
  Abstract   Efforts to optimize oocyte quality as a result 
of in vitro maturation (IVM) are critical to achieving 
patient-specifi c success in assisted reproductive tech-
niques. Traditional approaches to human IVM have 
been replaced by methodologies aimed at recapitula ting 
the changing milieu of the ovulatory follicle following 
reception of signals initiated by LH. These include the 
deployment of sequential media changes that more 
accurately refl ect the temporal shift in balance between 
biosynthetic and metabolic alterations that occur within 
the cumulus cells and their enclosed oocytes. Distinc-
tions in cumulus cell physiology and gene expression 
in an in vivo and in vitro context are likely to serve as 
useful noninvasive biomarkers for the developmental 
potential of human oocytes that complete nuclear and 
cytoplasmic maturation under ex vivo conditions.  
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  1 Introduction  

 The link between oocyte quality and the developmental 
capability of an embryo has long been appreciated. But 
exactly what properties in the oocyte, both prior to and 
following maturation, confer developmental compe-
tence to the conceptus has evaded rigorous defi nition 

until recently. What has become clear is that a pro-
tracted series of molecular and cellular modifi cations 
must occur during both the growth and maturation 
stages of oogenesis in mammals to realize successful 
preimplantation embryogenesis  (1) . While achieving 
ex vivo oogenesis is a novel and much sought after 
paradigm within emerging assisted reproductive tech-
niques (ART), manipulating the fi nal stages of oocyte 
maturation for purposes of embryo production has been 
at the heart of contemporary ART, originating with the 
classical studies of Edwards  (2,   3) . His work foresaw 
the need to develop and optimize cell culture techniques 
that would sustain oocyte maturation, and heralded 40 
years of active research in animal and human systems. 
As the clinical application of in vitro maturation in 
human oocytes has entered the mainstream of ART, so 
too has the need to better understand the in vivo condi-
tions that stimulate oocyte maturation during ovulation. 
Thus the purpose of this review is to outline recent evi-
dence based on the physiology of ovulation and pose a 
series of questions that would allow for comparison of 
the quality of oocytes produced under in vivo and in 
vitro conditions. It is hoped that the concepts put forth 
here will stimulate further research designed to improve 
in vitro maturation for clinical applications. 

  1.1 Historical Considerations 

 Even before the classical studies of Edwards  (2) , there 
was ample evidence demonstrating the feasibility of in 
vitro maturation in mammalian oocytes based on the 
pioneering efforts of Pincus and his colleagues  (4)  
(Table  1 ). Pincus’ success in documenting the sponta-
neous maturation of rabbit oocytes from the germinal 
vesicle to metaphase-II stage of meiosis in culture 
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prompted one of the fi rst documented efforts to achieve 
IVM in the human. In 1944, Menkin and Rock  (5)  pub-
lished what was debated to be the fi rst “successful” 
IVF study in humans using aspirated follicular oocytes 
from the ovaries of women judged to be peri-ovulatory. 
They reported that in excess of 800 human oocytes 
were retrieved between 1938 and 1944 and were 
“bathed in Locke’s solution and incubated in the 
patient’s blood serum for 24 h to bring them to matu-
rity.” While many of these oocytes were observed to 
have matured based on the extrusion of a fi rst polar 
body, it remains speculation as to whether or not any of 
these patients would have undergone an endogenous 
gonadotropin surge to infl uence these earliest results. 
Nevertheless, the concept that human oocytes could 
undergo spontaneous IVM was established.  

 From the outset, there was little doubt that traditional 
culture conditions would support at least nuclear matu-
ration but short of carrying out IVF and embryo culture, 
evidence was lacking to support the idea that IVM 
oocytes from any animal species had acquired the nec-
essary cytoplasmic properties that would support embry-
onic development. This barrier to further advances was 
in part dictated by the lack of information on the basic 
metabolism of the mammalian oocyte. Biggers et al.  (6)  
were the fi rst to study this problem and in the mouse, 
showed that metabolism of the mouse embryo was com-
parable to that of the oocytes in terms of using pyruvate 
as a preferred energy substrate, and more importantly, 
identifi ed the source of this substrate as the follicle cells 
attached to the oocyte. This fundamental observation 
has withstood the test of time and laid the foundation for 
appreciating the extreme dependence of the embryo’s 

