects on estrous cycles of the Standardbred maiden 
mare. Vet Res Commun. 2010;34 Suppl 1:S41–5.  

    81.    German AJ, Holden SL, Bissot T, Morris PJ, Biourge 
V. Use of starting condition score to estimate changes 
in body weight and composition during weight loss in 
obese dogs. Res Vet Sci. 2009;87:249–54.  

    82.    Bjornvad CR, Nielsen DH, Armstrong PJ, McEvoy F, 
Hoelmkjaer KM, Jensen KS, Pedersen GF, Kristensen 
AT. Evaluation of a nine-point body condition scoring 
system in physically inactive pet cats. Am J Vet Res. 
2011;72:433–7.  

    83.    Allbrahim RM, Crowe MA, Duffy P, O’Grady L, 
Beltman ME, Mulligan FJ. The effect of body condi-
tion at calving and supplementation with 
 Saccharomyces cerevisiae  on energy status and some 
reproductive parameters in early lactation dairy cows. 
Anim Reprod Sci. 2010;121:63–71.  

    84.    Wathes DC, Fenwick M, Cheng Z, Bourne N, 
Llewellyn S, Morris DG, Kenny D, Murphy J, 
Fitzpatrick R. In fl uence of negative energy balance on 

cyclicity and fertility in the high producing dairy cow. 
Theriogenology. 2007;68 Suppl 1:S232–41.  

    85.    Walters AH, Pryor AW, Bailey TL, Pearson RE, 
Gwazdauskas FC. Milk yield, energy balance, hor-
mone, follicular and oocyte measures in early and 
mid-lactation Holstein cows. Theriogenology. 
2002;57:949–61.  

    86.    Snijders SE, Dillon P, O’Callaghan D, Boland MP. 
Effect of genetic merit, milk yield, body condition and 
lactation number on in vitro oocyte development in 
dairy cows. Theriogenology. 2000;53:981–9.  

    87.    Dulloo AG, Jacquet J, Solinas G, Montani J-P, Schutz 
Y. Body composition phenotypes in pathways to obe-
sity and the metabolic syndrome. Int J Obes. 2010;34 
Suppl 2:S4–17.  

    88.    Purcell SH, Moley KH. The impact of obesity on 
egg quality. J Assist Reprod Genet. 2011;28:
517–24.  

    89.    Wittemer C, Ohl J, Bailly M, Bettahar-Lebugle K, 
Nisand I. Does body mass index of infertile women 
have an impact on IVF procedure and outcome? 
J Assist Reprod Genet. 2000;17:547–52.  

    90.    Lashen H, Ledger W, López Bernal A, Barlow D. 
Extremes of body mass do not adversely affect the 
outcome of superovulation and in-vitro fertilization. 
Hum Reprod. 1999;14:712–5.  

    91.    Fedorcsáck P, Dale PO, Storeng R, Ertzeid G, Bjercke 
S, Oldereid N, Omland AK, Åbyholm T, Tanbo T. 
Impact of overweight and underweight on assisted 
reproduction treatment. Hum Reprod. 2004;
19:2523–8.  

    92.    Thum MY, El-Sheikhah A, Faris R, Parikh J, Wren M, 
Ogunyemi T, Gafar A, Abdalla H. The in fl uence of 
body mass index to in-vitro fertilisation treatment out-
come, risk of miscarriage and pregnancy outcome. 
J Obstet Gynaecol. 2007;27:699–702.  

    93.    Lenoble C, Guibert J, Lefebvre G, Dommergues M. 
In fl uence du poids sur les taux de succès en féconda-
tion in vitro [Effect of women’s weight on the success 
rate of in vitro fertilization]. Gynecol Obstet Fertil. 
2008;36:940–4.  

    94.    Bellver J, Ayllón Y, Ferrando M, Melo M, Goyri E, 
Pellicer A, Remohí J, Meseguer M. Fermale obesity 
impairs in vitro fertilization outcome without affect-
ing embryo quality. Fertil Steril. 2010;93:447–54.  

    95.    Shalom-Paz E, Marzal A, Wiser A, Almog B, Reinblatt 
S, Tulandi T, Holzer H. Effects of different body mass 
indices on in vitro maturation in women with polycys-
tic ovaries. Fertil Steril. 2011;96:336–9.  

    96.   Singh N, Gupta P, Mittal S, Malhotra N. Correlation 
of body mass index with outcome of in vitro fertiliza-
tion in a developing country. Arch Gynecol Obstet. 
2012;285:259–63.  

    97.    Shah DK, Missmer SA, Berry KF, Racowsky C, 
Ginsburg ES. Effect of obesity on oocyte and embryo 
quality in women undergoing in vitro fertilization. 
Obstet Gynecol. 2011;118:63–70.  

    98.    Li Y, Yang D, Zhang Q. Impact of overweight and 
underweight on IVF treatment in Chinese women. 
Gynecol Endocrinol. 2010;26:416–22.  



34522 Maternal Diet, Oocyte Nutrition and Metabolism, and Offspring Health

    99.    Pinborg A, Gaarslev C, Hougaard CO, Nyboe 
Andersen A, Andersen PK, Boivin J, Schmidt L. 
In fl uence of female bodyweight on IVF outcome: a 
longitudinal multicentre cohort study of 487 infertile 
couples. Reprod Biomed Online. 2011;23:490–9.  

    100.    Haslam DW, James WPT. Obesity. Lancet. 
2005;366:1197–209.  

    101.    Kelly T, Yang W, Chen C-S, Reynolds K, He J. 
Global burden of obesity in 2005 and projections to 
2030. Int J Obes. 2008;32:1431–7.  

    102.    Cuevas A, Alvarez V, Carrasco F. Epidemic of meta-
bolic syndrome in Latin America. Curr Opin 
Endocrinol Diabetes Obes. 2011;18:134–8.  

    103.    Márquez-Sandoval F, Macedo-Ojeda G, Viramontes-
Hörner D, Fernández Ballart J, Salas Salvadó J, 
Vizmanos B. The prevalence of metabolic syndrome 
in Latin America: a systematic review. Public Health 
Nutr. 2011;14:1702–13.  

    104.    Musaiger AO. Overweight and obesity in Eastern 
Mediterranean region: prevalence and possible 
causes. J Obes. 2011;2011:407237.  

    105.    World Health Organization. Preventing chronic dis-
ease: a vital investment. Geneva: WHO; 2005.  

    106.    Kuchenbecker WKH, Groen H, Zijlstra TM, Bolster 
JHT, Slart RHJ, van der Jagt EJ, Muller Kobold AC, 
Wolffenbuttel BHR, Land JA, Hoek A. The subcuta-
neous abdominal fat and not the intraabdominal fat 
compartment is associated with anovulation in 
women with obesity and infertility. J Clin Endocrinol 
Metab. 2010;95:2107–12.  

    107.    Wu LL-Y, Dunning KR, Yang X, Russell DL, Lane 
M, Norman RJ, Robker RL. High-fat diet causes 
lipotoxicity responses in cumulus-oocyte complexes 
and decreased fertilization rates. Endocrinology. 
2010;151:5438–45.  

    108.    Mamun AA, Callaway LK, O’Callaghan MJ, 
Williams GM, Najman JM, Alati R, Clavarino A, 
Lawlor DA. Associations of maternal prepregnancy 
obesity and excess pregnancy weight gains with 
adverse pregnancy outcomes and length of hospital 
stay. BMC Pregnancy Childbirth. 2011;11:62.  

    109.    Souter I, Baltagi LM, Kuleta D, Meeker JD, Petrozza 
JC. Women, weight, and fertility: the effect of body 
mass index on the outcome of superovulation/intra-
uterine insemination cycles. Fertil Steril. 2011;95:
1042–7.  

    110.    Cnattingius S, Bergström R, Lipworth L, Kramer MS. 
Prepregnancy weight and the risk of adverse preg-
nancy outcomes. N Engl J Med. 1998;338:147–52.  

    111.    Sebire NJ, Jolly M, Harris JP, Wadsworth J, Joffe M, 
Beard RW, Regan L, Robinson S. Maternal obesity 
and pregnancy outcome: a study of 287,213 preg-
nancies in London. Int J Obes Relat Metab Disord. 
2001;25:1175–82.  

    112.    Nohr EA, Bech BH, Davies MJ, Frydenberg M, 
Henriksen TB, Olsen J. Prepregnancy obesity and 
fetal death: a study within the Danish National Birth 
Cohort. Obstet Gynecol. 2005;106:250–9.  

    113.    Adamiak SJ, Mackie K, Watt RG, Webb R, Sinclair 
KD. Impact of nutrition on oocyte quality: cumula-

tive effects of body composition and diet leading to 
hyperinsulinemia in cattle. Biol Reprod. 2005;
73:918–26.  

    114.    Adamiak SJ, Powell K, Rooke JA, Webb R, Sinclair 
KD. Body composition, dietary carbohydrates and 
fatty acids determine post-fertilisation development 
of bovine oocytes in vitro. Reproduction. 2006;131:
 247–58.  

    115.    Freret S, Grimard B, Ponter AA, Joly C, Ponsart C, 
Humblot P. Reduction of body-weight gain enhances 
in vitro embryo production in overfed superovulated 
dairy heifers. Reproduction. 2006;131:783–94.  

    116.    Minge CE, Bennet BD, Norman RJ, Robker RL. 
Peroxisome proliferator-activated receptor- agonist 
rosiglitazone reverses the adverse effects of diet-in-
duced obesity on oocyte quality. Endocrinology. 
2008;149:2646–56.  

    117.    Wake fi eld SL, Lane M, Schulz SJ, Hebart ML, 
Thompson JG, Mitchell M. Maternal supply of ome-
ga-3 polyunsaturated fatty acids alter mechanisms 
involved in oocyte and early embryo development in 
the mouse. Am J Physiol Endocrinol Metab. 2008;
294:E425–34.  

    118.    Jungheim ES, Macones GA, Odem RR, Patterson 
BW, Lanzendorf SE, Ratts VS, Moley KH. 
Associations between free fatty acids, cumulus 
oocyte complex morphology and ovarian function 
during in vitro fertilization. Fertil Steril. 2011;95:
1970–4.  

    119.    Velazquez MA. The role of nutritional supplementa-
tion on the outcome of superovulation in cattle. 
Anim Reprod Sci. 2011;126:1–10.  

    120.    Sinclair KD, Kuran M, Gebbie FE, Webb R, McEvoy 
TG. Nitrogen metabolism and fertility in cattle: 
development of oocytes recovered from heifers 
offered diets differing in their rate of nitrogen release 
in the rumen. J Anim Sci. 2000;78:2670–80.  

    121.    Santos P, Marques A, Antunes G, Chaveiro A, 
Andrade M, Borba A, Moreira da Silva F. Effects of 
plasma urea nitrogen levels on the bovine oocyte 
ability to develop after in vitro fertilization. Reprod 
Domest Anim. 2009;44:783–7.  

    122.    Ferreira FA, Gomez RGG, Joaquim DC, Watanabe 
YF, de Castro e Paula LA, Binelli M, Rodrigues 
PHM. Short-term urea feeding decreases in vitro 
hatching of bovine blastocysts. Theriogenology. 
2011;76:312–9.  

    123.    Jenkins DJA, Kendall CWC, Vidgen E, Augustin 
LSA, van Erk M, Geelen A, Parker T, Faulkner D, 
Vuksan V, Josse RG, Leiter LA, Connelly PW. High 
protein diets in hyperlipidemia: effect of wheat glu-
ten on serum lipids, uric acid, and renal function. 
Am J Clin Nutr. 2001;74:57–63.  

    124.    Józwik M, Józwik M, Teng C, Battaglia FC. Amino 
acid, ammonia and urea concentrations in human 
pre-ovulatory ovarian follicular  fl uid. Hum Reprod. 
2006;21:2776–82.  

    125.    Toscani MK, Mario FM, Radavelli-Bagatini S, 
Wiltgen D, Matos MC, Spritzer PM. Effect of high-
protein or normal-protein diet on weight loss, body 



346 M.A. Velazquez and T.P. Fleming

composition, hormone, and metabolic pro fi le in 
southern Brazilian women with the polycystic ovary 
syndrome: a randomized study. Gynecol Endocrinol. 
2011;27:925–30.  

    126.    Lozano JM, Lonergan P, Boland MP, O’Callaghan 
D. In fl uence of nutrition on the effectiveness of 
superovulation programmes in ewes: effect on oocyte 
quality and post-fertilization development. 
Reproduction. 2003;125:543–53.  

    127.   Mantovani R, Enright WJ, Keane MG, Roche JF, 
Boland MP. Effect of nutrition on follicle stimulat-
ing hormone (FSH) on superovulatory response in 
beef heifers. In: Proceedings of the 9th A.E.T.E. 
meeting, Lyon; 10–11 September 1993. p. 234.  

    128.    Yaakub H, O’Callaghan D, Boland MP. Effect of 
roughage type and concentrate supplementation on 
follicle numbers and in vitro fertilisation and devel-
opment of oocytes recovered from beef heifers. 
Anim Reprod Sci. 1999;55:1–12.  

    129.    McEvoy TG, Robinson JJ, Aitken RP, Findlay PA, 
Palmer RM, Robertson IS. Dietary-induced suppres-
sion of pre-ovulatory progesterone concentrations in 
superovulated ewes impairs the subsequent in vivo 
and in vitro development of their ova. Anim Reprod 
Sci. 1995;39:89–107.  

    130.    Papadopoulos S, Lonergan P, Gath V, Quinn KM, 
Evans AC, O’Callaghan D, Boland MP. Effect of 
diet quantity and urea supplementation on oocyte 
and embryo quality in sheep. Theriogenology. 2001;
55:1059–69.  

    131.    Vázquez MI, Forcada F, Casao A, Abecia JA, Sosa 
C, Palacín I. Undernutrition and exogenous mela-
tonin can affect the in vitro developmental compe-
tence of ovine oocytes on a seasonal basis. Reprod 
Domest Anim. 2010;45:677–84.  

    132.    Egerszegi I, Hazeleger W, Rátky J, Sarlós P, Kemp B, 
Bouwman E, Solti L, Brüssow KP. Superovulatory 
ovarian response in Mangalica gilts is not in fl uenced 
by feeding level. Reprod Domest Anim. 2007;42:
441–4.  

