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Combining cryopreservation of immature oocytes with in-vitro growth/maturation techniques is the ambition of many IVF 
clinics. Whilst these techniques have been demonstrated in rodents their application to humans and domestic species has been 
slow. There are many technical reasons for the lack of progress in these species, but the major problem is that we have very 
little knowledge of how the oocyte acquires developmental competence during its growth within the follicle. The life history 
of the mammalian oocyte involves a complex series of co-ordinated developmental processes that in the human take place 
over several months. This review will consider: (i) growth and development of the oocyte; (ii) the newly regenerated debate 
on the existence of germ-line stem cells in the mammalian ovary; and (iii) strategies for producing oocytes in vitro.
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‘Omne vivum ex ovo’ – ‘all living things come from eggs’ – was 
a conviction that William Harvey put forward very strongly in 
his publication on the generation of animals in 1651 (Harvey, 
1651). This generalization has proven to be true, but at that time 
Harvey had no empirical evidence to support his conclusion 
(see Austin, 1961, for an historical overview). It was not until 
1827 that the mammalian oocyte was first correctly identified 
(Von Baer, 1827). Since that time we have learned a great deal 
about oocyte development and its regulation but there is still 
much that remains a mystery. This paper will review our current 
understanding of oocyte development and utilization throughout 
life as well as considering the possibility of developing systems 
to support in-vitro growth of oocytes.

The oocyte is formed in the fetal ovary and suspended in 
diplotene of the first prophase of meiosis where it may remain 
for years before starting to grow. It is only when the growth 
process is complete that it can resume meiosis and undergo 
fertilization. During this time the oocyte has to acquire meiotic 

and developmental competence, i.e. become capable of being 
fertilized and directing early embryonic development.

Oocytes are derived from the primordial germ cells that 
segregate during embryonic development and from 5 to 6 weeks 
of gestation can be observed within the indifferent human 
gonad (Fujimoto et al., 1977). Once at the gonadal ridge, the 
primordial germ cells become oogonia and divide for a limited 
time before entering meiosis. Meiosis begins in the human fetal 
ovary at about 11–12 weeks of gestation (Gondos et al., 1971, 
1986) and oocytes at the diplotene stage of prophase I are found 
at 16 weeks of gestation, reaching a peak at 19 weeks (Baker, 
1963). At this stage oocytes are suspended in the diplotene 
phase until resumption occurs at ovulation. During this time 
the number of germ cells reaches a peak of around 7 million 
at 16–20 weeks (Baker, 1963), with a subsequent reduction to 
about 2 million at term.

Once oocytes have been formed they must make connections 
with somatic cells (pre-granulosa cells) in order for them 
to survive. In humans, the first primordial follicles are seen 
between 16 and 21 weeks of gestation (Baker and Neal, 1974; 



Konishi et al., 1986). The Factor in the Germline alpha (Fig-
alpha), a germ-cell-specific basic helix–loop–helix transcription 
factor, has been implicated in the formation process since in 
Fig-alpha knockout mice no follicles are formed (Soyal et al., 
2000). Fig-alpha protein has been found in fetal human ovaries 
(Bayne et al., 2004) and is up-regulated at the time of follicle 
formation (Bayne et al., 2004).

Follicles begin their development as primordial structures that 
consist of an oocyte arrested at the diplotene stage of the first 
meiotic division, surrounded by a few flattened granulosa cells 
(Peters, 1969). Once the pool of primordial follicles has been 
established, and in response to either stimulatory or the release 
from inhibitory factors, follicles are gradually and continuously 
recruited to grow. The signals regulating the growth initiation 
of primordial follicles are still unknown but are likely to be an 
interaction of factors such as anti-Müllerian hormone that inhibit 
initiation (Durlinger et al., 1999) and a range of stimulatory 
factors such as c-kit and kit-ligand (Skinner, 2005). In mice, 
the forkhead transcription factor Foxo3a has been shown to be 
essential for regulating entry into the growth phase (Castrillon 
et al., 2003).

In the human fetal ovary, growing pre-antral follicles can be seen 
at around 24 weeks of gestation (Peters et al., 1978). During 
this early growth period, the oocyte grows and granulosa cells 
proliferate to form the multi-laminar pre-antral follicle (Sato 
et al., 2007). During pre-antral stages the oocyte increases 
rapidly in volume (Schultz and Wassarman, 1977; Eppig, 
1994), granulosa cells multiply to form several layers, and 
thecal cells come to lie on the basement membrane surrounding 
the granulosa cells (Hirshfield, 1991b; Braw-Tal and Yossefi, 
1997). These early stages of follicle growth are the most crucial 
for oocyte development as it is during this time that many of 
the proteins essential for further development, both before and 
after ovulation, are produced. The oocyte’s diameter increases 
rapidly during pre-antral stages of follicle growth due to an 
increase in protein content (Schultz and Wassarman, 1977) and 
accumulation of resources essential for maturation, fertilization 
and preimplantation embryo development (Eppig, 1994; Borini 
et al., 2005) takes place. Oocytes from pre-antral follicles are 
unable to resume meiosis, but it is during this phase that they 
are synthesizing molecules essential for the resumption of 
meiosis (Bachvarova et al., 1985) (Figure 1).