metabolism upon energy resources derived from the 
companion cells of the cumulus oophorus. Following 
this work, a series of discoveries was made over the next 
20 years in animal models that would set the stage for 
using human IVM (Table  1 ). These included identifi ca-
tion of cAMP as a meiosis arresting agent  (7) , the dis-
covery of gap junctions between oocytes and granulosa 
cells  (8) , the demonstration that mouse oocytes matured 
in vitro could develop to blastocysts and yield live young 
after IVF and embryo transfer  (9) , and the fi nding that 
even under conditions of meiotic arrest, FSH or EGF 
could promote IVM in mice with the resulting oocytes 
exhibiting higher developmental potential than oocytes 
matured in the absence of cumulus cells or hormonal 
supplements  (10) . Collectively, this body of knowledge 
established the notion that factors within the ovarian fol-
licle suppressed spontaneous maturation using meta-
bolic cooperation between the oocyte and granulosa 
cells, and that hormonal signals relieved this inhibition, 
supporting IVM in a fashion consistent with achieving 
conceptus developmental competence. 

 Concurrent with these substantive advances were 
initial  (11,   12)  and then later  (13–  15)  attempts to under-
take human IVM using explanted follicular oocytes cul-
tured in a single medium for variable amounts of time. In 
1997, Bavister and Boatman working with the rhesus 
monkey introduced the notion of deploying a sequential 
medium postulating that the needs and requirements for 
the oocyte and cumulus cells changed at successive 
stages of the maturation process  (16) . As will be discus-
sed further, new information on the cascade of signals 
generated during ovulation suggests that indeed the 
microenvironment in which the oocyte undergoes fi nal 
maturation is a changing one and will need to be tightly 
regulated under in vitro conditions to consistently and 
effi ciently achieve full nuclear and cytoplasmic matura-
tion (Fig.  1 ).    

  2 In Vivo Vs. In Vitro Maturation 
of Oocytes  

  2.1 A Revised Physiological Perspective 
of the Follicular Milieu 

 Over the past 10 years, collective evidence from 
primarily rodent model systems has added complexity 
to our understanding of the intrafollicular sequence of 

  Table 1    Historical milestones in development of IVM    

 Author/Year  Observation  Ref. 

 Pincus and 
Enzmann, 1935 

 Spontaneous maturation 
of rabbit oocytes 

  (4)  

 Rock and Menkin, 
1944 

 Spontaneous maturation 
of human oocytes 

  (5)  

 Edwards, 1965  Spontaneous maturation is 
common amongst mammals 

  (3)  

 Biggers et al., 1967  Oocyte metabolism depends on 
follicle cells 

  (6)  

 Cho et al., 1974  cAMP blocks meiotic resumption   (7)  
 Anderson and 

Albertini, 1976 
 Gap junctions connect oocyte and 

granulose cells in mammals 
  (8)  

 Schroeder and 
Eppig, 1984 

 IVM in mice allows birth 
of live young 

  (9)  

 Downs et al. 1988  Oocyte maturation can be 
induced by FSH and EGF 

  (10)  
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events that are elicited by the LH surge during ovula-
tion. Central to this new paradigm is the notion that a 
cascade of signaling steps brings about signifi cant 
changes in the transcriptional activity of granulosa 
cells resulting in the synthesis and secretion of EGF-
like molecules whose primary target is the cumulus 
oophorus  (17,   18) . Buttressed by the long-standing 
idea that the cumulus–oocyte complex is a highly inte-
grated heterocellular syncytium, two key questions 
have remained that would mechanistically contribute 
to the problem of oocyte in vitro maturation. First, how 
is the switch from diplotene arrest into meiotic matura-
tion triggered at the level of the oocyte? Second, how 
do cumulus cells participate in the resumption of mei-
osis and what role does this level of communication 
have in conferring cytoplasmic competency to the 

mature oocyte? These two questions lie at the heart of 
the technical and conceptual problems presently 
impeding optimization of IVM for human ARTs. 