    133.    Yang H, Foxcroft GR, Pettigrew JE, Johnston LJ, 
Shurson GC, Costa AN, Zak LJ. Impact of dietary 
lysine intake during lactation on follicular develop-
ment and oocyte maturation after weaning in prim-
iparous sows. J Anim Sci. 2000;78:993–1000.  

    134.    Ferguson EM, Slevin J, Edwards SA, Hunter MG, 
Ashworth CJ. Effect of alterations in the quantity 
and composition of the pre-mating diet on embryo 
survival and foetal growth in the pig. Anim Reprod 
Sci. 2006;96:89–103.  

    135.    Ashworth CJ, Antipatis C, Beattie L. Effects of pre- 
and post-mating nutritional status on hepatic func-
tion, progesterone concentration, uterine protein 
secretion and embryo survival in Meishan pigs. 
Reprod Fertil Dev. 1999;11:67–73.  

    136.    Almeida FR, Kirkwood RN, Aherne FX, Foxcroft 
GR. Consequences of different patterns of feed 
intake during the estrous cycle in gilts on subsequent 
fertility. J Anim Sci. 2000;78:1556–63.  

    137.    Ferguson EM, Ashworth CJ, Edwards SA, Hawkins 
N, Hepburn N, Hunter MG. Effect of different nutri-

tional regimes before ovulation on plasma concen-
trations of metabolic and reproductive hormones and 
oocyte maturation in gilts. Reproduction. 2003;126:
61–71.  

    138.    van Wettere WHEJ, Mitchell M, Revell DK, Hughes 
PE. Nutritional restriction of pre-pubertal liveweight 
gain impairs ovarian follicle growth and oocyte 
developmental competence of replacement gilts. 
Theriogenology. 2011;75:1301–10.  

    139.    Zhou DS, Fang ZF, Wu D, Zhuo Y, Xu SY, Wang 
YZ, Zhou P, Lin Y. Dietary energy source and feed-
ing levels during the rearing period affect ovarian 
follicular development and oocyte maturation in 
gilts. Theriogenology. 2010;74:202–11.  

    140.    Wu G, Bazer FW, Burghardt RC, Johnson GA, Kim 
SW, Li XL, Satter fi eld MC, Spencer TE. Impacts of 
amino acid nutrition on pregnancy outcome in pigs: 
mechanisms and implications for swine production. 
J Anim Sci. 2010;88(E-Suppl):E195–204.  

    141.    Ashworth CJ, Toma LM, Hunter MG. Nutritional 
effects on oocyte and embryo development in mam-
mals: implications for reproductive ef fi ciency and 
environmental sustainability. Philos Trans R Soc 
Lond B Biol Sci. 2009;364:3351–61.  

    142.    Awasthi H, Saravia F, Rodríguez-Martínez H, Båge R. 
Do cytoplasmic lipid droplets accumulate in immature 
oocytes from over-conditioned repeat breeder dairy 
heifers? Reprod Domest Anim. 2010;45:e194–8.  

    143.    Salha O, Dada T, Sharma V. In fl uence of body mass 
index and self-administration of hCG on the out-
come of IVF cycles: a prospective cohort study. Hum 
Fertil. 2001;4:37–42.  

    144.    Bellver J, Rossal LP, Bosch E, Zúñiga A, Corona JT, 
Meléndez F, Gómez E, Simón C, Remohí J, Pellicer 
A. Obesity and the risk of spontaneous abortion after 
oocyte donation. Fertil Steril. 2003;79:1136–40.  

    145.    Ferreira RC, Halpern G, Figueira RCS, Braga DPAF, 
Iaconelli Jr A, Borges Jr E. Physical activity, obesity 
and eating habits can in fl uence assisted reproduction 
outcomes. Womens Health. 2010;6:517–24.  

    146.    Dessolle L, Fréour T, Ravel C, Jean M, Colombel A, 
Daraï E, Barrière P. Predictive factors of healthy 
term birth after single blastocyst transfer. Hum 
Reprod. 2011;26:1220–6.  

    147.    Petanovski Z, Dimitrov G, Ajdin B, Hadzi-Lega M, 
Sotirovska V, Matevski V, Stojkovska S, Saltirovski 
S, Suslevski D, Petanovska E. Impact of body mass 
index (BMI) and age on the outcome of the IVF pro-
cess. Prilozi. 2011;32:155–71.  

    148.    Rittenberg V, Seshadri S, Sunkara SK, Sobaleva S, 
Oteng-Ntim E, El-Toukhy T. Effect of body mass 
index on IVF treatment outcome: an updated sys-
tematic review and meta-analysis. Reprod Biomed 
Online. 2011;23:421–39.  

    149.    Esinler I, Bozdag G, Yarali H. Impact of isolated 
obesity on ICSI outcome. Reprod Biomed Online. 
2008;17:583–7.  

    150.    Matalliotakis I, Cakmak H, Sakkas D, Mahutte N, 
Koumantakis G, Arici A. Impact of body mass index 
on IVF and ICSI outcome: a retrospective study. 
Reprod Biomed Online. 2008;16:778–83.  



34722 Maternal Diet, Oocyte Nutrition and Metabolism, and Offspring Health

    151.    Sathya A, Balasubramanyam S, Gupta S, Verma T. 
Effect of body mass index on in vitro fertilization 
outcomes in women. J Hum Reprod Sci. 
2010;3:135–8.  

    152.    Zhang D, Zhu Y, Gao H, Zhou B, Zhang R, Wang T, 
Ding G, Qu F, Huang H, Lu X. Overweight and obe-
sity negatively affect the outcomes of ovarian stimu-
lation and in vitro fertilisation: a cohort study of 
2628 Chinese women. Gynecol Endocrinol. 
2010;26:325–32.  

    153.    Vilarino FL, Christofolini DM, Rodrigues D, De 
Souza AMB, Christofolini J, Bianco B, Barbosa CP. 
Body mass index and infertility: is there a correla-
tion with human reproduction outcomes? Gynecol 
Endocrinol. 2011;27:232–6.  

    154.    Styne-Cross A, Elkind-Hirsch K, Scott RT. Obesity 
does not impact implantation rates or pregnancy out-
come in women attempting conception through 
oocyte donation. Fertil Steril. 2005;83:1629–34.  

    155.    Farhi J, Ben-Haroush A, Sapir O, Fisch B, Ashkenazi 
J. High-quality embryos retain their implantation 
capability in overweight women. Reprod Biomed 
Online. 2010;21:706–11.  

    156.    Bellver J, Melo MA, Bosch E, Serra V, Remohí J, 
Pellicer A. Obesity and poor reproductive outcome: 
the potential role of the endometrium. Fertil Steril. 
2007;88:446–51.  

    157.    Van Soom A, Mateusen B, Leroy J, De Kruif A. 
Assessment of mammalian embryo quality: what 
can we learn from embryo morphology? Reprod 
Biomed Online. 2003;7:664–70.  

    158.    Santos-Filho E, Noble JA, Wells D. A review on 
automatic analysis of human embryo microscope 
images. Open Biomed Eng J. 2010;4:170–7.  

    159.    Igosheva N, Abramov AY, Poston L, Eckert JJ, 
Fleming TP, Duchen MR, McConnell J. Maternal 
diet-induced obesity alters mitochondria activity and 
redox status in mouse oocytes and zygotes. PLoS 
One. 2010;5:e10074.  

    160.    Rizos D, Carter F, Besenfelder F, Havlicek V, 
Lonergan P. Contribution of the female reproductive 
tract to low fertility in postpartum lactating dairy 
cows. J Dairy Sci. 2010;93:1022–9.  

    161.    Velazquez MA, Hadeler KG, Herrmann D, Kues 
WA, Ulbrich S, Meyer HHD, Remy B, Beckers J-F, 
Sauerwein H, Niemann H. In vivo oocyte develop-
mental competence is reduced in lean but not in 
obese superovulated dairy cows after intraovarian 
administration of IGF1. Reproduction. 
2011;142:41–52.  

    162.    Leese HJ, Hugentobler SA, Gray SM, Morris DG, 
Sturmey RG, Whitear SL, Sreenan JM. Female 
reproductive tract  fl uids: composition, mechanism of 
formation and potential role in the developmental 
origins of health and disease. Reprod Fertil Dev. 
2008;20:1–8.  

    163.    Avilés M, Gutiérrez-Adán A, Coy P. Oviductal 
secretions: will they be key factors for the future 
ARTs? Mol Hum Reprod. 2010;16:896–906.  

    164.    Velazquez MA, Parrilla I, Van Soom A, Verberckmoes 
S, Kues W, Niemann H. Sampling techniques for 

oviductal and uterine luminal  fl uid in cattle. 
Theriogenology. 2010;73:758–67.  

    165.    Bazer FW, Spencer TE, Johnson GA, Burghardt RC. 
Uterine receptivity to implantation of blastocysts in 
mammals. Front Biosci (Schol Ed). 2011;3:745–67.  

    166.    Frolova AI, Moley KH. Glucose transporters in the 
uterus: an analysis of tissue distribution and pro-
posed physiological roles. Reproduction. 2011;142:
211–20.  

    167.    Maheshwari A, Stofberg L, Bhattacharya S. Effect 
of overweight and obesity on assisted reproductive 
technology – a systematic review. Hum Reprod 
Update. 2007;13:433–44.  

    168.    Metwally M, Ong KJ, Ledger WL, Li TC. Does 
body mass index increase the risk of miscarriage 
after spontaneous and assisted conception? A meta-
analysis of the evidence. Fertil Steril. 2008;90:
714–26.  

    169.    Lord J, Wilkin T. Polycystic ovary syndrome and fat 
distribution: the central issue? Hum Fertil. 
2002;5:67–71.  

    170.    Kupka MS, Gnoth C, Buehler K, Dahncke W, 
Kruessel J-S. Impact of female and male obesity on 
IVF/ICSI: results of 700,000 ART-cycles in 
Germany. Gynecol Endocrinol. 2011;27:144–9.  

    171.    Knight M, Kurinczuk JJ, Spark P, Brocklehurst P. 
UK Obstetric Surveillance System. Extreme obesity 
in pregnancy in the United Kingdom. Obstet 
Gynecol. 2010;115:989–97.  

    172.    Garabedian MJ, Williams CM, Pearce CF, Lain KY, 
Hansen WF. Extreme morbid obesity and labor out-
come in nulliparous women at term. Am J Perinatol. 
2011;28:729–34.  

    173.    Oliveira JF, Neves JP, Moraes JC, Gonçalves PB, 
Bahr JM, Hernandez AG, Costa LF. Follicular devel-
opment and steroid concentrations in cows with dif-
ferent levels of fertility raised under nutritional 
stress. Anim Reprod Sci. 2002;73:1–10.  

    174.    Gluckman PD, Hanson MA, Pinal C. The develop-
mental origins of adult disease. Matern Child Nutr. 
2005;1:130–41.  

    175.    McMillen IC, MacLaughlin SM, Muhlhausler BS, 
Gentili S, Duf fi eld JL, Morrison JL. Developmental 
origins of adult health and disease: the role of peri-
conceptional and foetal nutrition. Basic Clin 
Pharmacol Toxicol. 2008;102:82–9.  

    176.    Langley-Evans SC, McMullen S. Developmental 
origins of health and disease. Med Princ Pract. 
2010;19:87–98.  

    177.    Zhang S, Rattanatray L, McMillen IC, Suter CM, 
Morrison JL. Periconceptional nutrition and the 
early programming of a life of obesity or adversity. 
Prog Biophys Mol Biol. 2011;106:307–14.  

    178.    MacLaughlin SM, McMillen IC. Impact of pericon-
ceptional undernutrition on the development of the 
hypothalamo-pituitary-adrenal axis: does the timing 
of parturition start at conception? Curr Drug Targets. 
2007;8:880–7.  

    179.    Watkins AJ, Wilkins A, Cunningham C, Perry VH, 
Seet MJ, Osmond C, Eckert JJ, Torrens C, 
Cagampang FRA, Cleal J, Gray WP, Hanson MA, 



348 M.A. Velazquez and T.P. Fleming

Fleming TP. Low protein diet fed exclusively during 
mouse oocyte maturation leads to behavioural and 
cardiovascular abnormalities in offspring. J Physiol. 
2008;586:2231–44.  

    180.    Torrens C, Snelling TH, Chau R, Shanmuganathan 
M, Cleal JK, Poore KR, Noakes DE, Poston L, 
Hanson MA, Green LR. Effects of pre- and pericon-
ceptional undernutrition on arterial function in adult 
female sheep are vascular bed dependant. Exp 
Physiol. 2009;94:1024–33.  

    181.    Higashi Y, Noma K, Yoshizumi M, Kihara Y. 
Endothelial function and oxidative stress in cardio-
vascular diseases. Circ J. 2009;73:411–8.  

    182.    Hernandez CE, Matthews LR, Oliver MH, Bloom fi eld 
FH, Harding JE. Effects of sex, litter size and peri-
conceptional ewe nutrition on offspring behavioural 
and physiological response to isolation. Physiol 
Behav. 2010;101:588–94.  

    183.    Yehuda R, Bierer LM, Andrew R, Schmeidler J, 
Seckl JR. Enduring effects of severe developmental 
adversity, including nutritional deprivation, on corti-
sol metabolism in aging Holocaust survivors. 
J Psychiatr Res. 2009;43:877–83.  

    184.    Scharf M. Long-term effects of trauma: psychoso-
cial functioning of the second and third generation of 
Holocaust survivors. Dev Psychopathol. 2007;
19:603–22.  

    185.    Gangi S, Talamo A, Ferracuti S. The long-term 
effects of extreme war-related trauma on the second 
generation of Holocaust survivors. Violence Vict. 
2009;24:687–700.  

    186.    Flory JD, Bierer LM, Yehuda R. Maternal exposure 
to the holocaust and health complaints in offspring. 
Dis Markers. 2011;30:133–9.  

    187.    Bytautiene E, Tamayo E, Kechichian T, Drever N, 
Gamble P, Hankins GD, Saade GR. Prepregnancy 
obesity and sFlt1-induced preeclampsia in mice: 
developmental programming model of metabolic 
syndrome. Am J Obstet Gynecol. 2011;204:
398.e-1–8.  