Once the follicle reaches a species-specific size, granulosa cells 
start to secrete glycoproteins, which coalesce to form the fluid-
filled antral cavity within the granulosa cell layers (Gosden 
and Telfer, 1987b; Lussier et al., 1987; Hirshfield, 1991a). It 
is at the antral stage that follicles become acutely dependent on 
gonadotrophins for further growth and development (Nayudu 
and Osborn, 1992) and the oocyte has completed most of its 
growth by the time of antral formation, taking up to 3 months 
in humans (Gougeon, 1994).

At the antral stage of development the granulosa cells separate 
from a common precursor population (Telfer et al., 1988) into 
two structurally and functionally distinct sub-types: mural 
granulosa cells, which are located on the inner side of the basal 
membrane, and cumulus granulosa cells that surround the 

oocyte. The maintenance of cumulus granulosa cell contact with 
the oocyte through gap junctions is essential, (Anderson and 
Albertini, 1976; Simon and Goodenough, 1998) as the oocyte 
is dependent on the contact for a supply of nutrients for further 
development. Oocytes in early antral follicles have become 
competent to resume the first meiotic division (Wickramasinghe 
et al., 1991) but granulosa cell contact maintains the oocyte 
in meiotic arrest until the follicle has reached the appropriate 
developmental stage, at which point ovulation occurs (Eppig 
and Downs, 1984; Wert and Larsen, 1989; Eppig, 1991). 
During the growth phase of oocyte development the maternal 
imprints are laid down on the genome. The imprints are not 
all established at the same time, with each imprinted gene 
having a specific time at which it will be methylated (Swales 
and Spears, 2005). At the end of this growth phase the oocyte 
within the pre-ovulatory follicle will have acquired meiotic and 
developmental competence (Ebner et al., 2006). The relationship 
between acquisition of developmental competence and oocyte 
development remains unclear; however, using a range of model 
systems we are gradually acquiring information on the array of 
factors regulating these processes.

The growth and development of the ovarian follicle involve 
tightly co-ordinated regulation by paracrine and endocrine 
factors (see Figure 2 for a summary), and is dependent upon 
maintenance of cell communication between the component 
parts of the follicle at each stage of development.

Ever since the experiments of Pincus and Enzmann (1935) it 
has been established that the somatic cells of the follicle support 
oocyte development. Granulosa cells regulate meiosis by direct 
transfer of meiosis-arresting signals through gap junctions and 
the oocyte is dependent upon the surrounding granulosa cells for 
factors that will support growth and development (Eppig, 1979; 
Brower and Schultz, 1982; Buccione et al., 1990). Granulosa 
contact and differentiation are essential for the regulation of 
meiosis (Canipari et al., 1984; Buccione et al., 1990; Chesnel 
et al., 1994), modulation of oocyte transcriptional activity 
(De La Fuente and Eppig, 2001), inducing post-translational 
modifications of several oocyte proteins (Colonna et al. 1989; 
Cecconi et al., 1991) and improving preimplantation embryo 
development (Malekshah and Moghaddam, 2005).

It is now well established that a bi-directional communication 
exists between the oocyte and somatic cells, and that oocyte 
factors are essential for normal development of the somatic 
cells and subsequently of the oocyte itself (Eppig, 2001). 
Oocyte secreted factors have been shown to be important 
in differentiation of cumulus and mural granulosa cells 
(Vanderhyden et al., 1990), regulating cumulus cell expansion 
(Buccione et al., 1990; Ralph et al., 1995) and in regulating 
granulosa cell proliferation and maintaining structure during 
pre-antral follicle development follicles (Vanderhyden et 
al., 1990, 1992). It is now clear that the oocyte affects many 
processes at different stages of follicular development, and 
the influence of the oocyte on granulosa cells changes with 
the progression of their development (Latham et al., 2004). 
Subsequent studies have gone on to identify a whole range 
of factors known to be produced by the oocyte (Taft et al., 
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Figure 1. Stages of follicle development from primordial to pre-ovulatory. The whole period of development can take over 100 days 
in humans and around 24 days in mice. During the early growth phase the oocyte acquires meiotic competence with cytoplasmic 
and full developmental competence being achieved later in development.

Figure 2. Summary of putative regulatory factors for somatic cell proliferation and differentiation (top) and oocyte growth and 
survival (bottom) during follicular development in rodents and humans. Most of these factors have been tested using follicle culture 
models (see Thomas et al., 2003). EGF = epidermal growth factor; GDF-9 = growth differentiation factor-9; IGF = insulin-like 
growth factor; KGF = keratinocyte growth factor; KL = kit-ligand; TGFβ = transforming growth factor β.



2002); however, the two most studied oocyte factors are growth 
differentiation factor-9 (McGrath et al., 1995; Dong et al., 
1996) and bone morphogenetic protein-15 (Dube et al., 1998; 
Solloway et al., 1998).