 By tradition, and for lack of better alternatives, the 
inclusion of gonadotropins, steroids, growth factors, 
serum, and antioxidants has been used in the design of 
culture media to mimic what has been postulated to be 
an ex vivo environment within which immature oocytes 
could proceed through meiosis-I and progress through 
to metaphase of meiosis-II. However, it is not clear 
that persistent exposure to gonadotropins is benefi cial 
in the context of cumulus–oocyte interactions during 
meiotic resumption or at later transition stages of 
oocyte maturation. In fact, many of the genes that 
direct the pathway of luteinization become transcrip-
tionally activated within hours of LH treatment in mice 

  Fig. 1    Confi guration of immature germinal vesicle and MII 
stage human oocytes. Confocal scanning microscopy of human 
oocytes at the germinal vesicle (A, B) and MII (C, D) stage. 
Germinal vesicle oocytes show an extensive tubulin network 
throughout the entire oocyte ( A ) and condensed chromatin 

within the germinal vesicle with a distinctive ring surrounding 
the nucleolus ( B ). MII stage oocytes display a well organized 
meiotic spindle with microtubules meeting at fl attened poles 
adjacent to the oocyte cortex ( C ) with aligned chromatids along 
an equatorial plate ( D ).  Scale bars  represent 10  m m       
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and these seem suffi cient to direct terminal differentia-
tion of the mural cell compartment. Although we know 
little about the lifespan of ligand–receptor activation 
and stability during ovulation, persistent exposure in a 
culture setting is likely to bring about inappropriate 
signaling of a prolonged duration that interferes with 
the maintenance of structural integrity within the 
cumulus oophorus. In animal models, this condition 
directly impacts cell cycle progression during IVM 
and further results in a failure to maintain meiotic 
arrest at metaphase-II  (19) . Moreover, both clinical 
and research programs have now reached a consensus 
that excess gonadotropin brings about a reduction in 
oocyte quality further emphasizing the need to use 
hormone supplements judiciously in designing IVM 
protocols that would better mimic follicular physiol-
ogy in the context of ovulation. 

 Thus, mapping of the transcriptional requirements 
for oocyte and follicular maturation in vivo has already 
identifi ed a triggering rather than constitutive role for 
the peri-ovulatory gonadotropin and pinpointed as an 
intermediary in this process, the generation of EGF-like 
molecules as pertinent to the microenvironment that 
sustains oocyte maturation (17, 18). It follows then that 
temporally limiting exposure to gonadotropins in com-
bination with supplements conducive to both cumulus 
expansion and oocyte maturation provide logical fi rst 
steps in the development of effi cacious IVM protocols.  

  2.2 Signaling Meiotic Resumption 

 It has long been appreciated that coordination of nuclear 
maturation with that of the cytoplasm leads to oocytes 
exhibiting good developmental potential. How such 
coordination is achieved is a more perplexing problem 
but in general, the assumption that these events are tem-
porally, if not spatially, synergized has provided a back-
drop for studies on oocyte IVM. With respect to nuclear 
maturation, the fi rst overt sign that diplotene arrest has 
been overcome and that there is a commitment to pro-
ceed through meiosis-I, is the process of germinal ves-
icle breakdown. While commitment to engage in 
M-phase progression is tantamount to the activation of 
the cdk/cyclin/kinase complex, an upstream signal 
releasing a state of cell cycle arrest is pivotal to initiat-
ing meiotic maturation. Recent evidence has shed 
important new light on how this critical early step is 
regulated in the rodent. 

 Within 1–3 h of receptor activation by LH in mural 
granulosa cells, EGF-like proteins including amphi-
regulin and epiregulin are synthesized from newly tran-
scribed mRNAs  (17,   18) . These factors can elicit oocyte 
maturation as long as granulosa cells are present, again 
indicating that the signal to commence maturation is 
transduced through the cumulus oophorus and is not 
the direct result of LH per se. As discussed earlier, 
cAMP is believed to be a central regulator of meiotic 
resumption due to the ability of oocytes to generate this 
factor which exerts a direct PKA-mediated negative 
effect on the MPF activator CDC25  (20) . What there-
fore regulates cAMP levels in the oocyte? In the mouse, 
this pivotal function appears to rely upon a Gs-coupled 
receptor (GPR3) located in the oocyte plasma mem-
brane. Studies by Mehlmann et al.  (21)  have shown that 
when GPR3 is genetically depleted from mice, oocytes 
undergo precocious maturation in the follicle, and mei-
otic arrest can be restored by replenishing the mRNA 
for GPR3 in oocytes from the mutant mice. Thus the 
long-standing model invoking cAMP metabolism in 
maintenance of meiotic arrest fi nds support from these 
recent studies and has been used clinically to synchro-
nize immature human oocytes prior to IVM  (22) . 