    188.    Becker A, van Hinsbergh VW, Jager A, Kostense PJ, 
Dekker JM, Nijpels G, Heine RJ, Bouter LM, 
Stehouwer CD. Why is soluble intercellular adhe-
sion molecule-1 related to cardiovascular mortality? 
Eur J Clin Invest. 2002;32:1–8.  

    189.    Cornier MA, Dabelea D, Hernandez TL, Lindstrom 
RC, Steig AJ, Stob NR, Van Pelt RE, Wang H, Eckel 
RH. The metabolic syndrome. Endocr Rev. 
2008;29:777–822.  

    190.    Bruce KD, Byrne CD. The metabolic syndrome: 
common origins of a multifactorial disorder. Postgrad 
Med J. 2009;85:614–21.  

    191.    Kones R. Primary prevention of coronary heart dis-
ease: integration of new data, evolving views, revised 
goals, and role of rosuvastatin in management. A 
comprehensive survey. Drug Des Devel Ther. 
2011;5:325–80.  

    192.    Rattanatray L, Maclaughlin SM, Kleemann DO, 
Walker SK, Muhlhausler BS, McMillen IC. Impact 

of maternal periconceptional overnutrition on fat 
mass and expression adipogenic and lipogenic genes 
in visceral and subcutaneous fat depots in the post-
natal lamb. Endocrinology. 2010;151:5195–205.  

    193.    Kitsantas P, Pawloski LR, Gaffney KF. Maternal 
prepregnancy body mass index in relation to Hispanic 
preschooler overweight/obesity. Eur J Pediatr. 
2010;169:1361–8.  

    194.    Pirkola J, Pouta A, Bloigu A, Hartikainen AL, 
Laitinen J, Järvelin MR, Vääräsmäki M. Risks of 
overweight and abdominal obesity at age 16 years 
associated with prenatal exposures to maternal 
prepregnancy overweight and gestational diabetes 
mellitus. Diabetes Care. 2010;33:1115–21.  

    195.    Jääskeläinen A, Pussinen J, Nuutinen O, Schwab U, 
Pirkola J, Kolehmainen M, Järvelin MR, Laitinen J. 
Intergenerational transmission of overweight among 
Finnish adolescents and their parents: a 16-year fol-
low-up study. Int J Obes. 2011;35:1289–94.  

    196.    Stevens A, Begum G, Cook A, Connor K, Rumball 
C, Oliver M, Challis J, Bloom fi eld F, White A. 
Epigenetic changes in the hypothalamic proopiomel-
anocortin and glucocorticoid receptor genes in the 
ovine fetus after periconceptional undernutrition. 
Endocrinology. 2010;151:3652–64.  

    197.    Jaquiery AL, Oliver MH, Rumball CWH, Bloom fi eld 
FH, Harding JE. Undernutrition before mating in 
ewes impairs the development of insulin resistance 
during pregnancy. Obstet Gynecol. 2009;
114:869–76.  

    198.    Rumball CWH, Bloom fi eld FH, Oliver MH, Harding 
JE. Different periods of periconceptional undernutri-
tion have different effects on growth, metabolic and 
endocrine status in fetal sheep. Pediatr Res. 
2009;66:605–13.  

    199.   Diouf I, Charles MA, Thiebaugeorges O, Forhan A, 
Kaminski M, Heude B; The EDEN Mother–Child 
Cohort Study Group. Maternal weight change before 
pregnancy in relation to birth weight and risks of 
adverse pregnancy outcomes. Eur J Epidemiol. 2011;
26:789–96.  

    200.    Velazquez MA, Newman M, Christie MF, Cripps PJ, 
Crowe MA, Smith RF, Dobson H. The usefulness of 
a single measurement of insulin-like growth factor-1 
as a predictor of embryo yield and pregnancy rates in 
a bovine MOET program. Theriogenology. 
2005;64:1977–94.  

    201.    Ostadrahimi A, Moradi T, Zarghami N, Shoja MM. 
Correlates of serum leptin and insulin-like growth 
factor-I concentrations in normal weight and over-
weight/obese Iranian women. J Womens Health 
(Larchmt). 2008;17:1389–97.  

    202.    Spicer LJ, Crowe MA, Prendiville DJ, Goulding D, 
Enright WJ. Systemic but not intraovarian concen-
trations of insulin-like growth factor-I are affected 
by short-term fasting. Biol Reprod. 1992;46:920–5.  

    203.    Fenwick MA, Llewellyn S, Fitzpatrick R, Kenny 
DA, Murphy JJ, Patton J, Wathes DC. Negative 
energy balance in dairy cows is associated with 



34922 Maternal Diet, Oocyte Nutrition and Metabolism, and Offspring Health

speci fi c changes in IGF-binding protein expression 
in the oviduct. Reproduction. 2008;135:63–75.  

    204.    León HV, Hernández-Cerón J, Keisler DH, Gutierrez 
CG. Plasma concentrations of leptin, insulin-like 
growth factor-1, and insulin in relation to changes in 
body condition score in heifers. J Anim Sci. 
2004;82:445–51.  

    205.    Kosior-Korzecka U, Bobowiec R, Lipecka C. 
Fasting-induced changes in ovulation rate, plasma 
leptin, gonadotropins, GH, IGF-I and insulin con-
centrations during oestrus in ewes. J Vet Med A 
Physiol Pathol Clin Med. 2006;53:5–11.  

    206.    Campanile G, Baruselli PS, Vecchio D, Prandi A, 
Neglia G, Carvalho NAT, Sales JNS, Gasparrini B, 
D’Occhio MJ. Growth, metabolic status, and ovarian 
function in buffalo (Bubalus bubalis) heifers fed a 
low energy or high energy diet. Anim Reprod Sci. 
2010;122:74–81.  

    207.    van den Brand H, Dieleman SJ, Soede NM, Kemp B. 
Dietary energy source at two feeding levels during 
lactation of primiparous sows: I. Effects on glucose, 
insulin, and luteinizing hormone and on follicle 
development, weaning-to-estrus interval, and ovula-
tion rate. J Anim Sci. 2000;78:396–404.  

    208.    Viñoles C, Forsberg M, Martin GB, Cajarville C, 
Repetto J, Meikle A. Short-term nutritional supple-
mentation of ewes in low body condition affects fol-
licle development due to an increase in glucose and 
metabolic hormones. Reproduction. 2005;129:
299–309.  

    209.    Kwong WY, Wild AE, Roberts P, Willis AC, Fleming 
TP. Maternal undernutrition during the preimplanta-
tion period of rat development causes blastocyst 
abnormalities and programming of postnatal hyper-
tension. Development. 2000;127:4195–202.  

    210.    Baranowska B, Radzikowska M, Wasilewska-
Dziubińska E, Kapliński A, Roguski K, Płonowski 
A. Neuropeptide Y, leptin, galanin and insulin in 
women with polycystic ovary syndrome. Gynecol 
Endocrinol. 1999;13:344–51.  

    211.    Nar A, Demirtas E, Ayhan A, Gurlek A. Effects of 
bilateral ovariectomy and estrogen replacement ther-
apy on serum leptin, sex hormone binding globulin 
and insulin-like growth factor levels. Gynecol 
Endocrinol. 2009;25:773–8.  

    212.    Misra VK, Trudeau S. The in fl uence of overweight 
and obesity on longitudinal trends in maternal serum 
leptin levels during pregnancy. Obesity (Silver 
Spring). 2011;19:416–21.  

    213.    Bützow TL, Moilanen JM, Lehtovirta M, Tuomi T, 
Hovatta O, Siegberg R, Nilsson CG, Apter D. Serum 
and follicular  fl uid leptin during in vitro fertilization: 
relationship among leptin increase, body fat mass, 
and reduced ovarian response. J Clin Endocrinol 
Metab. 1999;84:3135–9.  

    214.    Bersinger NA, Wunder DM. Adiponectin isoform 
distribution in serum and in follicular  fl uid of women 
undergoing treatment by ICSI. Acta Obstet Gynecol 
Scand. 2010;89:782–8.  

    215.    Kondo K, Morino K, Nishio Y, Kondo M, Fuke T, 
Ugi S, Iwakawa H, Kashiwagi A, Maegawa H. 
Effects of a  fi sh-based diet on the serum adiponectin 
concentration in young, non-obese, healthy Japanese 
subjects. J Atheroscler Thromb. 2010;17:628–37.  

    216.    Qiao L, Lee B, Kinney B, Yoo HS, Shao J. Energy 
intake and adiponectin gene expression. Am J 
Physiol Endocrinol Metab. 2011;300:E809–16.  

    217.    Moallen U, Blanck R, Lehrer H, Livshitz L, Zachut 
M, Arieli A. Effects of high dietary crude protein on 
the characteristics of preovulatory follicles in dairy 
heifers. J Dairy Sci. 2011;94:785–92.  

    218.    Wagner EA, Falciglia GA, Amlal H, Levin L, 
Soleimani M. Short-term exposure to a high-protein 
diet differentially affects glomerular  fi ltration rate 
but not acid-base balance in older compared to 
younger adults. J Am Diet Assoc. 2007;107:
1404–8.  

    219.    Thomas MG, Bao B, Williams GL. Dietary fats 
varying in their fatty acid composition differentially 
in fl uence follicular growth in cows fed isoenergetic 
diets. J Anim Sci. 1997;75:2512–9.  

    220.    Picone O, Laigre P, Fortun-Lamothe L, Archilla C, 
Peynot N, Ponter AA, Berthelot V, Cordier A-G, 
Duranthon V, Chavatte-Palmer P. Hyperlipidic 
hypercholesterolemic diet in prepubertal rabbits 
affects gene expression in the embryo, restricts fetal 
growth and increases offspring susceptibility to obe-
sity. Theriogenology. 2011;75:287–99.  

    221.    Veldhorst MAB, Westerterp KR, van Vught AJAH, 
Westerterp-Plantenga MS. Presence or absence of 
carbohydrates and the proportion of fat in a high-
protein diet affect appetite suppression but not 
energy expenditure in normal-weight human sub-
jects fed in energy balance. Br J Nutr. 2010;104:
1395–405.  

    222.    Pan JW, Rothman DL, Behar KL, Stein DT, 
Hetherington HP. Human brain ß-hydroxybutyrate 
and lactate increase in fasting-induced ketosis. 
J Cereb Blood Flow Metab. 2000;20:1502–7.  

    223.    Rooke JA, Houdijk JG, McIlvaney K, Ashworth CJ, 
Dwyer CM. Differential effects of maternal under-
nutrition between days 1 and 90 of pregnancy on 
ewe and lamb performance and lamb parasitism in 
hill or lowland breeds. J Anim Sci. 2010;88:
3833–42.  

    224.    Piatti PM, Monti F, Fermo I, Baruffaldi L, Nasser R, 
Santambrogio G, Librenti MC, Galli-Kienle M, 
Pontiroli AE, Pozza G. Hypocaloric high-protein 
diet improves glucose oxidation and spares lean 
body mass: comparison to hypocaloric high-carbo-
hydrate diet. Metabolism. 1994;43:1481–7.  

    225.    Velazquez MA, Zaraza J, Oropeza A, Webb R, 
Niemann H. The role of IGF1 in the in vivo produc-
tion of bovine embryos from superovulated donors. 
Reproduction. 2009;137:161–80.  

    226.    Rhind SM, Schanbacher BD. Ovarian follicle popu-
lations and ovulation rates of Finnish Landrace cross 
ewes in different nutritional states and associated 



350 M.A. Velazquez and T.P. Fleming

pro fi les of gonadotrophins, inhibin, growth 
hormone(GH) and insulin-like growth factor-I. 
Domest Anim Endocrinol. 1991;8:281–91.  

    227.    Robker RL, Akison LK, Bennett BD, Thrupp PN, 
Chura LR, Russell DL, Lane M, Norman RJ. Obese 
women exhibit differences in ovarian metabolites, 
hormones, and gene expression compared with mod-
erate-weight women. J Clin Endocrinol Metab. 2009;
94:1533–40.  

    228.    Bausenwein J, Serke H, Eberle K, Hirrlinger J, 
Jogschies P, Hmeidan FA, Blumenauer V, Spanel-
Borowski K. Elevated levels of oxidized low-density 
lipoprotein and of catalase activity in follicular  fl uid 
of obese women. Mol Hum Reprod. 2010;16:
117–24.  

    229.    Mantzoros CS, Cramer DW, Liberman RF, Barbieri 
RL. Predictive value of serum and follicular  fl uid 
leptin concentrations during assisted reproductive 
cycles in normal women and in women with the 
polycystic ovarian syndrome. Hum Reprod. 2000;15:
539–44.  

    230.    Savchev SI, Moragianni VA, Senger D, Penzias AS, 
Thornton K, Usheva A. Follicular  fl uid-speci fi c dis-
tribution of vascular endothelial growth factor iso-
forms and sFlt-1 in patients undergoing IVF and 
their correlation with treatment outcomes. Reprod 
Sci. 2010;17:1036–42.  

    231.    La Vignera S, Condorelli R, Bellanca S, La Rosa B, 
Mousaví A, Busà B, Vicari LO, Vicari E. Obesity is 
associated with a higher level of pro-in fl ammatory 
cytokines in follicular  fl uid of women undergoing 
medically assisted procreation (PMA) programs. 
Eur Rev Med Pharmacol Sci. 2011;15:267–73.  

    232.    Rutter LM, Manns JG. Insulin-like growth factor I in 
follicular development and function in postpartum 
beef cows. J Anim Sci. 1991;69:1140–6.  

    233.    Ryan DP, Spoon RA, Williams GL. Ovarian follicu-
lar characteristics, embryo recovery, and embryo 
viability in heifers fed high-fat diets and treated with 
follicle-stimulating hormone. J Anim Sci. 1992;70:
3505–13.  

    234.    Gwazdauskas FC, Kendrick KW, Pryor AW, Bailey 
TL. Impact of follicular aspiration on folliculogene-
sis as in fl uenced by dietary energy and stage of lacta-
tion. J Dairy Sci. 2000;83:1625–34.  

    235.    Comin A, Gerin D, Cappa A, Marchi V, Renaville R, 
Motta M, Fazzini U, Prandi A. The effect of an acute 
energy de fi cit on the hormone pro fi le of dominant 
follicles in dairy cows. Theriogenology. 2002;58:
899–910.  