The pool of primordial follicles is progressively reduced 
throughout life (Jones and Krohn, 1961; Gougeon et al., 1994) 
and in most species studied it has been shown that this loss is 
greatest during immature life, with almost no follicles present 
in the post-menopausal human ovary (Richardson et al., 1987; 
Faddy et al., 1992). The loss of follicles from the primordial 
pool must be as a result of both follicle growth and death, and 
an accurate measurement of both of these variables is important 
to determine rate of utilization during life. Predictions of how 
oocytes are utilized throughout life have been made using 
mathematical modelling under normal (Faddy et al., 1987) and 
manipulated conditions (Gosden et al., 1989; Telfer et al., 1991). 
These models all make the basic assumption that there is a fixed 
non-renewable population of primordial follicles that must last 
the female throughout her reproductive lifespan. However, this 
assumption has recently been challenged by the publication of 
two papers that suggest oocyte renewal/regeneration occurs in 
adult mice and possibly humans (Johnson et al., 2004, 2005).

Whether or not the numbers of germ cells are fixed early in 
life or capable of formation in adult life produced a lively 
scientific debate during the 1920s, with the general view being 
that the oocyte supply was fixed (Pearl and Schoppe, 1921) 
but this was challenged by Allen (1923). At this time it was 
proposed that cyclical proliferation of the germinal epithelium 
gave rise to oocytes at each oestrous/menstrual cycle (Allen, 
1923; Allen and Creadick, 1937). This was a widely held view 
until the 1950s when Zuckerman (1951) ended the debate by 
an extensive study based on differential counts of follicles that 
concluded oocytes were not produced throughout life. Further 
studies using tritiated thymidine labelling of oocyte nuclei 
have confirmed that oocytes in juvenile and adult ovaries are 
direct descendants of the fetal germ cells and that there is no 
increase in number throughout life (Rudkin and Griech, 1962; 
Borum, 1966; Peters and Crone, 1967). The recent work from 
Tilly’s laboratory (Johnson et al., 2004, 2005) has opened 
a new debate on the existence of germ-line stem cells in the 
mammalian ovary.

Johnson et al. (2004) have suggested that oocyte renewal must 
be occurring to maintain oocyte numbers given the level of 
observed degeneration of oocytes, and they claimed to have 
found germ-line stem cells in the ovarian surface epithelium 
of the adult mammalian ovary, but the evidence for this was 
open to interpretation and has been challenged by several 
ovarian biologists (Albertini, 2004; Gosden, 2004; Byskov et 
al., 2005). A further study by Johnson et al. (2005) suggested 
that the source of germ-line stem cells was not ovarian, but that 
bone marrow or peripheral blood acted as reservoirs of putative 
stem cells for germ-cell regeneration in the adult mouse ovary. 
Tilly’s group showed that if oocytes were chemically destroyed 
and the mice subsequently injected with bone marrow from 
adult animals, the chemically ablated ovary was re-populated by 
small ovarian follicles (Johnson et al., 2005). The physiological 
significance of these findings was challenged (Telfer et al., 

2005) and subsequent experimental evidence has cast doubt on 
the developmental potential of the follicle structures observed 
in the Johnson study (Eggan et al., 2006). The elegant study by 
Eggan et al. (2006) utilized a parabiotic animal model, where 
a pair of mice shares their circulatory systems, to determine if 
circulating germ-line stem cells could be transferred between 
animals. One animal of the pair ubiquitously expressed green 
fluorescent protein (GFP) while the other did not, therefore 
circulation of stem cells would be identified by mixing GFP 
and non-GFP cells in germ cells. It was demonstrated that no 
transfer of germ-line stem cells could be detected in ovulated 
oocytes and, furthermore, oocyte production was not rescued 
by bone marrow transfer after oocyte destruction by either 
chemical ablation or irradiation (Eggan et al., 2006). Whilst 
this latest piece of work would support the existence of a fixed 
population of oocytes, it does nothing to explain the observation 
of Johnson et al. (2005) of the development of small follicle-
like structures after bone marrow transplantation.

These studies have raised two separate issues of: (i) whether 
pluripotent stem cells can develop into germ cell-like cells; and 
(ii) whether this is a mechanism for oocyte development in the 
normal functioning ovary. It has been shown that pluripotent 
stem cells can develop into oocyte-like structures (Hubner et 
al., 2003) and recent work has shown that bone marrow stem 
cells can develop into male germ cells (Nayernia et al., 2006); 
however, the scientific evidence goes against this being a 
mechanism for oocyte development under normal physiological 
conditions (Eggan et al., 2006).

The limitation in supply of mature, fertilizable oocytes (i.e. 
oocytes with full developmental competence) constitutes a 
major block to increasing the success of assisted reproduction 
techniques, developing strategies for fertility preservation after 
chemotherapy and stem cell derivation in humans. Improvements 
in assisted reproduction techniques are dependent on developing 
techniques that will improve the supply of developmentally 
competent oocytes. Recent work on derivation of germ cells 
from stem cells (Hubner et al., 2003) might be viewed as a 
potential source of oocytes; however, the normality of these 
structures has not been shown and their generation presents 
many practical and ethical problems.