 Clearly, the ability to regulate the onset and pro-
gression of meiotic maturation in mammalian oocytes 
are important factors to consider in designing clini-
cally appropriate protocols for human oocyte IVM. At 
least in the case of releasing meiotic arrest, pharmaco-
logical agents such as phosphodiesterase inhibitors 
have been used to block the precocious advancement 
of the oocyte cell cycle  (22) . It will be necessary to 
identify agents that delay or impede cumulus cell 
responses to EGF to synchronize the metabolism of 
the cumulus with that of the oocyte upon release from 
meiotic arrest. The more pressing challenge will be to 
determine the causes of cytoplasmic maturation and 
the role of cumulus cell integrity on this developmen-
tally relevant aspect of oocyte quality (Table  2 ).   

  2.3 Linking Cumulus Oocyte Integrity
 to Cytoplasmic Maturation 

 The most obvious changes that distinguish oocyte mat-
uration in vivo from those which occur in vitro relate to 
the state of cell interactions within the cumulus–oocyte 
complex (Table  2 ). Specifi cally, little is known about 
the short or long term effects of follicular disruption 
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induced during the process of ovum retrieval. For 
achieving IVM, it is known that the presence of cumu-
lus cells provides a physical basis for integrating both 
nutrient supply and signal conveyance if the contacts 
between the oocyte and cumulus cells are retained. But 
again, the dynamics of the cumulus–oocyte-complex 
(COC) are subject to progressive change due to the 
process of cumulus expansion and the resulting subdi-
vision of labor between those cumulus cells that retain 
adhesive contacts with the zona pellucida and those 
that assume more distal locations as cumulus expan-
sion progresses. Models of these interactions have 
been proposed but most tend to ignore the conse-
quences of diluting COCs into relatively large volumes 
of medium that would irreversibly modify both the 
structure and contents of the extracellular matrix envel-
oping the oocyte  (23) . The importance of this interac-
tion, and a major reason to think that it must be 
sustained throughout the course of meiotic maturation, 
is that after signaling to resume meiosis, major changes 
in oocyte structure and metabolism occur that are 
linked to cytoplasmic maturation (Table  2 ). 

 Amongst the more recent principles governing cel-
lular regulation in many systems is the notion that 
mRNAs are localized within the cytoplasm to perform 
site specifi c functions, once activated for translation to 
occur. Thus, both maintenance of appropriate levels of 
mRNAs by establishing a means for preventing degra-
dation, and assignment to correct locations, synergize 
to produce robust responses controlling cell cycle pro-
gression and timing, and organelle positioning and 
activation  (24) . These processes are hallmarks of 
oocyte maturation. Correct readout of stored maternal 
mRNAs, positioning of mitochondria and the meiotic 
spindle, and timely initiation of anaphase onset at both 

meiosis-1 and 2 are vital to ensure the synchronous 
maturation of the nucleus and cytoplasm. Notably, 
none of these processes would involve transcription, 
thereby emphasizing the need to focus on posttransla-
tional dynamics in the case of the oocyte itself. 

 In contrast, transcriptional regulation at the level of 
the cumulus cells is characteristic of their function both 
prior to and following the LH surge, as noted above. 
Here, several aspects of cumulus cell function are subject 
to regulation not only via the activation of LH or FSH 
receptors but also by the system of TGF beta molecules 
derived from the oocyte itself  (1) . For example, the 
inability of the oocyte to undergo glycolysis and derive 
energy substrates like pyruvate is compensated for by 
the metabolism of the granulosa cells to which it is 
attached. Recent evidence in the mouse now shows that 
BMP-15 and FGF-8 are made in the oocyte, and their 
secreted products stimulate glycolysis in the cumulus 
cells  (25) . Moreover, in the mouse, GDF-9 and BMP-15 
also seem to infl uence the delivery of cholesterol to the 
oocyte after it is synthesized in the cumulus cells  (26) . 
There is then precedence for so-called metabolic coop-
eration at many stages in the process that regulates meiotic 
maturation beginning with energy substrate provision, 
and ending with the loading of important molecules like 
glutathione and ATP. The common feature that links 
cumulus integrity with achieving cytoplasmic matura-
tion appears then, to be based in an architecture that sat-
isfi es a symbiotic relationship between oocyte and 
cumulus cell, as summarized in Table  2 . Defi ning this 
architecture and understanding how it changes in space 
and time during ovulation will set the stage for improve-
ments in human IVM. 