    236.    Leroy JL, Vanholder T, Delanghe JR, Opsomer G, 
Van Soom A, Bols PE, Dewulf J, de Kruif A. 
Metabolic changes in follicular  fl uid of the dominant 
follicle in high-yielding dairy cows early post par-
tum. Theriogenology. 2004;62:1131–43.  

    237.    Somchit A, Campbell BK, Khalid M, Kendall NR, 
Scaramuzzi RJ. The effect of short-term nutritional 
supplementation of ewes with lupin grain (Lupinus 
luteus), during the luteal phase of the estrous cycle 

on the number of ovarian follicles and the concentra-
tions of hormones and glucose in plasma and follicu-
lar  fl uid. Theriogenology. 2007;68:1037–46.  

    238.   Ying S, Wang Z, Wang C, Nie H, He D, Jia R, Wu Y, 
Wan Y, Zhou Z, Yan Y, Zhang Y, Wang F. Effect of 
different levels of short-term feed intake on follicu-
logenesis and follicular  fl uid and plasma concentra-
tions of lactate dehydrogenase, glucose and hormones 
in Hu-sheep during the luteal phase. Reproduction. 
2011;142:699–710.  

    239.    Quesnel H, Pasquier A, Jan N, Prunier A. In fl uence 
of feed restriction during lactation on gonadotropic 
hormones and ovarian development in primiparous 
sows. J Anim Sci. 1998;76:856–63.  

    240.    Quesnel H, Pasquier A, Jan N, Prunier A. In fl uence 
of insulin treatment and feed restriction on follicular 
development in cyclic gilts. Anim Reprod Sci. 
2000;64:77–87.  

    241.    Landau S, Braw-Tal R, Kaim M, Bor A, Bruckental 
I. Preovulatory follicular status and diet affect the 
insulin and glucose content of follicles in high-yield-
ing dairy cows. Anim Reprod Sci. 2000;64:181–97.  

    242.    Warzych E, Cieslak A, Pawlak P, Renska N, Pers-
Kamczyc E, Lechniak D. Maternal nutrition affects 
the composition of follicular  fl uid and transcript 
content in gilt oocytes. Vet Med. 2011;56:156–67.  

    243.    Domínguez MM. Effects of body condition, repro-
ductive status, and breed on follicular population and 
oocyte quality in cows. Theriogenology. 1995;43:
1405–18.  

    244.    Duggal PS, Ryan NK, Van der Hoek KH, Ritter LJ, 
Armstrong DT, Magof fi n DA, Norman RJ. Effects of 
leptin administration and feed restriction on thecal 
leucocytes in the preovulatory rat ovary and the 
effects of leptin on meiotic maturation, granulosa 
cell proliferation, steroid hormone and PGE2 release 
in cultured rat ovarian follicles. Reproduction. 
2002;123:891–8.  

    245.    Mohammed AA, Attai AH. Effects of dietary urea 
on timing of embryo cleavages and blood compo-
nents in mice. Vet World. 2011;4:360–3.  

    246.    Jungheim ES, Schoeller EL, Marquard KL, Louden 
ED, Schaffer JE, Moley KH. Diet-induced obesity 
model: abnormal oocytes and persistent growth 
abnormalities in the offspring. Endocrinology. 
2010;151:4039–46.  

    247.    Marquard KL, Stephens SM, Jungheim ES, Ratts 
VS, Odem RR, Lanzendorf S, Moley KH. Polycystic 
ovary syndrome and maternal obesity affect oocyte 
size in in vitro fertilization/intracytoplasmic sperm 
injection cycles. Fertil Steril. 2011;95:2146–9.  

    248.    Arlotto T, Schwartz J-L, First NL, Leidfried-
Rutledge ML. Aspects of follicle and oocyte stage 
that affect in vitro maturation and development 
of bovine oocytes. Theriogenology. 1996;45:
943–56.  

    249.    Fair T, Hyttel P, Greve T. Bovine oocyte diameter in 
relation to maturational competence and transcrip-
tional activity. Mol Reprod Dev. 1995;42:437–42.  



35122 Maternal Diet, Oocyte Nutrition and Metabolism, and Offspring Health

    250.    Otoi T, Yamamoto K, Koyama N, Tachikawa S, 
Suzuki T. Bovine oocyte diameter in relation to 
developmental competence. Theriogenology. 1997;
48:769–74.  

    251.    Pisani LF, Antonini S, Pocar P, Ferrari S, Brevini 
TA, Rhind SM, Gandol fi  F. Effects of pre-mating 
nutrition on mRNA levels of developmentally rele-
vant genes in sheep oocytes and granulosa cells. 
Reproduction. 2008;136:303–12.  

    252.    Zuccotti M, Merico V, Cecconi S, Redi CA, Garagna 
S. What does it take to make a developmentally com-
petent mammalian egg? Hum Reprod Update. 
2011;17:525–40.  

    253.    Sirotkin AV. Effect of two types of stress (heat shock/
high temperature and malnutrition/serum deprivation) 
on porcine ovarian cell functions and their response to 
hormones. J Exp Biol. 2010;213:2125–30.  

    254.    Leroy JLMR, Vanholder T, Mateusen B, Christophe A, 
Opsomer G, de Kruif A, Genicot G, Van Soom A. Non-
esteri fi ed fatty acids in follicular  fl uid of dairy cows 
and their effect on developmental capacity of bovine 
oocytes in vitro. Reproduction. 2005;130:485–95.  

    255.    Leroy JMLR, Vanholder T, Opsomer G, Van Soom 
A, de Kruif A. The in vitro development of bovine 
oocytes after maturation in glucose and ß-hydroxy-
butyrate concentrations associated with negative 
energy balance in dairy cows. Reprod Domest Anim. 
2006;41:119–23.  

    256.    Van Hoeck V, Sturmey RG, Bermejo-Alvarez P, 
Rizos D, Gutierrez-Adan A, Leese HJ, Bols PE, 
Leroy JL. Elevated non-esteri fi ed fatty acid concen-
trations during bovine oocyte maturation compro-
mise early embryo physiology. PLoS One. 
2011;6:e23183.  

    257.    Mu YM, Yanase T, Nishi Y, Tanaka A, Saito M, Jin 
CH, Mukasa C, Okabe T, Nomura M, Goto K, 
Nawata H. Saturated FFAs, palmitic acid and stearic 
acid, induce apoptosis in human granulosa cells. 
Endocrinology. 2001;142:3590–7.  

    258.    Vanholder T, Leroy JL, Soom AV, Opsomer G, Maes 
D, Coryn M, de Kruif A. Effect of non-esteri fi ed 
fatty acids on bovine granulosa cell steroidogenesis 
and proliferation in vitro. Anim Reprod Sci. 
2005;87:33–44.  

    259.    Karpe F, Dickmann JR, Frayn KN. Fatty acids, obe-
sity, and insulin resistance: time for a reevaluation. 
Diabetes. 2011;60:2441–9.  

    260.    Armstrong DG, Gong JG, Gardner JO, Baxter G, 
Hogg CO, Webb R. Steroidogenesis in bovine gran-
ulosa cells: the effects of short-term changes in 
dietary intake. Reproduction. 2002;123:371–8.  

    261.    Revelli A, Piane LD, Casano S, Molinari E, 
Massobrio M, Rinaudo P. Follicular  fl uid content 
and oocyte quality: from single biochemical markers 
to metabolomics. Reprod Biol Endocrinol. 2009;
7:40.      



E1G. Coticchio et al. (eds.), Oogenesis, 
DOI 10.1007/978-0-85729-826-3_23, © Springer-Verlag London 2013

Oogenesis

Edited by Giovanni Coticchio, David F. Albertini, and Lucia De Santis

ISBN 978-0-85729-825-6

Please  fi nd here below the correct  fi gure 7.1. 

Erratum

diplotenezygoteneleptotene pachytene diakinesis

Bivalents condensation,
individualization and segregation

Homologous chromosomes
pairing and recombination

Mouse
Mattson & Albertini [22],
Zuccotti et al. [26],
Bouniol-Baly et al. [27]

Cow
Lodde et al. [21]

Horse
Hinrichs, [32],
Franciosi et al. [34]

Condensed

SN

Uncondensed

Large-scale chromatin configuration changes

Meiotic arrest

Meiotic resumption

Ovulation

CondensedIntermediate

preantral NSN partly NSNantral NSN partly SN

GV0 GV1 GV2 GV3

Fibrillar Intermediate

metaphase II

Further, the  fi gures 8.3 and 8.4 contain mistakes regarding the size represented by the scale bars.

It says “black (white) scale bar = 5 (10 or 20 μm)” and should say 50, 100 and 200 μm.



353G. Coticchio et al. (eds.), Oogenesis,
DOI 10.1007/978-0-85729-826-3, © Springer-Verlag London 2013

         Index 

  A 
  Abnormalities, follicular activation 

 de fi ciency , 56–57  
 overactivation , 56  
 signaling cascades , 57  
 speci fi c order  vs . random selection , 57–58   

  Aging 
 cellular and molecular mechanisms , 41  
 chromosomal abnormalities , 41, 43  
 description , 41  
 diplotene arrest , 42  
 DNA repair , 42–43  
 endogenous and exogenous , 42  
 meiosis , 41–42  
 meiotic arrest , 42  
 microarray analysis , 43  
 ooplasm , 42  
 oxygen species , 42  
 quality control measures , 42  
 transcription factor , 43  
 UV-irradiated oocytes , 42–43   

  AMH  .  See  Anti-Müllerian hormone (AMH)  
  Anaphase-promoting complex (APC) 

 GV arrest , 187  
 Meiosis I Regulation , 188  
 metaphase II, meiotic arrest , 189   

  Aneuploidy  .  See  Oocyte aneuploidy  
  Animal/vegetal (AV) axis 

 cleavage plane , 258  
 correlation, oocyte , 257–258  
 experiments , 257–258  
 inheritance, early development , 258, 259  
 materials , 258  
 Oct4 nuclear kinetics , 260   

  Anterior visceral endoderm (AVE) , 23   
  Anti-Müllerian hormone (AMH) , 52, 78, 80   
  APC  .  See  Anaphase-promoting complex (APC)  
  Apoptosis , 79–80   
  ART  .  See  Assisted reproductive technologies (ART)  
  Assisted reproductive technologies (ART) 

 bank gametes/gonadal tissue , 110  
 FSH , 119   

  Astral microtubules 
 F-actin   ( see  F-actin) 
 geometry , 201  
 spindle forms , 200–201   

  Asymmetric divisions, mitotic cells 
 centrosome loss , 196  
 size , 195   

  AV axis  .  See  Animal/vegetal (AV) axis  
  AVE  .  See  Anterior visceral endoderm (AVE)   

  B 
  BCS  .  See  Body condition score (BCS)  
  Beckwith-Wiedemann syndrome (BWS) , 162   
  Biomarkers, CCs 

 analysis , 243  
 genes expression , 242–243  
 molecular pathways , 243  
 oocyte quality , 242   

  BMI  .  See  Body mass index (BMI)  
  BMP15  .  See  Bone morphogenetic protein 15 (BMP15)  
  BMPs  .  See  Bone morphogenetic proteins (BMPs)  
  Body condition score (BCS) 

 overnutrition , 333  
 undernutrition , 331   

  Body mass index (BMI) 
 overnutrition , 333–334  
 undernutrition , 331–332   

  Bona  fi de human PGCs, stem cells 
 BMP4 , 25  
 DAZL gene , 25–26  
 description , 24  
 GFP , 25  
 iPS , 24  
 markers , 24, 25  
 MEF , 25  
 SSEA4 , 24   

  Bone morphogenetic protein 15 (BMP15) 
 blastocysts , 85  
 BMPRIB (ALK6)/BMPR2 , 79  
 C-terminal epitope , 82  
 cumulus cell development , 82  
 FGF8B , 82  
 follicular development , 79  
 Gdf9 double mutant , 82  
 Gdf9 gene , 78  
 Npr2 levels , 84  
 null mice , 82  
 oocyte derived factors , 77  
 ovarian follicles , 78  



354 Index

 Bone morphogenetic protein 15 (BMP15) ( cont ) 
 recombinant , 85  
 stimulation , 82   

  Bone morphogenetic proteins (BMPs) 
 BMP4 , 29  
 BMP8a and BMP4 , 22  
 signals , 26   

  BWS  .  See  Beckwith-Wiedemann syndrome (BWS)   

  C 
  Calcium (Ca 2+ ) oscillations, fertilization 

  Arbacia lixula , sea urchin , 292  
 CaMKII and PKC , 293–294  
 InsP3 receptor , 292–293  
 mouse blastocysts , 294  
 PLCz (zeta) , 293   

  Calmodulin-dependent kinase II (CaMKII) , 293–294   
  CaMKII  .  See  Calmodulin-dependent kinase II (CaMKII)  
  Carcinoma  in situ  (CIS) cells , 31–32   
  CCs  .  See  Cumulus cells (CCs)  
  Cdk inhibitor  .  See  Cyclin-dependent kinase (Cdk) 

inhibitor  
  CD9, lipid raft 

 cryopreservation , 275–276  
 description , 273  
 functional and biochemical characterizations , 276  
 “fusion competent sites” , 274–275  
 GM1 microdomains , 275  
 immuno fl uorescence , 273, 274  
 IVF programs , 275  
 organization , 275   

  CEEFs  .  See  Cumulus expansion-enabling factors 
(CEEFs)  

  Cell signaling and signal transduction, CCs 
 cyclic AMP (cAMP) , 240–241  
 gonadotropins , 241  
 PKC and MAPK pathways , 241  
 protein kinase A (PKA) , 240  
 TGF b  family , 241   

  Centrosome-free formation  .  See  Meiotic spindles  
  CG  .  See  Cortical granules (CG)  
  CGH  .  See  Comparative genomic hybridization (CGH)  
  Chromatin con fi guration 

 description , 94  
 large-scale changes 

 in basic science and assisted reproductive 
technologies , 103–104  

 cumulus granulosa cells and gap junction  
( see  Cumulus granulosa cells and gap junction) 

 and cytoplasmic maturation , 100–101  
 DBS , 94  
 GV and GVBD , 95  
 HDACs , 102  
 histone tail modi fi cations , 101  
 leptotene and diplotene , 94  
 LH , 94–95  
 in mammalian oocyte   ( see  Mammalian oocytes) 
 meiotic arrest , 95  
 meiotic prophase I, mammalian oocytes , 94  

 molecular mechanisms , 101  
 nhk-1 mutant , 102  
 oocyte competence   ( see  Oocyte competence) 
 SC , 94  
 and transcriptional activity   ( see  Transcriptional 

activity and chromatin con fi guration)  
  Chromatin organization, oocyte growth 