It has long been recognized that one of the best means to boost 
the efficiency and efficacy of assisted reproduction programmes 
would be to use oocytes from immature follicles for in-vitro 
growth and subsequent in-vitro maturation. These techniques in 
combination with cryopreservation would offer new practical 
applications for fertility preservation. Complete growth in 
culture from the primordial stage with subsequent IVF of 
oocytes followed by embryo transfer and production of live 
offspring has, so far, only been achieved in the mouse (Eppig 
and O’Brien, 1996; O’Brien et al., 2003). Other rodent culture 
systems have produced developmentally competent oocytes 
and viable offspring, but they start with growing follicles and 
require a shorter period in vitro (Eppig and Schroeder, 1989; 
Roy and Greenwald, 1989; Spears et al., 1994; Cortvrindt et 
al., 1996). However, primordial follicles represent the most 
abundant population of oocytes in the ovary at any age (Gosden 
and Telfer, 1987a) and in-vitro culture of human primordial 
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and primary follicles within slices of ovarian tissue has shown 
follicles initiating, developing to secondary follicles and 
occasionally to early antral follicles (Hovatta et al., 1997, 1999; 
Wright et al., 1999; Louhio et al., 2000), but we are still a long 
way from being able to use follicle culture as a strategy for 
obtaining competent oocytes from human material (Thomas et 
al., 2003; Abir et al., 2006).

Development of culture systems for species such as cow 
and sheep provide good models to determine the feasibility 
of transferring these techniques for human application. The 
follicles of these domestic species are more closely matched 
to those of humans in terms of growth rates and size. Growth 
and differentiation of immature bovine (Gutierrez et al., 2000; 
McCaffery et al., 2000; Thomas et al., 2001; Walters, 2006) 
and ovine (Cecconi et al., 1999) follicles have been achieved 
in vitro and ovine oocyte–granulosa complexes from fresh 
and frozen–thawed tissue have been grown to the antral stage 
during 30 days of culture (Newton et al., 1999). However, 
none of these studies has produced oocytes capable of nuclear 
maturation. Most of these culture systems have resulted in 
accelerated somatic cell differentiation; however, this has to be 
co-ordinated with oocyte development (Thomas et al., 2003). 
Efficient delivery of factors to and from the oocyte at critical 
stages of development is essential for the co-ordination of 

oogenesis and folliculogenesis. As mentioned earlier, paracrine 
factors secreted by oocytes and somatic cells regulate many 
important aspects of follicular development, and there is 
substantial evidence that supports a model for bi-directional 
paracrine communication, based on the developmental 
regulation of the delivery and reception of paracrine factors at 
the oocyte–granulosa cell interface (Albertini et al., 2001).

The ability to mimic the full period of growth of a follicle is 
an ambitious task and in all species will involve a multi-step 
culture system (Figure 3). Each of the culture steps should be 
optimized for key transition stages, but ideally be accelerated 
since a protracted culture period is not desirable. Follicular 
development is a chain of many complex and precisely regulated 
events; therefore, gaining a better understanding of these 
processes is critical to the advancement of such technology 
(Thomas et al., 2003). Progress is being made in a step-wise 
manner, using different factors and follicle stages, allowing 
researchers to piece together the mechanisms governing 
follicular development. In human and domestic animal species, 
where follicular growth is a protracted process, it is important 
to focus on identification of cellular and molecular events 
that co-ordinate oocyte and somatic cell development. This, 
in turn, will allow adaptation of culture regimes for optimal 
oocyte growth and acquisition of developmental competence. 
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Figure 3. Three-step culture system for in-vitro growth of oocytes from primordial follicles: (i) Cortical strip culture of either fresh 
or frozen pieces for up to 14 days (Hovatta et al., 1997); followed by (ii) isolated follicle culture of dissected pre-antral/early antral 
follicles in individual wells to monitor markers of oocyte health (McCaffery et al., 2000; Telfer et al., 2000; Thomas et al.2001, 
2007; Walters et al., 2006); followed by (iii) removal of oocyte–granulosa cell complexes for final growth and maturation on 
collagen membrane support (Hirao et al., 2004). ART = assisted reproduction technique; IVM = in-vitro maturation.



Finally, the development of non-invasive markers as a basis 
for monitoring follicular development during long-term culture 
and identifying good quality oocytes will be essential to the 
application of such techniques. Some markers such as the matrix 
metalloproteinases have been shown to be predictive of oocyte 
quality during culture of bovine pre-antral follicles (McCaffrey 
et al., 2000), but an array of markers at each transition point 
will be required to accurately predict the viability and/or fate of 
in-vitro-grown oocytes.

Abir R, Nitke S, Ben Haroush A, Fisch B 2006 In vitro maturation of 
human primordial ovarian follicles: clinical significance, progress 
in mammals, and methods for growth evaluation. Histology and 
Histopathology 21, 887–898.