 The metabolic demands during meiotic maturation 
are formidable  (27) . A constant energy supply is 
required to sustain ATP-consuming kinases that, in 
turn, drive entry into metaphase-I and maintain meta-
phase-II arrest. The intrinsic lack of a glutathione gen-
erating capacity in the oocyte means that the only 
source of this essential redox regulator is from the sur-
rounding cumulus cells  (28) . Stored maternal proteins 
are needed to generate the meiotic spindle and, in 
murine models, this has been shown to be directly 
infl uenced by IVM conditions. Specifi cally, the local-
ization and assembly of the meiotic spindle in vivo 
involves a spatial restriction that limits the amount of 
tubulin that is effectively integrated during progression 
of meiosis  (29) ; in vitro maturation under conditions 
that compromise cumulus cell attachment leads to 
excess tubulin recruitment into spindles and a loss of 

  Table 2    Mechanisms integrating COC metabolism    

 Interface  Transfer mode 
 Substrate or signal 
propagated 

 Granulosa-
Granulosa 

 Gap junction  ATP, GSH, cAMP, Ca 
 Adhesion junctions  Receptor tyrosine 

kinases 
 Granulosa-

Zona 
pellucida 

 Integrins, proteases, 
crosslinkers, 
hyaluronic acid 
matrix binding 

 EGF, IL-6, GDF-9, 
BMP-15 

 Granulosa-
Oocyte 

 Gap junction  ATP, GSH, cAMP, Ca 
 Adherens junctions  RTKs, scaffold proteins 
 Lipid exchange  Cholesterol, 

phosphoinositides 
 Local endocytosis 

and exocytosis 
 Proteolytic cleavage 

products 



220 J.J. Bromfi eld et al.

this maternal protein into the polar bodies. It was 
recently shown that spindle enlargement is due to the 
failure to retain gamma-tubulin containing organizing 
centers in the oocyte cortex, again due to a loss in 
cumulus cell contact  (30) . Similar forces acting to sta-
bilize the oocyte cortex during maturation are likely to 
infl uence the location and integrity of other organelles 
required during preimplantation development. This 
aspect of IVM needs to be better characterized in 
human oocytes especially with reference to the nature 
of oocyte granulosa cell interactions  (31) .   

  3 Lessons Learned  

 Optimizing conditions for human IVM has, under 
certain circumstances, drawn upon discoveries made 
with animal models. These animal systems offer abun-
dant material, the ability to manipulate gene and protein 
actions, and more importantly, in the case of the mouse 
and cow, the ability to translate IVM conditions to a 
clinical outcome measure whether it be pregnancy 
establishment or term birth. On the other hand, without 
a clear picture of normo-ovulatory processes in humans 
and nonhuman primates there are likely to be additional 
or different factors that are called into play to achieve 
oocyte maturation in vivo or in vitro. While this is an 
unrealistic research scenario for studies on humans, 
future work in this area can be guided by the principles 
of ovulatory physiology gleaned from animal studies 
and suggest that the lessons learned in these models 
will fi nd application in the clinic (Table  3 ).  

 One set of lessons can be viewed from the perspec-
tive of oversimplifi cation. Just as the facility to study 
gene transcription set the stage for deducing many of 

the gene networks involved in murine ovulation, so too 
will the need to map the spatial and temporal aspects 
of oocyte proteins that underlie developmental compe-
tencies. Given the oocyte’s transcriptionally dormant 
state and its reliance on the cumulus cells for funda-
mental aspects of metabolism, it will be essential to 
achieve effective support of mRNA processing and 
the lifetimes for specifi c proteins in cell cycle control. 
This will ultimately require defi nition of the protein 
factors that drive chromosome alignment and segrega-
tion at both meiotic anaphases, and those maternally 
inherited proteins that support the fi delity of cell divi-
sion in the early conceptus. What sets the primate 
oocyte apart from other mammals in this regard 
remains a perplexing problem, given the high inci-
dence of aneuploidy that is known to compromise 
human oocyte health. 