  Foxj2  gene , 144  
 germinal vesicles (GV) , 143  
 local and global changes , 143  
 maternal-effect genes , 144  
 NSN and SN oocytes , 143  
  Oct4  transcriptional network , 143–144  
 size, primordial oocytes , 143   

  CIS cells  .  See  Carcinoma  in situ  (CIS) cells  
  Comparative genomic hybridization (CGH) , 225   
  Confocal microscopy 

 bovine ovary , 10, 11  
 chromatin pro fi les , 10  
 membrane-limited structures , 8  
 MTSB-XF , 9, 10  
 optimal antigen-antibody , 10  
 phosphoepitopes , 9  
 semiquantitative measurements , 10  
 single-photon and wide- fi eld , 8   

  Cortical granules (CG) 
 Ca 2+  signaling mechanism , 215  
 CG-free area (CGFA) , 216  
 description , 215  
 growth phase, oogenesis , 215  
 maturation phase , 215–216   

  CRISP  .  See  Cysteine-rich secretory protein (CRISP)  
  Cumulus cell expansion 

 BMP15 , 82  
 CEEFs , 82  
 description , 81  
 FSH/EGF , 82  
 GDF9 , 82  
 LHCGR , 81  
 MAPK3 and MAPK1 , 81  
 mural granulosa cells , 81  
 PCSK , 82  
 PTGS2 , 81  
 rat and domestic animals , 81–82  
 Smad2 and Smad3 , 82   

  Cumulus cells (CCs) 
 amino acids , 240  
 ART , 232  
 biomarkers , 242–243  
 cellcell communication , 239  
 cell signaling and signal transduction , 240–241  
 cholesterol production , 240  
 fertilization and early embryo development , 242  
 follicular stage , 235–236  
 folliculogenesis , 234  
 GCs   ( see  Granulosa cells (GCs)) 
 gene expression   ( see  Gene expression, CCs) 
 glycolysis , 239–240  
 gonadotropins and oocyte-derived 

paracrine factors , 235  



355Index

 and MGCs , 234–235  
 muci fi cation , 237–239  
 oocyte competence   ( see  Oocyte competence, CCs) 
 ovarian function , 232  
 ovulation process , 241–242  
 steroidogenesis , 240   

  Cumulus expansion-enabling factors (CEEFs) , 82   
  Cumulus granulosa cells and gap junction , 102–103   
  Cyclin-dependent kinase (Cdk) inhibitor 

 description , 52  
 p27 , 52  
 POF , 52, 53   

  Cysteine-rich secretory protein (CRISP) , 291   
  Cytoskeletal correlation, meiosis 

 canonical centrosomes losses , 195–196  
 centrioles absence, meiotic spindles   ( see  Meiotic 

spindles) 
 positioning   ( see  Astral microtubules)   

  D 
  Detergent-resistant membrane fraction (DRF) , 

270–271   
  DIC  .  See  Differential interference contrast 

microscopy (DIC)  
  5,6-Dichloro-1- b -D-ribo-furanosylbenzimidazole 

(DRB) , 100   
  Differential interference contrast microscopy (DIC) , 6   
  DNA methylation 

  fi delity and heritability, genome 
 assisted reproduction technologies 

(ART) , 158  
 brokerage , 158  
 Dnmt3a deletion , 156  
 early development , 156  
 epigenetic reprogramming cycles , 156, 157  
 imprinted genes , 158  
 oocyte maturation , 156, 158  
 postnatal period , 157  
 promoters generation , 156  
 restriction, CpG islands (CGIs) , 157  

 oocyte epigenome 
 blastocyst stage , 144  
 folliculogenesis, mouse , 144, 145  
 imprinted genes , 145  
 maternal allele , 145  
 primordial stage , 144  
 transcription , 145  
 transferases , 144  

 reprogramming 
 demethylation process , 158–159  
 genetic loss, TET3 , 159  
 hydroxymethyl cytosine , 159   

  DNA repair 
 apoptosis/tolerance , 43  
 double-strand breaks , 43  
 dsDNA breaks , 43–44  
 human germinal vesicle stage oocyte , 43  
 meiotic recombination , 44  
 Rad51 , 43   

  Down syndrome (DS) 
 germinal mosaicism , 222  
 IVF success rate , 222  
 nondisjunction and PSSC , 220–221  
 prevalence , 221, 222   

  DRF  .  See  Detergent-resistant membrane 
fraction (DRF)  

  DS  .  See  Down syndrome (DS)   

  E 
  ECM  .  See  Extracellular matrix (ECM)  
  EGCs  .  See  Embryonic germ cells (EGCs)  
  Embryonic development potentials, oocyte polarity 

 AV inheritance , 258, 259  
 cleavage stage , 257  
 correlation , 257–258  
 E-blastomeres , 258, 260  
  fi lamentous actin/myosin , 260–261  
 growth factors , 261  
 histone H3R26/17 methylation , 260  
 maternal factors , 258  
 Oct4 nuclear kinetics , 260   

  Embryonic germ cells (EGCs) 
 derivation and maintenance, culture , 29  
 human   ( see  Human EGCs) 
 pluripotent , 29   

  Endoplasmic reticulum (ER) 
 fertilization process , 213  
 GVBD , 213  
 IP 

3
  receptors , 213–214   

  Epigenetic regulation 
 cellular function , 152  
 DNA methylation   ( see  DNA methylation) 
 histone code , 153  
 and infertility in humans 

 ART births , 162  
 BWS , 162  
 deleterious effects , 163  
 DNA methylation changes , 163  
 fetal growth-associated syndromes , 162–163  
 IHEC , 164  
 imprinting disorders , 162  
 oocyte maturation , 163  
 Silver-Russell syndrome , 163  

 modi fi cations , 152–153  
 postgenomic era , 152  
 reprogramming 

 chromatin , 154–155  
  fi rst cell cycle , 153–154  
 histones modi fi cations and variants , 156  
 mechanisms , 158  
 mouse , 153  

 transgenerational inheritance   ( see  Transgenerational 
inheritance) 

 versatile mechanisms , 152   
  Epigenetic reprogramming 

  fi rst cell cycle 
 diploid genome restoration, zygote , 153  
 DNA methylation and histone modi fi cations , 154  



356 Index

 Epigenetic reprogramming ( cont ) 
 instructions and remodeling, chromatin , 154  
 transition , 153–154  

 heterochromatin landscapes , 154–155  
 histones modi fi cations , 156  
 mouse , 153   

  Epigenome biography, oocyte 
 chromatin organization , 143–144  
 DNA methylation , 144–145  
 histone acetylation , 145  
 histone methylation , 145–146  
 ssRNAs , 146   

  ER  .  See  Endoplasmic reticulum (ER)  
  ExE  .  See  Extraembryonic ectoderm (ExE)  
  Extracellular matrix (ECM) 

 factors and CC expansion , 237–238  
 fertilization and embryo development , 242  
 formation and stabilization , 240  
 I a I , 238  
 multifunctional protein , 238  
 phenotypes , 239   

  Extraembryonic ectoderm (ExE) , 22–23    

  F 
  F-actin control, meiosis 

 control, spindle positioning 
  cage  , 202  
 chromosome movement , 202  
 cytoplasmic  fi laments , 201–202  
 meshes , 202  
 myosin II activity , 202  
 pseudo-G2 state , 202  
  Xenopus oocytes  , 202  
 yeast , 202  

 cytoplasmic assembly 
 asymmetric location, meiosis II spindle , 

203–204  
 meiosis I spindle migration , 202–203   

  Factor in the germline alpha ( Figla ) 
 bHLH , 131  
 bovine , 131–132  
 expression , 131  
 mutations and molecular analyses , 132  
 PGC physiology , 132  
 zona pellucida genes regulation , 132   

  Female germ cell  .  See  Primordial follicles  
  Fertilization 

 Ca 2+  oscillations , 292–294  
 CDK1 loss , 185  
 centrosome origin and formation , 295–296  
 cleavage and implantation ability , 301  
 cumulus cells , 290  
 description , 289  
 mammalian, calcineurin , 190  
 meiotic arrest, metaphase II , 189  
 meiotic resumption , 294–295  
 metaphase II arrest , 294  
 oogenesis , 289–290  
 polyspermy , 292  

 pronuclear formation and development 
  ( see  Pronuclei, fertilization) 

 sperm-oocyte interaction , 290–292  
 TLM , 301   

  FF  .  See  Follicular  fl uid (FF)  
   Figla   .  See  Factor in the Germline Alpha ( Figla )  
  Fluorescence microscopy 

 antibodies , 8  
 corpora lutea/thecal-interstitial tissue , 7  
 description , 7  
 Hoechst 33258 , 8  
 immunohistochemical application , 9  
 mouse ovary sections , 8  
 narrow-bored micropipette , 8  
 ovarian tissues/isolated oocytes , 7  
 zona pellucida , 7–8   

  Follicle-stimulating hormone (FSH) 
 beta knockout mice , 69  
 centrosome, corona cells , 69  
 cumulus granulosa cells , 70  
 hyperstimulation , 222  
 levels , 221–222  
 PMSG , 69  
 receptor , 51  
 stimulation , 71  
  b -subunit , 51   

  Follicular cell function regulation, oocytes 
 apoptosis , 79–80  
 cAMP , 83  
 cumulus cell expansion , 81, 82  
 cumulus expansion , 84  
 description , 78  
 differentiation and steroidogenesis , 80–81  
 gonadotropins , 84  
 granulosa cell-derived NPPC , 84  
 growth and proliferation , 78–79  
 “inhibitory substance/signal” , 83–84  
 metabolism , 82–83  
 nutritional support and thecal cell development , 84  
 ovarian follicles , 84  
 PDE3A , 83  
 thecal cell development , 83   

  Follicular  fl uid (FF) 
 circulating concentrations , 337–338  
 in vitro models, malnutrition , 340   

  Folliculogenesis 
 arti fi cial forms, reproduction , 70  
 oocyte quality , 69  
 oocytes , 64   

  Forkhead Box L2 (FOXL2) , 54   
  FSH  .  See  Follicle-stimulating hormone (FSH)   

  G 
  GCs  .  See  Granulosa cells (GCs)  
  GCTs  .  See  Germ cell tumors (GCTs)  
  GDF9  .  See  Growth differentiation factor 9 (GDF9)  
  Gene expression, CCs 

 biomarkers , 243  
 comparative proteomic approach , 234–235  



357Index

 genome-wide studies , 236–237  
 molecular/biological functions , 236, 237  
 muci fi cation , 239–240  
 oocyte developmental competence , 236  
 PKC and MAPK pathways , 241   

  Germ cell tumors (GCTs) 
 apoptosis , 28  
 categories , 31  
 testis and extragonadal sites , 31   

  Germinal vesicles (GV) 
 chromatin con fi gurations , 96  
 chromatin organization , 143  
 cortical domain , 213  
 cortical positioning , 212  
 diplotene I stage , 95  
 ER , 213  
 golgi apparatus , 215  
 GVBD   ( see  GV breakdown (GVBD)) 
 GV1, GV2 and GV3 , 98–99  
 GV0 stage , 98  
 IP 

3
  receptor , 213–214  

 mammalian oocytes , 95  
 mitochondria , 214  
 and spindle arrangement , 212   

  Golgi apparatus 
 cytoplasmic maturation , 215  
 GVBD , 215  
 in vitro maturation , 215  
 role and function , 214–215   

  Gonadotropins , 118   
  Granulosa cells (GCs) 

 cAMP production , 173  
 EGFR , 177  
 EGF receptor , 177  
 follicle stage , 234  
 gap junctional communication , 173  
 GDF9-SMAD3 signaling , 177  
 LH receptors , 175  
 MAP Kinase , 176  
 MGCs   ( see  Mural granulosa cells (MGCs)) 
 mRNA encoding , 174  
 regulation , 173–174  
 types , 171   

  Growth differentiation factor 9 (GDF9) 
 antral and preovulatory follicle , 78  
 BMP15 , 77  
 granulosa cell proliferation , 79  
 granulosa/cumulus cell apoptosis , 80  
 Kitl expression , 77–78  
 mice and humans , 77  
 ovine BMP15 , 85  
 type 1 receptor , 78   

  GV  .  See  Germinal vesicles (GV)  
  GV arrest, meiotic maturation 

 anaphase-promoting complex (APC) , 187  
 CDK1/cyclin B1 activation , 185–186  
 cell-cell interaction, cAMP , 186–187  
 cell-cycle , 185  
 G-protein-coupled receptor , 186  
 inhibitory phosphorylation , 186  

 LH signals , 185  
 modi fi cation , 187  
 prophase I maintenance, mammalian 

oocyte , 187  
 regulation, female gamete , 185   

  GVBD  .  See  GV breakdown (GVBD)  
  GV breakdown (GVBD) 

 ER , 213  
 golgi apparatus , 215  
 and MI formation , 211–212  
 mitochondria , 214  
 spindle , 211    

  H 
  HDACs  .  See  Histone deacetylases (HDACs)  
  H&E  .  See  Hematoxylin and eosin (H&E)  
  Hematoxylin and eosin (H&E) , 6   
  Histone acetylation , 145   
  Histone deacetylases (HDACs) , 102   
  Histone methylation , 145–146   
  Human EGCs 

 CIS cells , 31–32  
 description , 30–31  
 genomic imprinting , 31  
 imprinted loci , 31  
 tissue therapy , 31   

  Human oocyte 
 assessments, uterine , 268  
 chip-seq and RNA-seq technologies , 269  
 “compartmentalized” functions , 269–270  
 dysmorphisms , 268  
 gene “knock-in” and “knockout” methodology , 

268–269  
 IVF program , 268  
 “life-style” factors , 268  
 maternal-effect genes (MEGs) , 269  
 molecular and cellular levels , 267–268  
 regulatory processes , 268    

