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Abstract: Mammalian ovaries contain a large number 
of oocytes, most of which degenerate either before or 
during the various stages of growth. To utilize these po-
tential female gametes stored in the ovary, it is essen-
tial to develop a culture system that can provide a suit-
able alternative environment for oocytes to achieve full 
growth and competences to undergo meiotic maturation, 
fertilization, and embryonic development. In this review, 
the culture systems developed for bovine and porcine 
oocyte–granulosa cell complexes, at approximately the 
late mid-growth stage, are discussed. The culture sys-
tems are broadly divided in two types, the sphere system 
and substratum-adhering system. In the former system, 
a matrix such as collagen is utilized to maintain the 3-D 
structure of the follicles/oocyte–granulosa cell complex-
es. The latter system is characterized by the use of high 
concentrations of polyvinylpyrrolidone (molecular weight: 
360,000), which positively affects the growth and compe-
tence of the oocytes. The quality and competence of the 
oocytes grown in these systems are discussed.
Key words: In vitro oocyte growth, Oocyte–granulosa 
cell complexes, Oocyte maturation, Pig, Cattle

Introduction

The number of primordial follicles stored in a young 
animal is estimated to be 300,000–400,000 in pigs and 
approximately 100,000 in cattle [1, 2]. Although such a 
huge number of primordial follicles are present in the 
ovary, only a small proportion of primordial oocytes (the 
oocytes in primordial follicles) enter the growth phase, 
of which even fewer grow and mature. Most oocytes de-
generate in the ovary before or during growth; therefore, 
to utilize the potential female gametes in the ovary, it is 
important to provide a suitable alternative artificial en-
vironment for oocytes to survive before their death. An 

approach for achieving this is to isolate growing oocytes 
with associated ovarian cells and culture them in vitro.

Like most other studies on oocytes, the technologies 
for oocyte growth in vitro have progressed from labora-
tory mice to larger animals. When culturing the growing 
oocytes of large animals, there are substantial difficul-
ties to overcome, many of which are not encountered 
when using mouse oocytes. First, it takes a long period 
of time, usually a few months, for the oocytes of large 
animals to grow and mature from the primordial follicle-
stage. In sharp contrast, only three weeks are required 
for the growth of mouse oocytes. Second, the oocytes 
of pigs and cattle eventually become 4–5 times larger 
than mouse oocytes in volume. Therefore, although 
live mouse offspring have been produced from oocytes 
grown in vitro for their entire growth period [3, 4], the 
same kind of experiments using porcine and bovine 
oocytes would require a few months just to culture the 
oocytes, and until now, such attempts have never been 
successful. Most studies of the in vitro growth (IVG) of 
oocytes of large animals have examined oocytes for only 
some limited period of time during their growth rather 
than the entire growth period. Oocytes acquire various 
essential competences during the final stage of growth. 
Therefore, after IVG, both the size and quality of oocytes 
is of importance for functional ova.

This review focuses on the studies in which oocytes 
were cultured for the latter half of the growth phase. Sever-
al culture systems have been developed for IVG of oocytes 
from various species [5]. In particular, cattle and pigs have 
been most widely studied, and researchers mainly discuss 
the characteristics of culture systems that have been de-
veloped for these two species. Some other studies on IVG 
of other large animals are also summarized.

The sphere system and  
the substratum-adhering system

The culture systems that have been developed for 
growing oocytes can be broadly divided into two types 
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depending on whether follicles/oocyte–granulosa cell 
complexes maintain a spherical shape (the sphere sys-
tem) or spread onto a substratum (the substratum-adher-
ing system). Figure 1 illustrates the typical morphologies 
of follicles and oocyte–granulosa cell complexes in these 
systems. When follicles are mechanically isolated from 
the ovary, the structure of each follicle is sustained at 
least for the beginning of culture. When collagenase is 
used to isolate follicles, this treatment removes theca cell 
layers, leaving oocyte–granulosa cell complexes. On the 
other hand, complexes consisting of oocytes and cumu-
lus/granulosa cells (oocyte–granulosa cell complexes) 
can be mechanically extracted from early antral follicles. 
In both systems, granulosa cells around the oocyte 

should proliferate to avoid denudation of the oocyte.
To achieve a 3-D culture in the sphere system, oocyte–

granulosa cell complexes or preantral follicles are usu-
ally embedded in collagen- [6, 7] or alginate-based ma-
trices [8-10]. However, intact follicles sustained on a dish 
surface can also grow in size [11]. Oocyte–granulosa cell 
complexes or follicles in the sphere system develop an 
antral cavity when subjected to appropriate stimulation. 
The formation of the cavity has been reported in cattle 
[12-15], pigs [7, 16], sheep [17, 18], goats [19, 20], and 
humans [10, 21].

In the substratum-adhering system, oocyte–granu-
losa cell complexes proliferate outwardly on the substra-
tum. The follicle/oocyte–granulosa cell complexes grow 

Fig. 1. Phenotypes of the follicle or oocyte–granulosa cell complex developed during long-term 
culture. The volume of follicles/complexes of the sphere type increases as they sustain 
the spherical shape (A, B). Oocyte–granulosa cell complexes without theca cells can de-
velop into a sphere with the help of 3-D matrices such as collagen gel (A). Intact follicles 
can develop an antral cavity as they are either embedded in 3-D matrices or placed on 
the bottom of a culture well (B). In the substrate-adhering system, oocyte–granulosa cell 
complexes extend on the substrate and develop into a dome-like structure.
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in size and thickness and eventually form a dome-like 
structure. The formation of the dome-like structure has 
been reported in cattle [22] and pigs [23].