 Another example of oversimplifi cation derives from 
the microenvironment that the oocyte fi nds itself in both 
prior to, and following, cumulus expansion. Viscous 
hyaluronate-rich gels provide physical rigidity and bio-
chemical accessibility for growth factors in many devel-
opmental systems and this should not be overlooked in 
the case of the COC. If nothing else, mounting evidence 
for the dualistic functions of both granulosa and oocyte 
secreted proteins argues strongly that any enzymatic or 
dilution effect imposed on the COC is likely to alter the 
immediate interfaces being used to initiate or sustain 
signaling cascades as oocyte maturation progresses. 
Likewise the basic culture conditions now employed are 
also apt to generate stress responses in both cumulus 
cells and oocytes due to the heightened metabolism of 
the former, and the protracted dependence of the latter, 
on the energy requirements for both the oocyte and 
zygote. Addressing both the sources of and ways to 
micromanage reactive oxygen species will measurably 

  Table 3    Physicochemical factors required for IVM optimization    

 Factors   Consequence    Remediation prospect  

 Matrix stability  Loss of growth factors  Substitution of enriched artifi cial matrices 
 Diffusion  Reversal of local metabolite and protein 

gradients 
 Limit vessel volume and number of medium exchanges 

 Culture stress  ROS generation, metabolic diversion  Medium quenching, directed metabolism 
 Enhanced catabolism  Precocious depletion of maternal 

mRNAs, proteins 
 Medium conditioners to adjust protein phosphatase, 

proteosome, and RNA degrading machinery 
 Cell contact interactions  Loss of metabolic cooperation  Identify and overexpress/stabilize junctional complexes 
 Oolemma stability  Modifi cation of oocyte domain structure 

and linkage to cytoskeleton initiates 
macromolecular turnover 

 Identify cumulus/zona (extrinsic) and oocyte (intrinsic) 
molecules that regulate membrane stability using 
pharmacological agents 
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serve to protect both long lived and rapidly turning over 
proteins that determine oocyte quality. And fi nally, 
taking the dimensions of time and space and putting 
them into the context of the changing demands on the 
oocyte while cumulus expansion proceeds, will neces-
sitate the adoption of microfl uidic technology to effect 
the in vivo situation. While some of these modifi cations 
from existing clinical approaches are underway and 
promising, the majority of clinics retain standards for 
IVM that require updating in an effort to improve the 
effi ciency and safety of this form of ART.  

  4 Clinical Applications Summary  

 Human oocyte IVM will continue to be used for clini-
cal embryo production. This need will be driven by 
benefi ts to patients that include lessening the risk of 
ovarian hyperstimulation syndrome (OHSS), espe-
cially in cases of polycystic ovary syndrome (PCOS), 
minimizing both costs and adverse oocyte quality 
derivative from excessive follicular stimulation, and 
offering in general a more patient-friendly experience. 
This potentially major role that human IVM may play 
in current ART practices is likely to grow as more 
suitable conditions are defi ned for manipulating both 
oocyte and cumulus cell physiology with respect to 
the array of factors yet to be discovered that contribute 
to establishing consistent and high levels of oocyte 
quality. One of the more relevant questions at this point 
then pertains to identifying biomarkers that directly or 
indirectly refl ect cytoplasmic maturation without com-
promising the functionality of the cumulus–oocyte 
complex. New assays are under development that will 
allow for rapid detection of mRNAs from cumulus 
cells that might have biomarker potential for assessing 
oocyte quality. Alternatively, using microassays and 
sensitive detection strategies to monitor COC metabo-
lism based on catabolism and metabolite secretion 
might afford the opportunity to profi le a given COCs 
metabolome that could in practice serve as a quality 
indicator. While all of these approaches offer some 
merit for clinical application, predictors of oocyte 
quality will ultimately depend on demonstration of the 
features of oocytes that best dictate the initiation and 
persistence of an otherwise error-prone program for 
pre and post implantation development. Thus, any 
summary of the state of human IVM must look beyond 

currently accepted practices, such as whether to use 
hCG priming or not, and introduce practical modifi ca-
tions in technology that are based on our best guess, 
drawn from results with animal models such as nonhu-
man primates. 

 An impending opportunity for carrying out studies 
on human IVM should derive from the introduction of 
fertility preservation programs. Specifi cally, the use of 
oocytes isolated from grafted pieces of ovarian cortex 
and grown to maturity will expand research-oriented 
clinical programs to analyze the developmental program 
for human oogenesis at a level of detail not previously 
appreciated. Moreover, the growth of cryopreservation 
options for both immature and mature human oocytes 
will similarly stimulate more study into the staging of 
oocyte maturation in a context that will bear fruits 
consistent with improved clinical outcome. As always, 
the burden of proof in any new procedure will be 
enhancement of pregnancy rates and birth of healthy 
offspring in large numbers; data we await from the 
initial phase of human IVM.      