Albertini DF 2004 Micromanagement of the ovarian follicle reserve 
– do stem cells play into the ledger? Reproduction 127, 513–514.

Albertini DF, Combelles CM, Benecchi E, Carabatsos MJ 2001 
Cellular basis for paracrine regulation of ovarian follicle 
development. Reproduction 121, 647–643.

Allen E 1923 Ovogenesis during sexual maturity. The American 
Journal of Anatomy 31, 439–481.

Allen E, Creadick RN 1937 Ovogenesis during sexual maturity. The 
first stage, mitosis in the germinal epithelium as shown by the 
colchicine technique. The Anatomical Record 69, 191–195.

Anderson E, Albertini DF 1976 Gap junctions between the oocyte and 
companion follicle cells in the mammalian ovary. The Journal of 
Cell Biology 71, 680–686.

Austin CR 1961 The Mammalian Egg. Blackwell Scientific 
Publications, Oxford, UK, 1–8.

Bachvarova R, De Leon V, Johnson A et al. 1985 Changes in total 
RNA, polyadenylated RNA, and actin mRNA during meiotic 
maturation of mouse oocytes. Developmental Biology 108, 
325–331.

Baker TG 1963 A quantitative and cytological study of germ cells in 
human ovaries. Proceedings of the Royal Society of London, Series 
B 158, 417–433.

Baker TG, Neal P 1974 Oogenesis in human fetal ovaries maintained 
in organ culture. Journal of Anatomy 117, 591–604.

Bayne RA, Martins da Silva SJ, Anderson RA 2004 Increased 
expression of the FIGLA transcription factor is associated with 
primordial follicle formation in the human fetal ovary. Molecular 
Human Reproduction 10, 373–381.

Borini A, Lagalla C, Cattoli M et al. 2005 Predictive factors for 
embryo implantation potential. Reproductive BioMedicine Online 
10, 653–668.

Borum K 1966 Oogenesis in the mouse. A study of the origin of the 
mature ova. Experimental Cell Research 45, 39–47. 

Braw–Tal R, Yossefi S 1997 Studies in vivo and in vitro on the 
initiation of follicle growth in the bovine ovary. Journal of 
Reproduction and Fertility 109, 165–171.

Brower PT, Schultz RM 1982 Intercellular communication between 
granulosa cells and mouse oocytes: existence and possible 
nutritional role during oocyte growth. Developmental Biology 90, 
144–153.

Buccione R, Schroeder AC, Eppig JJ 1990 Interactions between 
somatic cells and germ cells throughout mammalian oogenesis. 
Biology of Reproduction 43, 543–547.

Byskov AG, Faddy MJ, Lemmen JG, Andersen CY 2005 Eggs 
forever? Differentiation: Research in Biological Diversity 73, 
438–446.

Canipari R, Palombi F, Riminucci M, Mangia F 1984 Early 
programming of maturation competence in mouse oogenesis. 
Developmental Biology 102, 519–524.

Castrillon D, Miao L, Kollipara R et al. 2003 Suppression of ovarian 
follicle activation in mice by the transcription factor Foxo3a. 
Science 301, 215–218.

Cecconi S, Barboni B, Coccia M, Mattioli M 1999 In vitro 

development of sheep preantral follicles. Biology of Reproduction 
60, 594–601.

Cecconi S, Tatone C, Buccione R et al. 1991 Granulosa cell–oocyte 
interactions: the phosphorylation of specific proteins in mouse 
oocytes at the germinal vesicle stage is dependent upon the 
differentiative state of companion somatic cells. Journal of 
Experimental Zoology 258, 249–254.

Chesnel F, Wigglesworth K, Eppig JJ 1994 Acquisition of meiotic 
competence by denuded mouse oocytes: participation of somatic-
cell product(s) and cAMP. Developmental Biology 161, 285–295.

Colonna R, Cecconi S, Tatone C et al. 1989 Somatic cell–oocyte 
interactions in mouse oogenesis: stage-specific regulation of mouse 
oocyte protein phosphorylation by granulosa cells. Developmental 
Biology 133, 305–308.

Cortvrindt R, Smitz J, Van Steirteghem AC 1996 A morphological 
and functional study of the effect of slow freezing followed by 
complete in vitro maturation of primary mouse ovarian follicles. 
Human Reproduction 11, 2648–2655.

De La Fuente R, Eppig JJ 2001 Transcriptional activity of the mouse 
oocyte genome: companion granulosa cells modulate transcription 
and chromatin remodeling. Developmental Biology 229, 224–236.

Dong J, Albertini DF, Nishimori K et al. 1996 Growth differentiation 
factor-9 is required during early ovarian folliculogenesis. Nature 
383, 531–535.

Dube JL, Wang P, Elvin J et al. 1998 The bone morphogenetic 
protein 15 gene is X-linked and expressed in oocytes. Molecular 
Endocrinology 12, 1809–1817.

Durlinger AL, Kramer P, Karels B et al. 1999 Control of primordial 
follicle recruitment by anti-Müllerian hormone in the mouse ovary. 
Endocrinology 140, 5789–5796.