  I 
  I a I  .  See  Inter- a -trypsin inhibitor (I a I)  
  ICSI  .  See  Intracytoplasmic sperm injection (ICSI)  
  IGF1  .  See  Insulin-like growth factor-1 (IGF1)  
  IHEC  .  See  International human epigenome 

consortium (IHEC)  
  Induced pluripotent stem (iPS) 

 human/mouse PGCs , 24  
 somatic cells , 24  
 SSEA3 , 25   

  Inhibitors, primordial follicle 
 AMH , 52  
 Foxo3a , 52  
 PTEN , 52  
 TSC , 52   

  Inositol 1,4,5-trisphosphate (InsP 
3
 ) receptors 

 Ca 2+  oscillations, fertilization , 292–293  
 ER development and receptor sensitivity , 213  
 fertilization process , 213   



358 Index

  Insulin-like growth factor-1 (IGF1) 
 circulating concentrations , 337–338  
 in vitro models, malnutrition , 340   

  Inter- a -trypsin inhibitor (I a I) , 238   
  International human epigenome consortium (IHEC) , 164   
  Intracytoplasmic sperm injection (ICSI) , 297  

 “abortive activation” , 310–311  
 DNA fragmentation , 310  
 fertilization failures , 308  
 immuno fl uorescence analysis , 309  
 oscillin , 309–310  
 pronuclear formation/migration , 311, 319–321   

  In vitro fertilization (IVF) programs 
 “abortive activation” , 308  
 blastomere biopsies , 283  
 causes , 308  
 cellular analysis , 309  
 cellular and molecular components , 311, 312  
 chromatin , 308  
 chromosomal disorders , 284  
 conventional , 271  
 cytoskeletal and chromosomal abnormalities , 

317–318  
 description , 308  
 DNA fragmentation , 310  
 fertilization failure , 311–312  
 growth, oocyte , 312  
 ICSI   ( see  Intracytoplasmic sperm injection (ICSI)) 
 immuno fl uorescent analysis , 309  
 “life-style” factors , 268  
 maturation, oocyte , 314–316  
 metaphase II , 316–317  
 microanalytical methods , 266  
 oscillin , 309–310  
 PCC , 310  
 penetration and fertilization failure , 269  
 prematuration, oocyte , 314–316  
 pronuclear formation/migration , 311, 319–321  
 sperm aster formation , 318  
 sperm attachment and penetration failure , 275  
 sperm injection , 310  
 subplasmalemmal cytoplasm , 278–279  
 TUNEL technique , 308, 310  
 uterine , 268   

   In vitro  folliculogenesis 
 activation, primordial follicle   ( see  Primordial 

follicles) 
 description , 111  
 IVM/IVF , 110  
 meiotic and developmental competence , 111  
 mural granulosa cells , 111  
 oocyte development , 111  
 ovarian tissue cryopreservation , 110  
 POF and ART , 110  
 preantral to antral phase   ( see  Preantral to antral 

phase) 
 primordial follicles , 111–112   

   In vitro  maturation (IVM) 
 oocyte , 119  
 prophylactic procedure , 110   

  iPS  .  See  Induced pluripotent stem (iPS)  
  IVF  .  See  In vitro fertilization (IVF)  
  IVM  .  See In vitro  maturation (IVM)   

  K 
  Karyosphere 

 formation , 98  
 mammalian , 102  
 mouse oocytes , 98  
 oocyte GV , 98    

  L 
  LH  .  See  Luteinizing hormone (LH) induced meiotic 

resumption  
  LHCGR  .  See  Luteinizing hormone/choriogonadotropin 

receptor (LHCGR)  
   Lhx8   .  See  Lim homeobox gene 8 ( Lhx8 )  
  Lim homeobox gene 8 ( Lhx8 ) 

 deletion , 134  
 embryonic development , 134  
 epistatic relationship , 135  
  Lhx8  -/- ovaries , 135  
 regulation , 135  
 transcription , 134   

  Lipid raft 
 CD9 , 273–276  
 cholera toxin (CTB)  fl uorescence , 271–272  
 confocal images , 271, 272  
 DRF , 270–271  
 “fertilization-competent” organization , 272–273  
 microdomains , 270  
 molecular structure and organization , 270  
 monosialotetrahexosylganglioside (GM1) , 271, 273  
 theory , 270   

  Living ovarian cells and tissues 
 atmosphere and temperature , 11  
 dextran-modi fi ed cholesterol , 12  
  fl uor dyes , 12  
 GV , 12  
 LTR , 12  
 lysotracker red-labeled mouse , 12  
 vital  fl uorescence dyes , 12  
 vital stain imaging , 12   

  LTR  .  See  Lysotracker red (LTR)  
  Luteinizing hormone/choriogonadotropin receptor 

(LHCGR) 
 cell cycle , 80  
 mural granulosa cells , 80  
 transcript levels , 80   

  Luteinizing hormone (LH) induced meiotic resumption 
 EGF receptor (EGFR) , 177  
 follicular cGMP 

 concentration , 176  
 Connexin 43 (Cx43) , 176  
 decrease gap junction , 176  
 mural granulosa cells , 175  
 ovarian CNP protein levels , 176  
 production , 175  



359Index

 maintain meiotic arrest , 179  
 MAP Kinase activation , 176  
 oocyte maturation , 175  
 redundant pathways , 177–178   

  Lysotracker red (LTR) , 12    

  M 
  Malnutrition, oocyte developmental competence 

 and blastocysts, cell number , 341  
 FF and IGF1 concentrations , 337–338  
 and gene expression , 340  
 in vitro models , 340–341  
 metabolites and metabolic hormones , 336–338  
 ovarian follicular  fl uid , 338, 339  
 overnutrition and oocyte quality , 338–340  
 undernutrition and oocyte quality , 338   

  Mammalian oocytes 
 fertilization process , 210  
 follicular development , 210  
 in vitro maturation , 214  
 large-scale chromatin con fi guration 

 antral follicle , 97  
 chromatin condensation , 96–97  
 chromatin organization , 96  
 description , 95  
 diplotene I arrested oocytes , 96, 97  
 DNA staining , 95  
  fl uorescence microscopy , 95–96  
 heterochromatin , 97–98  
 karyosphere   ( see  Karyosphere) 
 NSN and SN oocytes , 96  
 “nucleolar-like body”/nucleolar remnant , 96  
 perinucleolar rim , 96   

  Mammalian oogenesis 
 advantages and disadvantages , 3  
 confocal microscopy   ( see  Confocal microscopy) 
 description , 3  
  fl uorescence microscopy   ( see  Fluorescence 

microscopy) 
 histological approaches 

 conventional histology , 5  
 DDX4 , 5–6  
 DIC , 6  
  fl ow sheet  fi xed ovarian tissues/isolated cells , 4, 5  
 H&E , 6, 7  
 monospeci fi c/polyspeci fi c antibodies , 4, 5  
 mRNAs and protein , 4  
 ovarian samples , 4, 6  
 primordial/primary follicles , 6  
 SDL , 5  
 specimen preparation , 4  
 transgenic murine animal models , 4  
 triple stain bright  fi eld technique , 5, 6  

 image archiving and analysis 
 confocal micrograph , 14  
  in vitro  maturation/follicle maturation , 13  
 measurement , 14  
 noise ratio , 14  
 z-stack , 14  

 living ovarian cells and tissues   ( see  Living ovarian 
cells and tissues) 

 oocyte-somatic cell interactions , 4  
 ovary , 4  
 steroidogenesis , 4   

  MAPK  .  See  Mitogen-activated protein kinases (MAPK)  
  Maternal-effect genes (MEGs) 

 functions , 281  
 human homologues , 281  
 storage , 281–282   

  MEGs  .  See  Maternal-effect genes (MEGs)  
  Meiosis 

 cytoskeletal correlation   ( see  Cytoskeletal correlation, 
Meiosis) 

 meiotic maturation   ( see  Meiotic maturation) 
 oocyte polarity , 256–257   

  Meiotic arrest, metaphase II 
 calcineurin , 190  
 CAMKII , 189  
 embryonic development , 189  
 fertilization , 189  
 maintain, high CDK1 activity , 189  
 p90RSK , 189  
 release , 190  
 upstream and downstream component , 189   

  Meiotic competence and TZPs , 70   
  Meiotic maturation 

 description, phases , 184–185  
 GV arrest   ( see  GV arrest, meiotic maturation) 
 metaphase II   ( see  Meiotic arrest, metaphase II) 
 regulation, Meiosis I 

 CDK1 activation , 187–188  
 fertilization , 187  
 SAC, chromosome separation , 188–189  
 separase cleaves , 188  

 stops and starts signals , 184  
 transitions , 185   

  Meiotic resumption 
 FSH and LH , 171–172  
 LH stimulation   ( see  Luteinizing hormone (LH) 

induced meiotic resumption) 
 preovulatory follicle, mouse ovary , 171, 172  
 prophase I arrest 

 granulosa and cumulus cells , 173–175  
 oocyte regulation , 172–173  

 regulation mechanisms , 172   
  Meiotic spindles 

 bipolar spindle structure 
 distribution, MTOCs , 197–198  
 formation process , 197  
 HURP depletion , 198  
 interaction and pole organization, TPX2 , 198–199  
 maintaining , 199–200  
 microtubule-stabilizing activity , 199  
 RanGTP , 199  
 sorting poles , 197  

 control, chromosome alignment and separation , 197  
 data increases , 204  
 exerts forces , 204  
 initial assembly , 196–197  



360 Index

 Meiotic spindles ( cont ) 
 maturation , 196  
 pseudo-interphasic MT 

network , 196  
 vertebrate oocyte , 196   

  Metabolism , 82–83   
  Metaphase II (MetII) spindle 

 meiotic divisions , 256–257  
 meridional/equatorial division , 

260–261  
 polarity, formation , 254  
 translocation , 256   

  Metaphase I (MetI) spindle 
 meiotic divisions , 256–257  
 meridional/equatorial division , 

260–261  
 polarity, formation , 254  
 translocation , 256   

  MGCs  .  See  Mural granulosa cells (MGCs)  
  Microtubules  .  See  Astral microtubules  
  Mitogen-activated protein kinases (MAPK) , 

176–178, 241   
  Mouse  vs . human PGCs 

 amniotic cavity , 24  
 AVE , 23  
 BLIMP1 , 22  
 BMPs , 22  
 description , 21  
  Drosophila and Caenorhabditis  , 21  
 electron microphotographs , 22, 23  
 epiblast cells , 23–24  
 ExE and VE , 21–22  
 extraembryonic mesoderm , 24  
 germ-line origin , 23  
 germ plasma , 21  
 molecular markers , 24  
 “nuage” , 23  
 placental membranes , 23  
 politzer , 23  
 precursors , 21  
 pregastrulation period , 21–22  
 presomite stages , 22  
 TNAP , 22  
 yolk sac , 22   

  Muci fi cation, CCs 
 description , 237  
 ECM   ( see  Extracellular matrix (ECM)) 
 in vivo and in vitro, CCs expansion , 

238–239  
 metabolic processes , 239–240  
 microinjection,  fl uorescent dyes , 239  
 morphological change, CCs , 234   

  Mural granulosa cells (MGCs) 
 cell subtypes, GCs , 234  
 follicular stage , 235–236  
 functional differences, CCs , 

234–235  
 glycolysis pathway , 240  
 somatic compartment , 234    

  N 
  NCD  .  See  Non-communicable diseases (NCD)  
  Newborn ovary homeobox gene ( Nobox ) 

 bovine mRNA , 132  
 expressed sequence tags (ESTs) , 132  
  Gdf9  , 132  
 growth factors , 132  
 human , 132  
 identi fi cation, DNA binding elements , 132  
 mouse model , 132  
  mutations  , 132   

  NLB  .  See  Nucleolar-like bodies (NLB)  
   Nobox   .  See  Newborn Ovary Homeobox Gene ( Nobox )  
  Non-communicable diseases (NCD) , 334, 341   
  Nondisjunction 

 advanced maternal age , 221–222  
 aneugenic chemicals , 224  
 mechanism, aneuploidy , 220  
 mitochondrial role , 224   

  Non-surrounded nucleolus (NSN) 
 chromatin con fi guration , 96  
 mouse antral oocytes , 104  
 preantral follicles , 96  
 and SN oocytes , 96  
 TSA , 99   

  NSN  .  See  Non-surrounded nucleolus (NSN)  
  Nucleolar-like bodies (NLB) , 100   
  Nutritional microenvironment, oocyte 

 diet-induced obesity , 336  
 folliculogenesis, malnutrition , 334–336  
 isolation stress test , 335–336  
 kidney weight, female offspring , 334–335  
 methylation , 336  
 programming, NCD , 334    

  O 
  Offspring health  .  See  Nutritional 

microenvironment, oocyte  
  Oocyte, IVF failures  .  See  In vitro fertilization 

(IVF) programs  
  Oocyte aneuploidy 

 advanced maternal age   ( see  Down syndrome (DS)) 
 CGH , 225  
 chromosome disjunction , 226  
 environmental agents , 224  
 female meiosis , 220  
 FSH , 222  
 human reproduction , 220  
 mitochondria , 224  
 nondisjunction , 221  
 prevalence , 220  
 preventive measures , 225  
 PSSC , 220–221  
 “recombination”/“crossing over” , 220  
 synapsis and recombination , 222–224   

  Oocyte competence 
 antral follicles , 98  
 CCs 



361Index

 cytoplasmic maturation , 233  
 de fi nition , 232  
 molecular maturation , 233  
 morphological parameters , 232  
 nuclear maturation , 232–233  

 cellular and cytoplasmic levels , 267  
 correlations , 266–267  
 description , 98  
 GV1, GV2 and GV3 , 98–99  
 GV0 stage , 98  
 IVF programs , 266  
 meiotic , 99  
 metabolic parameters , 266  
 NSN and SN , 98   