  References 

   1  .      Rodrigues     P   ,    Limback     D   ,    McGinnis     LK   ,    Plancha     CE   , 
   Albertini     DF    .   Oogenesis: prospects and challenges for the 
future  .   J Cell Physiol     2008  ;  216  (2)  :  355  –  65  .  

   2  .      Edwards     RG    .   Maturation in vitro of mouse, sheep, cow, pig, 
rhesus monkey and human ovarian oocytes  .   Nature     1965  ;  
208  (5008)  :  349  –  51  .  

   3  .      Edwards     RG    .   Maturation in vitro of human ovarian oocytes  . 
  Lancet     1965  ;  2  (7419)  :  926  –  9  .  

   4  .      Pincus     G   ,    Enzmann     E    .   The comparative behavior of mam-
malian eggs in vivo and in vitro .  1. The activation of ovarian 
eggs  .   J Exp Med     1935  ;  62  :  665  –  75  .  

   5  .      Rock     J   ,    Menkin     MF    .   In vitro fertilization and cleavage of 
human ovarian eggs  .   Science     1944  ;  100  (2588)  :  105  –  7  .  

   6  .      Biggers     JD   ,    Whittingham     DG   ,    Donahue     RP    .   The pattern of 
energy metabolism in the mouse oocyte and zygote  .   Proc 
Natl Acad Sci     1967  ;  58  (2)  :  560  –  7  .  

   7  .      Cho     WK   ,    Stern     S   ,    Biggers     JD    .   Inhibitory effect of dibutyryl 
cAMP on mouse oocyte maturation in vitro  .   J Exp Zool     1974  ;  
187  (3)  :  383  –  6  .  

   8  .      Anderson     E   ,    Albertini     DF    .   Gap junctions between the oocyte 
and companion follicle cells in the mammalian ovary  .   J Cell 
Biol     1976  ;  71  (2)  :  680  –  6  .  

   9  .      Schroeder     AC   ,    Eppig     JJ    .   The developmental capacity of 
mouse oocytes that matured spontaneously in vitro is nor-
mal  .   Dev Biol     1984  ;  102  (2)  :  493  –  7  .  

  10  .      Downs     SM   ,    Daniel     SA   ,    Eppig     JJ    .   Induction of maturation in 
cumulus cell-enclosed mouse oocytes by follicle-stimulating 
hormone and epidermal growth factor: evidence for a  positive 



222 J.J. Bromfi eld et al.

stimulus of somatic cell origin  .   J Exp Zool     1988  ;  245  (1)  :  
86  –  96  .  

  11  .      Veeck     LL   ,    Wortham     JW  ,   Jr.   ,    Witmyer     J   ,   et al   .   Maturation 
and fertilization of morphologically immature human 
oocytes in a program of in vitro fertilization  .   Fertil Steril   
  1983  ;  39  (5)  :  594  –  602  .  

  12  .      Cha     KY   ,    Koo     JJ   ,    Ko     JJ   ,    Choi     DH   ,    Han     SY   ,    Yoon     TK    . 
  Pregnancy after in vitro fertilization of human follicular 
oocytes collected from nonstimulated cycles, their culture in 
vitro and their transfer in a donor oocyte program  .   Fertil 
Steril     1991  ;  55  (1)  :  109  –  13  .  

  13  .      Trounson     A   ,    Wood     C   ,    Kausche     A    .   In vitro maturation and 
the fertilization and developmental competence of oocytes 
recovered from untreated polycystic ovarian patients  .   Fertil 
Steril     1994  ;  62  (2)  :  353  –  62  .  

  14  .      Cha     KY   ,    Chian     RC    .   Maturation in vitro of immature human 
oocytes for clinical use  .   Hum Reprod Update     1998  ;  
4  (2)  :  103  –  20  .  

  15  .      Smith     SD   ,    Mikkelsen     A   ,    Lindenberg     S    .   Development of 
human oocytes matured in vitro for 28 or 36 hours  .   Fertil 
Steril     2000  ;  73  (3)  :  541  –  4  .  

  16  .      Bavister     BD   ,    Boatman     DE    .   The neglected human blastocyst 
revisited  .   Hum Reprod     1997  ;  12  (8)  :  1607  –  10  .  

  17  .      Ashkenazi     H   ,    Cao     X   ,    Motola     S   ,    Popliker     M   ,    Conti     M   , 
   Tsafriri     A    .   Epidermal growth factor family members: endog-
enous mediators of the ovulatory response  .   Endocrinology   
  2005  ;  146  (1)  :  77  –  84  .  