Ebner T, Moser M, Tews G 2006 Is oocyte morphology prognostic 
of embryo developmental potential after ICSI? Reproductive 
BioMedicine Online 12, 507–512.

Eggan K, Jurga S, Gosden R et al. 2006 Ovulated oocytes in adult 
mice derive from non-circulating germ cells. Nature 441, 1109–
1114.

Eppig JJ 2001 Oocyte control of ovarian follicular development and 
function in mammals. Reproduction 122, 829–838.

Eppig JJ 1994 Further reflections on culture systems for the growth of 
oocytes in vitro. Human Reproduction 9, 974–976.

Eppig JJ 1991 Maintenance of meiotic arrest and the induction of 
oocyte maturation in mouse oocyte–granulosa cell complexes 
developed in vitro from preantral follicles. Biology of 
Reproduction 45, 824–830.

Eppig JJ 1979 A comparison between oocyte growth in coculture with 
granulosa cells and oocytes with granulosa cell–oocyte junctional 
contact maintained in vitro. Journal of Experimental Zoology 209, 
345–353.

Eppig JJ, Downs SM 1984 Chemical signals that regulate mammalian 
oocyte maturation. Biology of Reproduction 30, 1–11.

Eppig JJ, O’Brien MJ 1996 Development in vitro of mouse oocytes 
from primordial follicles. Biology of Reproduction 54, 197–207.

Eppig JJ, Schroeder AC 1989 Capacity of mouse oocytes from 
preantral follicles to undergo embryogenesis and development 
to live young after growth, maturation, and fertilization in vitro. 
Biology of Reproduction 41, 268–276.

Faddy MJ, Gosden RG, Gougeon A et al. 1992 Accelerated 
disappearance of ovarian follicles in mid-life: implications for 
forecasting menopause. Human Reproduction 7, 1342–1346.

Faddy MJ, Telfer E, Gosden RG 1987 The kinetics of pre-antral 
follicle development in ovaries of CBA/Ca mice during the first 
14 weeks of life. Cell and Tissue Kinetics 20, 551–560.

Fujimoto T, Miyayama Y, Fuyuta M 1977 The origin, migration and 
fine morphology of human primordial germ cells. The Anatomical 
Record 188, 315–330.

Gondos B, Westergaard L, Byskov AG 1986 Initiation of oogenesis in 
the human fetal ovary: ultrastructural and squash preparation study. 
American Journal of Obstetrics and Gynecology 155, 189–195.

Gondos B, Bhiraleus P, Hobel CJ 1971 Ultrastructural observations on 
germ cells in human fetal ovaries. American Journal of Obstetrics 
and Gynecology 110, 644–652.

Article - Natural history of the mammalian oocyte - EE Telfer & M McLaughlin

RBMOnline®



Article - Natural history of the mammalian oocyte - EE Telfer & M McLaughlin

Gosden RG 2004 Germline stem cells in the postnatal ovary: is 
the ovary more like a testis? Human Reproduction Update 10, 
193–195.

Gosden RG, Telfer E 1987a Numbers of follicles and oocytes in 
mammalian ovaries and their allometric relationships. Journal of 
Zoology London 211, 169–175.

Gosden RG, Telfer E 1987b Scaling of follicular sizes in mammalian 
ovaries. Journal of Zoology London 211, 157–168.

Gosden RG, Telfer E, Faddy MJ, Brook DJ 1989 Ovarian cyclicity 
and follicular recruitment in unilaterally ovariectomized mice. 
Journal of Reproduction and Fertility 87, 257–264.

Gougeon A 1994 Intragonadal regulation of human follicular genesis: 
facts and hypotheses. Annales d’Endocrinologie (Paris) 55, 63–73.

Gougeon A, Ecochard R, Thalabard JC 1994 Age–related changes 
of the population of human ovarian follicles: increase in the 
disappearance rate of non-growing and early-growing follicles in 
aging women. Biology of Reproduction 50, 653–663.

Gutierrez CG, Ralph JH, Telfer EE et al. 2000 Growth and antrum 
formation of bovine preantral follicles in long-term culture in vitro. 
Biology of Reproduction 62, 1322–1328.

Harvey W 1651 Exercitationes de generatione animalium. 
Amstelodami and Londoni. 

Hirao Y, Itoh T, Shimizu M et al. 2004 In vitro growth and 
development of bovine oocyte–granulosa cell complexes on the 
flat substratum: effects of high polyvinylpyrrolidone concentration 
in culture medium. Biology of Reproduction 70, 83–91.

Hirshfield AN 1991a Development of follicles in the mammalian 
ovary. International Review of Cytology 124, 43–101.

Hirshfield AN 1991b Theca cells may be present at the outset of 
follicular growth. Biology of Reproduction 44, 1157–1162.

Hovatta O, Wright C, Krausz T et al. 1999 Human primordial, primary 
and secondary ovarian follicles in long-term culture: effect of 
partial isolation. Human Reproduction 14, 2519–2524.