  Oocyte growth 
 abnormalities, follicular activation   ( see  

Abnormalities, follicular activation) 
 activated follicle , 50  
 Cdk inhibitor   ( see  Cyclin-Dependent Kinase (Cdk) 

inhibitor) 
 female reproductive life , 51  
 FOXL2   ( see  Forkhead Box L2 (FOXL2)) 
 FSH , 51  
 functional roles , 51  
 gonadotropins , 51  
 inhibitors   ( see  Inhibitors, primordial follicle) 
 mammalian ovary , 50  
 mature fertilizable egg , 50  
 mouse models , 51  
 neonatal mouse ovaries , 51  
 promoters   ( see  Promoters, primordial follicle) 
 quiescent follicles , 51  
 SDF-1   ( see  Stromal-derived factor-1 (SDF-1)) 
 steroid hormones , 54   

  Oocyte maturation 
 CG , 215–216  
 development, ovarian , 210  
 ER and IP 

3
  receptors , 213–214  

 golgi apparatus , 214–215  
 GV   ( see  Germinal vesicles (GV)) 
 messenger RNAs (mRNA) , 210–211  
 mitochondria , 214  
 nuclear and cytoplasmic competence , 210  
 oogenesis , 210  
 spindle migration , 211–212  
 Staufen protein , 211   

  Oocyte quality 
 apoptosis , 44  
 Bax -/- mice , 44  
 Bcl-2 family , 44  
 description , 44  
  in vitro  fertilization , 44  
 number  vs . oocyte quality , 45  
 ovarian grafting , 45  
 tolerance , 44–45   

  Oocytes 
 analysis, cumulus cell transcripts , 142  
 BCS   ( see  Body condition score (BCS)) 
 BMI   ( see  Body mass index (BMI)) 

 CCs   ( see  Cumulus cells (CCs)) 
 description , 76  
 dynamic intercellular communications , 85  
 endocrine and paracrine/endocrine pathways , 330  
 epigenetic regualtion   ( see  Epigenetic regulation) 
 epigenome   ( see  Epigenome biography, oocyte) 
 female reproductive disorders and infertility , 86  
 fertilization   ( see  Fertilization) 
 fertilization and development , 84, 141  
 follicular cell function regulation   ( see  Follicular 

cell function regulation, oocytes) 
 folliculogenesis , 142  
 FSH and LH , 76  
 function, mitochondria , 142  
 GDF9 signaling pathway , 85  
 granulosa cell , 76  
 growth and maturation , 65  
 IVF and IVM , 85  
 malnutrition   ( see  Malnutrition, oocyte 

developmental competence) 
 morphological features , 142–143  
 nutritional microenvironment   ( see  Nutritional 

microenvironment, oocyte) 
 ovarian follicles , 76  
 overnutrition   ( see  Overnutrition) 
 polarity   ( see  Polarity, oocytes) 
 primordial and primary follicles , 330  
 quality , 70–71  
 recombinant BMP15 and GDF9 

ligands , 85  
 regulation, transcription factors , 142  
 serum trophic factor , 142  
 somatic cell , 76  
 somatic cell function/gene expression , 84  
 TGF- b  family protein , 76–78  
 undernutrition   ( see  Undernutrition)  

  Oogenesis.    See also In vitro  folliculogenesis 
 description , 64  

 and folliculogenesis   ( see  Folliculogenesis) 
  in vitro  systems , 65  
 oocyte maturation and fertilization , 66  
 rodents and humans , 64   

  Oogenesis regulation 
 de fi nition, oogenesis , 130  
 folliculogenesis , 130  
 primordial germ cells (PGCs) , 130  
 transcription   ( see  Transcription factors, germ cell)  

  Overnutrition 
 BCS , 333  
 BMI , 333–334  
 early stages of pregnancy , 332–333  
 and oocyte developmental competence , 332  
 undernutrition , 331–332    

  P 
  Paracrine regulation , 64–65   
  Paracrine signaling  .  See  Transzonal projections (TZPs)  
  PCC  .  See  Premature chromosome condensation (PCC)  



362 Index

  PCSK  .  See  Proprotein convertase 
subtilisin/kexin (PCSK)  

  PGCs  .  See  Pimordial germ cells (PGCs)  
  Phosphatase and tensin homolog deleted on 

chromosome ten (PTEN) , 52, 113–114   
  Phosphatidylinositol 3-kinase (PI3K) 

 Akt and FOXO3A , 114  
 cryopreservation procedure , 114  
 description , 113  
 IGF I and II , 114  
 insulin , 114  
 PTEN , 113  
 secondary follicles , 115   

  Pimordial germ cells (PGCs) 
 bona  fi de human   ( see  Bona  fi de human PGCs, stem 

cells) 
 chronology, human , 20, 21  
 description , 20  
 human EGCs   ( see  Human EGCs) 
 human embryos , 20  
 human proliferation 

 c-KIT , 29–30  
 description , 28  
 female and male embryos , 29, 30  
  Francc , mice , 30  
 gene expression studies , 30  
  in vitro  studies , 29  
 oogonia , 28, 29  
 oogonia and gonocytes , 29  
 sex differences , 29  
 spermatogonia , 28–29  
 spontaneous mutations , 29  
 SRY and SOX9 , 28  
 testis development , 28  

  in vivo  human , 26  
 migration, human 

 chemoattractants , 27  
 chemotaxis and repulsive signals , 26  
 coelomic epithelium , 27  
 description , 26  
 electron microscopic studies , 26  
 GCTs , 28  
 glucosaminoglycans , 27  
 glycogen and lipid droplets , 27  
 meiosis , 27  
 SDF1 , 27  
 STO  fi broblasts , 26, 27  
 tumorigenic cells , 28  

 mouse  vs . human formation   ( see  Mouse  vs . human 
PGCs) 

 nuclear reprogramming , 20  
 reproduction , 20   

  PKC  .  See  Protein kinase C (PKC)  
  PMSG  .  See  Pregnant mare serum gonadotropin (PMSG)  
  POF  .  See  Premature ovarian failure (POF)  
  Polarity, oocytes 

 asymmetric meiotic divisions , 256–257  
 Ca2+-dependent exocytosis/-independent 

redistribution , 256  

 description , 254–255  
 embryonic development   ( see  Embryonic development 

potentials, oocyte polarity) 
 MetI and MetII , 254  
 microvilli , 257  
 migration, meiotic spindle , 254, 256  
 Mos/MEK/MAP kinase pathway , 256  
 translocation, MetI spindle , 256   

  Preantral to antral phase 
 attachment permissive  vs . non-attaching culture , 

116–117  
 description , 116  
 follicle maturation and length, culture , 117–118  
 gonadotropins   ( see  Gonadotropins) 
 oocyte IVM , 119  
 periovulatory period , 118–119  
 protein source , 118   

  Pregnant mare serum gonadotropin (PMSG) 
 primed animals , 237  
 treatment , 143  
 TZPs , 69   

  Premature chromosome condensation (PCC) , 308   
  Premature ovarian failure (POF) , 52, 54, 110   
  Pre-mature separation of sister chromatids (PSSC) 

 advanced maternal age , 221–222  
 FSH hyperstimulation , 222  
 mechanism, aneuploidy , 220   

  Primordial follicles 
 activation 

 activin A and , 116  
 de fi ned , 112  
 growth factors, hormones and cytokines , 115  
 human ovarian tissue, culture , 112, 113  
 physiological signi fi cance , 113  
 PI3K signaling pathway  (  see  Phosphatidylinositol 

3-kinase (PI3K)) 
 TGF- b  family , 115–116  

 aging   ( see  Aging) 
 anticancer treatments , 40  
 diplotene arrest , 41, 42  
 DNA repair processes , 43–44  
 female germline , 40  
 folliculogenesis , 111–112  
 maternal age and gonadal insults , 40  
 oocyte quality   ( see  Oocyte quality) 
 pre-diplotene germ cells , 40–41   

  Promoters, primordial follicle 
 growth factors , 56  
 insulin , 55–56  
 Kit/KL , 54  
 mTORC1 signaling , 55  
 oocyte-speci fi c transcription factors , 56  
 PI3K signaling , 54–55   

  Pronuclei, fertilization 
 breakdown , 301  
 central position , 297, 300  
 chromatids , 296  
 chromatin , 298–299  
 description , 296  



363Index

 DNA synthesis , 301  
 ICSI , 297  
 juxtaposed pronuclei , 297, 298  
 male pronuclear formation , 296–297  
 meiotic process , 296  
 migration , 299  
 mitochondrial accumulation , 300  
 and nucleolar development , 299–300  
 peripheral displacement , 297–298  
 pronuclear juxtaposition failed , 297, 299  
 time-lapse microscopy , 297   

  Pronuclei formation 
 assembly, motility, and union , 319–321  
 dynein-dynactin complex , 319, 321  
 immunocytochemical analysis , 319  
 migration and apposition , 319  
 nuclear envelope (NE) , 318–319  
 sperm aster , 318   

  Proprotein convertase subtilisin/kexin (PCSK) , 82   
  Prostaglandin-endoperoxide synthase 2 

(PTGS2) , 81, 85   
  Protein kinase C (PKC) , 293–294   
  PSSC  .  See  Pre-mature separation of sister chromatids 

(PSSC)  
  PTGS2  .  See  Prostaglandin-endoperoxide synthase 2 

(PTGS2)   

  Q 
  Quiescence  .  See  Oocyte growth   

  S 
  SAC  .  See  Spindle assembly checkpoint (SAC)  
  SDF-1  .  See  Stromal-derived factor-1 (SDF-1)  
  Silver-Russell syndrome , 163   
  SMAD proteins 

 gene transcription , 77  
 R-SMADs , 77  
 SMAD1/5/8 , 77  
 SMAD4 , 77  
 SMAD6 and SMAD7 , 77  
 SMAD3 linker region , 79  
 SMAD2/3 signaling , 81   

  Small silencing RNAs (ssRNA) , 146   
  SN  .  See  Surrounded nucleolus (SN)  
  Spermatogenesis-and Oogenesis-Helix-Loop-Helix 1 

( Sohlh1 ) , 133–134   
  Spermatogenesis-and Oogenesis-Helix-Loop-Helix 2 

( Sohlh2 ) , 133–134   
  Sperm-oocyte interaction 

 adhesion and fusion , 290–291  
 capacitation , 290  
 CD9 , 291, 292  
 CRISP , 291  
 fertilin  a ,  b  and cyritestin , 291  
 integrins , 291  
 polyspermy , 292  
 zona pellucida (ZP) binding , 290   

  Spindle 
 MetI   ( see  Metaphase I (MetI) spindle) 
 MetII   ( see  Metaphase II (MetII) spindle)  

  Spindle assembly checkpoint (SAC) , 188–189   
  ssRNA  .  See  Small silencing RNAs (ssRNA)  
  Steroidogenesis, CCs , 240   
  Stromal-derived factor-1 (SDF-1) , 54   
  Subplasmalemmal cytoplasm 

 apparent stability , 277  
 ATP production , 279–281  
 calcium levels , 280  
 description , 276  
 factors , 278–279  
  fl uorescence emission characteristics , 277  
 high-potential mitochondria , 279  
 inner membrane , 276–277  
 MII mouse and human oocyte , 276  
 mitochondrial complement , 277  
 nitric oxide (NO) , 278  
 oocyte mitochondrial activity , 277–278  
 oxygen levels , 279   

  Surrounded nucleolus (SN) 
 antral oocytes , 100  
 NSN   ( see  Non-surrounded nucleolus (NSN)) 
 transcription , 99    

  T 
  TGF- b   .  See  Transforming growth factor  b  (TGF- b )  
  Thecal cell development , 83   
  Time-lapse microscopy (TLM) , 301   
  Tissue nonspeci fi c alkaline phosphatase (TNAP) 

 E-cadherin and , 22  
 PAS positivity , 24  
 staining , 27   

  TLM  .  See  Time-lapse microscopy (TLM)  
  TNAP  .  See  Tissue nonspeci fi c alkaline phosphatase 

(TNAP)  
  Transcriptional activity and chromatin con fi guration 

 description , 99  
 DRB , 100  
 embryogenesis and meiosis , 100  
 GV0 stage , 100  
 GV0 to GV1 transition , 99  
 MII , 100  
 MLL2 , 99  
 murine model , 99  
 NLB , 100  
 NSN to SN , 99  
 RNA polymerase II dissociation , 99–100   

  Transcription factors, germ cell 
 embryonic/adult tissue 

 Lhx8 , 134–135  
 Pou5f1 , 135  
 Yy1 , 135–136  

  Figla  , 131–132  
 functions , 130–131  
 limitation, oocytes , 131  
 male and female, ( Sohlh1  and  Sohlh2 ) , 133–134  



364 Index

 Transcription factors, germ cell ( cont ) 
 mouse knockouts model , 136, 137  
  Nobox  , 132–133  
 oocyte and follicle growth , 130   

  Transforming growth factor  b  (TGF- b ) 
 AMH , 78  
 BMP15 , 78  
 description , 76  
 dysregulation , 76  
 EGFs and VEGFs , 78  
 GDF9 , 77–78  
 major components , 77  
 SMAD , 77   

  Transgenerational inheritance 
 DNA methylation , 160  
 environment exposoure and consequences , 160–162  
 gametes and germline , 160  
 methylomes , 161   

  Transzonal projections (TZPs) 
 cGMP and EGF , 69  
 cholesterol synthesis , 69–70  
 corona cell , 68  
 description , 65  
 FSH , 69  
 granulosa cells , 66  
 human cumulus-oocyte complexes , 66, 67  
 immature GV stage oocytes , 69  
 ligand-producing cell , 65  
 mammalian species , 67–68  
 meiotic arrest , 69  
 and meiotic competence , 70  
 microtubule-based , 69  
 oocyte and granulosa , 69  

 oocyte-granulosa interface , 70  
 oocyte maturation , 68  
 rhodamine phalloidin , 66  
 transmission electron microscopy , 66  
 zona pellucida , 65–66  
 Z stack , 68   

  Trichostatin A (TSA) 
 chromatin decondensation , 102  
 meiotic division , 98  
 reassociation, RPB1 , 100  
 treatment , 102   

  TSA  .  See  Trichostatin A (TSA)  
  TSC  .  See  Tuberous sclerosis complex (TSC)  
  Tuberous sclerosis complex (TSC) , 52   
  TZPs  .  See  Transzonal projections (TZPs)   

  U 
  Undernutrition 

 BCS , 331  
 BMI , 331–332  
 early stages of pregnancy , 331  
 and oocyte developmental competence , 330–331    