  18  .      Park     JY   ,    Su     YQ   ,    Ariga     M   ,    Law     E   ,    Jin     SL   ,    Conti     M    .   EGF-
like growth factors as mediators of LH action in the ovula-
tory follicle  .   Science     2004  ;  303  (5658)  :  682  –  4  .  

  19  .      Plancha     CE   ,    Albertini     DF    .   Protein synthesis requirements dur-
ing resumption of meiosis in the hamster oocyte: early nuclear 
and microtubule confi gurations  .   Mol Reprod Dev     1992  ;  
33  (3)  :  324  –  32  .  

  20  .      Lincoln     AJ   ,    Wickramasinghe     D   ,    Stein     P   ,   et al   .   Cdc25b phos-
phatase is required for resumption of meiosis during oocyte 
maturation  .   Nat Genet     2002  ;  30  (4)  :  446  –  9  .  

  21  .      Mehlmann     LM   ,    Saeki     Y   ,    Tanaka     S   ,   et al   .   The Gs-linked 
receptor GPR3 maintains meiotic arrest in mammalian 
oocytes  .   Science     2004  ;  306  (5703)  :  1947  –  50  .  

  22  .      Nogueira     D   ,    Ron-El     R   ,    Friedler     S   ,   et al   .   Meiotic arrest in 
vitro by phosphodiesterase 3-inhibitor enhances maturation 
capacity of human oocytes and allows subsequent embry-
onic development  .   Biol Reprod     2006  ;  74  (1)  :  177  –  84  .  

  23  .      Albertini     DF    .   Oocyte-granulosa cell interactions  . In:     Blerkom   
  JV   ,    Gregory     L    , eds.   Essential IVF: Reviews of Topical Issues in 
Clinical In Vitro Fertilization  .   Boston  :   Kluwer  ;   2002  :  43  –  58  .  

  24  .      Bromfi eld     J   ,    Messamore     W   ,    Albertini     DF    .   Epigenetic regu-
lation during mammalian oogenesis  .   Reprod Fertil Dev   
  2008  ;  20  (1)  :  74  –  80  .  

  25  .      Sugiura     K   ,    Su     Y-Q   ,    Diaz     FJ   ,   et al   .   Oocyte-derived BMP15 
and FGFs cooperate to promote glycolysis in cumulus cells  . 
  Development     2007  ;  134  (14)  :  2593  –  603  .  

  26  .      Su     YQ   ,    Sugiura     K   ,    Wigglesworth     K   ,   et al   .   Oocyte regulation 
of metabolic cooperativity between mouse cumulus cells 
and oocytes: BMP15 and GDF9 control cholesterol biosyn-
thesis in cumulus cells  .   Development     2008  ;  135  (1)  :  111  –  21  .  

  27  .      Thompson     JG   ,    Lane     M   ,    Gilchrist     RB    .   Metabolism of the 
bovine cumulus-oocyte complex and infl uence on subse-
quent developmental competence  .   Soc Reprod Fertil Supplil   
  2007  ;  64  :  179  –  90  .  

  28  .      Combelles     CM   ,    Cekleniak     NA   ,    Racowsky     C   ,    Albertini     DF    . 
  Assessment of nuclear and cytoplasmic maturation in in-vitro 
matured human oocytes  .   Hum Reprod     2002  ;  17  (4)  :  1006  –  16  .  

  29  .      Sanfi ns     A   ,    Lee     GY   ,    Plancha     CE   ,    Overstrom     EW   ,    Albertini   
  DF    .   Distinctions in meiotic spindle structure and assembly 
during in vitro and in vivo maturation of mouse oocytes  . 
  Biol Reprod     2003  ;  69  (6)  :  2059  –  67  .  

  30  .      Barrett     SL   ,    Albertini     DF    .   Allocation of gamma-tubulin between 
oocyte cortex and meiotic spindle infl uences asymmetric cyto-
kinesis in the mouse oocyte  .   Biol Reprod     2007  ;  76  (6)  :  949  –  57  .  

  31  .      Cekleniak     NA   ,    Combelles     CM   ,    Ganz     DA   ,    Fung     J   ,    Albertini   
  DF   ,    Racowsky     C    .   A novel system for in vitro maturation of 
human oocytes  .   Fertil Steril     2001  ;  75  (6)  :  1185  –  93  .    



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