Hovatta O, Silye R, Abir R et al. 1997 Extracellular matrix improves 
survival of both stored and fresh human primordial and primary 
ovarian follicles in long-term culture. Human Reproduction 12, 
1032–1036.

Hubner K, Fuhrmann G, Christenson LK et al. 2003 Derivation of 
oocytes from mouse embryonic stem cells. Science 300, 1251–
1256. 

Johnson J, Bagley J, Skaznik–Wikiel M et al. 2005 Oocyte generation 
in adult mammalian ovaries by putative germ cells in bone marrow 
and peripheral blood. Cell 122, 303–315.

Johnson J, Canning J, Kaneko T et al. 2004 Germline stem cells and 
follicular renewal in the postnatal mammalian ovary. Nature 428, 
145–150.

Jones EC, Krohn PL 1961 The relationships between age and numbers 
of oocytes and fertility in virgin and multiparous mice. The 
Journal of Endocrinology 21, 469–495.

Konishi I, Fujii S, Okamura H et al. 1986 Development of 
interstitial cells and ovigerous cords in the human fetal ovary: an 
ultrastructural study. Journal of Anatomy 148, 121–135.

Latham KE, Wigglesworth K, McMenamin M, Eppig JJ 2004 Stage-
dependent effects of oocytes and growth differentiation factor 
9 on mouse granulosa cell development: advance programming 
and subsequent control of the transition from preantral secondary 
follicles to early antral tertiary follicles. Biology of Reproduction 
70, 1253–1262.

Louhio H, Hovatta O, Sjoberg J, Tuuri T 2000 The effects of insulin, 
and insulin-like growth factors I and II on human ovarian follicles 
in long-term culture. Molecular Human Reproduction 6, 694–698.

Lussier JG, Matton P, Dufour JJ 1987 Growth rates of follicles in 
the ovary of the cow. Journal of Reproduction and Fertility 81, 
301–307.

Malekshah AK, Moghaddam AE 2005 Follicular fluid and cumulus 
cells synergistically improve mouse early embryo development in 
vitro. Journal of Reproduction and Development 51, 195–199.

McCaffery FH, Leask R, Riley SC, Telfer EE 2000 Culture of bovine 
preantral follicles in a serum-free system: markers for assessment 
of growth and development. Biology of Reproduction 63, 267–273.

McGrath SA, Esquela AF, Lee SJ 1995 Oocyte-specific expression 

of growth/differentiation factor-9. Molecular Endocrinology 9, 
131–136.

Nayernia K, Lee JH, Drusenheimer N et al. 2006 Derivation of male 
germ cells from bone marrow stem cells. Laboratory Investigation 
86, 654–663.

Nayudu PL, Osborn SM 1992 Factors influencing the rate of preantral 
and antral growth of mouse ovarian follicles in vitro. Journal of 
Reproduction and Fertility 95, 349–362.

Newton H, Picton H, Gosden RG 1999 In vitro growth of oocyte–
granulosa cell complexes isolated from cryopreserved ovine tissue. 
Journal of Reproduction and Fertility 115, 141–150.

O’Brien MJ, Pendola JK, Eppig JJ 2003 A revised protocol for in 
vitro development of mouse oocytes from primordial follicles 
dramatically improves their developmental competence. Biology of 
Reproduction 68, 1682–1686.

Pearl R, Schoppe WF 1921 Studies on the physiology of reproduction 
in the domestic fowl. XVIII. Further observations on the 
anatomical basis of fecundity. Journal of Experimental Zoology 
34, 101–118.

Peters H 1969 The development of the mouse ovary from birth to 
maturity. Acta Endocrinologica (Copenhagen) 62, 98–116.

Peters H, Crone M 1967 DNA synthesis in oocytes of mammals. 
Archives d’anatomie Microscopique et de Morphologie 
Experimentale 56, 160–170.

Peters H, Byskov AG, Grinsted J 1978 Follicular growth in fetal 
and prepubertal ovaries of humans and other primates. Clinics in 
Endocrinology and Metabolism 7, 469–485.

Pincus G, Enzmann EV 1935 The comparative behavior of 
mammalian eggs in vivo and in vitro. I. The activation of ovarian 
eggs.Journal of Experimental Medicine 62, 665–675.

Ralph, JJ, Telfer, EE, Wilmut, I 1995. Bovine cumulus cell expansion 
does not depend on the presence of an oocyte secreted factor. 
Molecular Reproduction and Development. 42, 248–253.

Richardson SJ, Senikas V, Nelson JF 1987 Follicular depletion 
during the menopausal transition: evidence for accelerated loss 
and ultimate exhaustion. Journal of Clinical Endocrinology and 
Metabolism 65, 1231–1237.

Roy SK, Greenwald GS 1989 Hormonal requirements for the growth 
and differentiation of hamster preantral follicles in long-term 
culture. Journal of Reproduction and Fertility 87, 103–114.

Rudkin GT, Griech HA 1962 Persistence of oocyte nuclei from fetus 
to maturity in the laboratory mouse. Journal of Cell Biology 12, 
169–175.