  V 
  VE  .  See  Visceral endoderm (VE)  
  Visceral endoderm (VE) , 22–23    

  Y 
  Yin Yang 1 ( Yy1 ) , 135–136   
   Yy1   .  See  Yin Yang 1 ( Yy1 )         


	Preface
	Contents
	Contributors
	Part I: Imaging
	1: Imaging Strategies for Studying Mammalian Oogenesis
	Introduction
	Extending the Utility of Traditional Histological Approaches
	Fluorescence Microscopy: The Power and the Problems
	Confocal Microscopy of Ovarian Cells and Tissues
	Confocal Microscopy of Living Ovarian Cells and Tissues
	Image Archiving and Analysis
	Conclusions
	References


	Part II: Folliculogenesis and Oogenesis
	2: Origin, Migration, and Proliferation of Human Primordial Germ Cells
	Introduction
	Comparing Mouse and Human PGC Formation
	Bona Fide Human PGCs from Stem Cells In Vitro
	A Model for the Formation of Human PGCs In Vivo
	Migration of Human PGCs
	Proliferation of Human PGCs
	Human EGCs and Their Potential Uses
	References

	3: Damage Control in the Female Germline: Protecting Primordial Follicles
	Introduction
	Establishing a High-Quality Reserve: Quality Control of Pre-diplotene Germ Cells
	Quality Control During Diplotene Arrest
	Quality Control During Aging
	DNA Repair Processes in Oocytes
	Oocyte Quality and the Balance Between Apoptosis, Repair, and Tolerance
	Final Remarks
	References

	4: Regulation of Quiescence and Activation of Oocyte Growth in Primordial Follicles
	Introduction
	Inhibitors of Primordial Follicle Activation
	Anti-Müllerian Hormone (AMH)
	Phosphatase and Tensin Homolog Deleted on Chromosome Ten (PTEN)
	Foxo3a
	Tuberous Sclerosis Complex (TSC)

	Cyclin-Dependent Kinase (Cdk) Inhibitor p27 Kip1
	Forkhead Box L2 (FOXL2)
	Stromal-Derived Factor-1 (SDF-1)
	Steroid Hormones

	Promoters of Primordial Follicle Activation
	Kit/KL
	PI3K Signaling
	mTORC1 Signaling
	Insulin
	Other Growth Factors
	Oocyte-Specific Transcription Factors

	Pathological Conditions Caused by Abnormalities in Follicular Activation
	Due To Overactivation of Follicles
	Due To Lack of Follicular Activation
	The Balance Kept by Signaling Cascades
	Specific Order Versus Random Selection of Primordial Follicles

	Conclusion
	References

	5: The Structural Basis for Coordinating Oogenesis and Folliculogenesis
	Section 1: Introduction
	Section 2: Paracrine Regulation
	Section 3: Oocyte Growth and Maturation
	Section 4: Paracrine Signaling and TZPs
	Section 5: TZPs and Meiotic Competence
	Section 6: Clinical Implications and Oocyte Quality
	References

	6: How the Oocyte Inﬂuences Follicular Cell Function and Why
	Introduction
	TGF- b Family Proteins and Ovarian Function
	Oocytes Regulate Follicular Cell Function
	Oocytes Regulate Follicular Cell Function: What and How
	Growth and Proliferation
	Apoptosis
	Differentiation and Steroidogenesis
	Cumulus Cell Expansion
	Metabolism
	Thecal Cell Development
	Others
	Oocytes Regulate Follicular Cell Function: Why

	Conclusion and Perspective
	References

	7: Changes of Large-Scale Chromatin Configuration During Mammalian Oocyte Differentiation
	Introduction
	Large-Scale Chromatin Configuration Changes: When Do They Happen?
	Large-Scale Chromatin Configuration(s) in Mammalian Oocyte
	Significance of Large-Scale Chromatin Configuration Changes on Oocyte Competence
	Large-Scale Chromatin Configuration Changes and Transcriptional Activity
	Large-Scale Chromatin Configuration Changes and Cytoplasmic Maturation
	Mechanisms Involved in the Control of Large-Scale Chromatin Configuration Changes
	Role of Cumulus Granulosa Cells and Gap Junction-Mediated Communications in the Control of Large-Scale Chromatin Configuration Changes and Transcriptional Silencing
	Implications of Large-Scale Chromatin Configurations in Basic Science and in Assisted Reproductive Technologies
	References

	8: The Quest for Oogenesis (Folliculogenesis) In Vitro
	In Vitro Folliculogenesis
	Acquisition of Meiotic and Developmental Competence In Vitro
	Folliculogenesis from Primordial Follicles

	Primordial Follicle Activation
	Control of Primordial Follicle Activation by the Phosphatidylinositol 3-Kinase (PI3K) Signaling Pathway in Oocytes
	Regulation of Primordial Follicle Activation by Growth Factors, Hormones, and Cytokines
	Regulation of Primordial Follicle Activation by Some Members of the TGF- b (Beta) Family
	Activin A and Primordial Follicle Activation

	The Preantral to Antral Phase
	Attachment Permissive Versus Non-attaching Culture Conditions
	Follicle Maturation and Length of Culture
	Gonadotropins
	Protein Source and Other Factors
	Periovulatory Period

	At the End of Folliculogenesis: Oocyte In Vitro Maturation (IVM)
	References


	Part III: The (Epi)Genetic Making of the Oocyte
	9: Regulation of Oogenesis by Oocyte-Specific Gene Networks
	Introduction
	Transcription Factors Whose Function Is Limited to Oocytes: Figla and Nobox
	Factor in the Germline Alpha ( Figla)
	Newborn Ovary Homeobox Gene ( Nobox)

	Transcription Factors Whose Function Is Limited to Male and Female Germ Cells ( SOHLH1 and SOHLH2)
	Spermatogenesis- and Oogenesis-Specific Basic Helix-Loop-Helix 1 and 2 ( Sohlh1 and Sohlh2)

	Transcription Factors that Are Highly Expressed in the Germ Cells but also Function in Embryonic or Adult Tissues [LIM Homeobox 8 ( Lhx8 ); POU Domain Class 5 Transcription Factor 1 ( Pou5f1 ); Yin Yang 1 ( YY1 )]
	Lim Homeobox Gene 8 ( Lhx8)
	POU Domain-Containing Class 5, Transcription Factor 1 ( Pou5f1)
	Yin Yang 1 ( Yy1)

	Conclusion
	References

	10: An Epigenomic Biography of the Mammalian Oocyte
	Introduction
	The Oocyte Epigenome
	Chromatin Organization
	DNA Methylation and Histone Acetylation and Methylation
	The Role of Small Silencing RNAs

	Conclusions
	References

	11: Epigenetic Regulation of Oocyte Function and Developmental Potential
	What Constitutes Epigenetic Regulation- More than Just Transcriptional Regulation
	How to Read the Genome? The Histone Code and All That Jazz
	Epigenetic Reprogramming: How Embryos Make Eggs and How Eggs Make Embryos
	Epigenetic Remodeling During the First Cell Cycle
	Remodeling Chromatin in the Absence of Transcription
	Other Histones Modifications and Variants

	DNA Methylation: Marking the Genome – Fidelity and Heritability Through the Generations
	Mechanisms for Epigenetic Reprogramming
	Demethylation and Demethylase- Hydroxymethylation as a Mechanism for DNA Methylation Reprogramming
	Transgenerational Epigenetic Inheritance: Fidelity, Erasure and Heritability in the Germline
	Epigenetic Regulation and Infertility in Humans: Causes and Cures
	References


	Part IV: Oocyte Meiosis and Cytoplasmic Dynamics
	12: Signaling for Meiotic Resumption in Granulosa Cells, Cumulus Cells, and Oocyte
	Introduction
	Prophase I Arrest: Regulation by the Oocyte
	Prophase I Arrest: Regulation by Granulosa and Cumulus Cells
	Meiotic Resumption: Pathways by Which LH Stimulates Oocyte Maturation
	LH Stimulates a Decrease in Gap Junction Permeability as well as a Fall in Follicular cGMP
	Role of the MAP Kinase Pathway in Stimulating Meiotic Resumption
	MAPK Is Stimulated by the Activity of EGF-Like Ligands Through Activation of the EGF Receptor
	LH Acts Through Redundant Pathways to Stimulate Meiotic Resumption
	Conclusion
	References

	13: Start and Stop Signals of Oocyte Meiotic Maturation
	Introduction
	Maintenance of Germinal Vesicle Stage Arrest
	Regulation of Meiosis I
	Meiotic Arrest at Metaphase II
	Concluding Remarks
	References

	14: Cytoskeletal Correlates of Oocyte Meiotic Divisions
	Dual Consequences of Losing Canonical Centrosomes During Oogenesis
	Meiotic Spindles Without Centrioles
	E Pluribus Unum: Organizing Discrete MTOCs into Robust Poles
	Controlling MT Assembly Around Chromosomes
	Establishing a Bipolar Spindle in the Absence of a Predetermined Spindle Axis

	Maintaining a Bipolar Spindle Structure

	Positioning in the Absence of Astral Microtubules
	Geometry of the Mouse Oocyte
	Importance of F-actin in the Control of Spindle Positioning
	Mechanisms That Control Cytoplasmic F-actin Assembly
	To Promote Meiosis I Spindle Migration
	To Maintain the Meiosis II Spindle in Its Asymmetric Location


	Conclusions
	References

	15: Organelle Rearrangement in the Maturing Oocyte
	Introduction
	Transcriptional Activity and Macromolecular Trafficking
	Germinal Vesicle and Spindle Asymmetry
	Endoplasmic Reticulum and Inositol 1,4,5-Trisphosphate Receptors
	Mitochondria
	The Golgi Apparatus
	Cortical Granules
	Conclusions
	References

	16: Origins of Oocyte Aneuploidy
	Advanced Maternal Age and Aneuploidies
	FSH and Aneuploidies
	Synapsis and Recombination
	The Role of Mitochondria
	Environment and Lifestyle
	Conclusions and Perspectives
	References


	Part V: Oocyte Developmental Potential
	17: Cumulus Cell Gene Expression as a Marker of Oocyte Quality
	Introduction
	Oocyte Competence: Definition and Levels
	What Is “Oocyte Competence”?

	Levels of Oocyte Competence
	Morphological Competence
	Nuclear Competence
	Cytoplasmic Competence
	Molecular Competence

	Cumulus Cell Behavior During Folliculogenesis
	Origin of Cumulus Cells
	Cumulus Cell Phenotype as an Indicator of Follicular Stage
	Cumulus Cell Gene Expression
	Importance of Cumulus Cell Gene Expression in Oocyte Developmental Competence
	Main Molecular and/or Biological Functions Regulated by Over-Expressed Genes in CCs
	Cumulus Cell Gene Expression and Associated Functions

	Cumulus Cells Mucification
	Cell to Cell Communication
	Cumulus Cell Metabolism
	Cell Signaling and Signal Transduction
	Contribution to the Ovulation Process
	Fertilization and Early Embryo Development

	Cumulus Cells as a Suitable Site of Expression of Oocyte Quality Biomarkers

	Conclusion
	References

	18: Oocyte Polarity and Its Developmental Significance
	Introduction
	Formation of Polarity in Mammalian Oocytes
	Polarity of an Oocyte Ensures Asymmetric Meiotic Divisions
	Polarity of an Oocyte Prevents Misplaced Fertilization
	Polarity of an Oocyte Provides Clues for Further Embryonic Development

	Conclusion
	References

	19: The Role of the Plasma Membrane and Pericortical Cytoplasm in Early Mammalian Development
	Origins of Developmental Competence in Human Oocytes and Embryos
	Introduction
	Known Inﬂuences on Human Oocyte and Embryo Developmental Competence
	The Oolemma and Competence: The Lipid Raft Theory
	Lipid Rafts and Lipid-Ordered Microdomains in the Human Oocyte
	Membrane Organization and Sperm Penetration
	The Subplasmalemmal Cytoplasm
	The Cortical/Subcortical Cytoplasm: Maternal-Effect Genes
	Storage of Maternal-Effect Gene Products

	Future Directions
	Summary
	References

	20: The Choreography of Fertilization
	Introduction
	Initial Contact: Involvement of Cumulus Cells in Fertilization
	Sperm–Oocyte Interaction and Fusion
	Block to Polyspermic Fertilization
	The Key Role of Calcium Oscillations in Fertilization
	Metaphase II Arrest and Meiotic Resumption
	Centrosome Origin and Formation in the Fertilized Egg
	Pronuclear Formation, Migration, and Breakdown
	The Final Act of Fertilization
	Conclusions
	References

	21: Determinants of Oocyte Quality: Impact on In Vitro Fertilization Failures
	Fertilization Failures
	Oocyte Development: A Time to Become Fertilizable
	Oocyte Growth
	Oocyte Prematuration
	Oocyte Maturation
	Beyond Metaphase II

	Ooplasmic Factors During Fertilization
	Cytoskeletal and Chromosomal Abnormalities of the Oocyte
	Sperm Aster Formation During Fertilization
	Formation and Dynamics of Pronuclei


	Concluding Remarks
	References

	22: Maternal Diet, Oocyte Nutrition and Metabolism, and Offspring Health
	Introduction
	Is the Study of Undernutrition and Oocyte Developmental Competence Only Relevant for Countries with Developing Economies?
	Undernutrition and the Ability of the Oocyte to Achieve the Early Stages of Pregnancy
	Effect of Low Body Composition on the Ability of the Oocyte to Achieve the Early Stages of Pregnancy
	Is the Study of Overnutrition and Oocyte Developmental Competence Only Relevant for Countries with Developed Economies?
	Overnutrition and the Ability of the Oocyte to Achieve the Early Stages of Pregnancy
	Effect of High Body Composition on the Ability of the Oocyte to Achieve the Early Stages of Pregnancy
	Effect of the Nutritional Microenvironment of the Oocyte on Offspring Health
	Mechanisms Underlying the Effects of Malnutrition on Oocyte Developmental Competence
	Malnutrition and Endocrine and Paracrine Mediators
	Undernutrition and Oocyte Quality
	Overnutrition and Oocyte Quality
	Malnutrition and Gene Expression in Oocytes and Granulosa Cells
	In Vitro Models of Malnutrition
	Malnutrition and Cell Number of Blastocysts

	Conclusion
	References


	Index