Sato C, Shimada M, Mori T et al. 2007. Assessment of human oocyte 
developmental competence by cumulus cell morphology and 
circulating hormone profile. Reproductive BioMedicine Online 14, 
49–56.

Schultz RM, Wassarman PM 1977 Biochemical studies of mammalian 
oogenesis: protein synthesis during oocyte growth and meiotic 
maturation in the mouse. Journal of Cell Science 24, 167–194.

Simon AM, Goodenough DA 1998 Diverse functions of vertebrate gap 
junctions. Trends in Cell Biology 8, 477–483.

Skinner MK 2005 Regulation of primordial follicle assembly and 
development. Human Reproduction Update 11, 461–471.

Solloway MJ, Dudley AT, Bikoff EK et al. 1998 Mice lacking Bmp6 
function. Developmental Genetics 22, 321–339.

Soyal SM, Amleh A, Dean J 2000 FIG-alpha, a germ cell-specific 
transcription factor required for ovarian follicle formation. 
Development 127, 4645–4654.

Spears N, Boland NI, Murray AA, Gosden RG 1994 Mouse oocytes 
derived from in vitro grown primary ovarian follicles are fertile. 
Human Reproduction 9, 527–532.

Swales AK, Spears N 2005 Genomic imprinting and reproduction. 
Reproduction 130, 389–399.

Taft RA, Denegre JM, Pendola FL, Eppig JJ 2002 Identification 
of genes encoding mouse oocyte secretory and transmembrane 
proteins by a signal sequence trap. Biology of Reproduction 67, 
953–960. 

Telfer EE, Gosden RG, Byskov AG et al. 2005 On regenerating the 
ovary and generating controversy. Cell 122, 821–822.

Telfer EE, Binnie JP, McCaffery FH, Campbell BK 2000 In vitro 

RBMOnline®



development of oocytes from porcine and bovine primary follicles. 
Molecular and Cellular Endocrinology 163, 117–123.

Telfer E, Gosden RG, Faddy MJ 1991 Impact of exogenous 
progesterone on ovarian follicular dynamics and function in mice. 
Journal of Reproduction and Fertility 93, 263–269.

Telfer E, Ansell JD, Taylor H, Gosden RG 1988 The number of clonal 
precursors of the follicular epithelium in the mouse ovary. Journal 
of Reproduction and Fertility 84, 105–110.

Thomas FH, Armstrong DG, Campbell BK, Telfer EE 2007 Effects 
of insulin-like growth factor-1 bioavailability on bovine preantral 
follicular development in vitro. Reproduction 133, 1121-1128.

Thomas FH, Armstrong DG, Telfer EE 2003 Activin promotes oocyte 
development in ovine preantral follicles in vitro. Reproductive 
Biology and Endocrinology 1, 76.

Thomas FH, Leask R, Srsen V et al. 2001 Effect of ascorbic acid on 
health and morphology of bovine preantral follicles during long-
term culture. Reproduction 122, 487–495.

Vanderhyden BC, Telfer EE, Eppig JJ 1992 Mouse oocytes promote 
proliferation of granulosa cells from preantral and antral follicles 
in vitro. Biology of Reproduction 46, 1196–1204.

Vanderhyden BC, Caron PJ, Buccione R, Eppig JJ 1990 
Developmental pattern of the secretion of cumulus expansion-
enabling factor by mouse oocytes and the role of oocytes in 
promoting granulosa cell differentiation. Developmental Biology 
140, 307–317.

Von Baer KE 1827 ‘De ovi mammalium et hominis genesi’. Epistola 
ad Acad. Imper. Sci. petropolitanam. L. Vossi, Leipzig.

Walters KA, Binnie JP, Campbell BK et al. 2006 The effects of IGF-I 
on bovine follicle development and IGFBP-2 expression are dose 
and stage dependent. Reproduction 131, 515–523.

Wert SE, Larsen WJ 1989 Meiotic resumption and gap junction 
modulation in the cultured rat cumulus–oocyte complex. Gamete 
Research 22, 143–162.

Wickramasinghe D, Ebert KM, Albertini DF 1991 Meiotic 
competence acquisition is associated with the appearance of 
M-phase characteristics in growing mouse oocytes. Developmental 
Biology 143, 162–172.

Wright CS, Hovatta O, Margara R et al. 1999 Effects of follicle-
stimulating hormone and serum substitution on the in-vitro growth 
of human ovarian follicles. Human Reproduction 14, 1555–1562.

Zuckerman S 1951 The number of oocytes in the mature ovary. Recent 
Progress in Hormone Research 6, 63–109.

Paper based on contribution presented at the Tecnobios 
Procreazione Symposium 2006 and 2nd International 
Conference on the Cryopreservation of the Human Oocyte in 
Bologna, Italy, 5–7 October 2006.

Received 19 February 2007; refereed 21 March 2007; accepted 8 June 

2007.

Article - Natural history of the mammalian oocyte - EE Telfer & M McLaughlin

RBMOnline®