Cattle

Apart from mice, cattle are the only mammalian spe-
cies in which offspring have been produced from IVG oo-
cytes that were grown for 14 days in vitro before in vitro 
maturation [22, 24] (oocytes were cultured for the latter 
half of their growth period). In the ovaries of cattle and 
pigs, the diameter of oocytes, excluding the zona pellu-
cida, increases from approximately 30 to >120 µm. The 
size range of cattle oocytes used in the studies which 
have produced offspring was approximately 90–100 µm 
at the beginning of culture. The oocytes at this growth 
stage lack the competence to undergo meiotic matura-
tion without further growth until their size reaches at least 
110 µm. After the 14-day culture period, a proportion of 
oocytes was larger than 120 µm, indicating that the oo-
cytes had doubled their volume in vitro.

The sphere system with the help of collagen matrices
A calf was derived from the IVG oocytes after growth 

in a sphere system using collagen matrices [24]. Without 
the help of matrices, it was difficult to sustain an appro-
priate association between the oocyte and companion 
somatic cells in large animals, compared to mouse oo-
cytes. Without a 3-D substrate, granulosa cells often mi-
grate away from oocytes, which results in fatal damage 
to the oocytes.

Yamamoto et al. [24] extracted oocyte–cumulus/granu-
losa cell complexes, which contained oocytes of 90–99 
µm in diameter from early antral follicles that were 0.5–
0.7 mm in diameter. Their culture system clearly dem-
onstrated that oocytes can develop abilities to undergo 
meiotic maturation, fertilization, and pre- and post-im-
plantation development as they approach their final size 
in vitro.

In addition to illustrating the newly acquired abilities of 
oocytes, the sphere system using matrices is also use-
ful for investigating the mechanisms involved in oocyte 
growth, in particular the conditions necessary for the 
growth of oocytes in vitro. For example, a high concen-
tration of hypoxanthine, a natural inhibitor of cAMP phos-
phodiesterase [25], has been demonstrated to promote 
the survival and growth of oocyte–granulosa cell com-
plexes [12, 14].

The sphere system does not necessarily require ma-
trices. Intact follicles with theca cells can be simply cul-
tured on the bottom of culture wells. Some positive ef-

fects of activin A on preantral follicle growth using such a 
system have been reported [15, 21].

The substratum-adhering system
The substratum-adhering system can also produce fer-

tile oocytes [22]. The basic conditions of oocyte culture, 
in terms of the size and origin of the oocytes and duration 
of culture (14 days), are essentially the same as those 
used for the sphere system. As mentioned above, it is 
difficult to maintain the contact of oocytes and granulosa 
cells of large animals in culture, particularly on a flat sub-
stratum such as a culture dish. Therefore, we developed 
a culture medium supplemented with a high concentra-
tion [4% (w/v)] of polyvinylpyrrolidone (PVP; molecular 
weight: 360,000) [22], which exerts a profound influence 
on the morphology of oocyte–granulosa cell complex-
es, and oocytes can grow for 2 weeks as enclosed in 
layers of granulosa cells. The production of a calf from 
oocytes grown in medium supplemented with 4% PVP 
indicates that the medium also can support the acquisi-
tion of developmental competence [22]. In another study, 
the developmental competence of oocytes grown in the 
substratum-adhering system for various culture periods 
was examined [26].

In a recent study, oocytes grown in the substratum-
adhering system were used as the recipient cytoplasm 
for nuclear transfer. Nearly half of the reconstructed IVG 
oocytes that used cumulus cells as donor cells became 
blastocysts, and one of the nine embryos developed 
into a living calf following embryo transfer. The results 
clearly indicate that IVG oocytes are similarly capable 
as in vivo-grown oocytes, including the ability to perform 
highly specialized activities such as nuclear reprogram-
ming [27].

Antral cavities are also formed in the substratum-ad-
hering system (Fig. 2A–C). However, the oocyte–gran-
ulosa cell complexes always extend on the substratum 
in the early phase of culture, and the complexes never 
develop into spheres. The complexes exhibit a regular 
growth pattern which forms dome-like structures. Unless 
complexes contain degenerated or nearly degenerate 
oocytes, essentially all complexes develop a dome-like 
structure (Fig. 2B). This observation is clearly different 
from ovarian events because most of the follicles regress 
in vivo as subordinate follicles during the final stages of 
follicular development [28, 29].

The substratum-adhering system with a high concen-
tration of PVP has also been used to investigate the 
mechanisms involved in oocyte growth. The cumulus 
cells around oocytes grown in vitro are fully competent 
to undergo expansion in response to gonadotropins (Fig. 
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2D). A simple study revealed that fibroblast growth factor 
7 benefits oocyte growth [30]. In contrast, the effects of 
the oxygen environment are more complicated than sim-
ply knowing the effect of factors supplemented in the me-
dium, because the complex itself changes in size during 
culture, and the size of the complex affects the optimal 
concentration of oxygen. It was revealed that a reduced 
oxygen environment can be appropriate for the growth 
of oocytes in the initial phase of culture when oocytes 
are nearly exposed to medium; however, a 20% oxygen 
environment becomes necessary to prevent possible hy-
poxia around the oocytes after the development of the 
dome-like structure [31].

The absence of theca cells is also important in this sys-
tem because it enables us to examine the effect of ste-
roid hormones on the growth of oocytes. Because there 
is no androgen production and supplemented androgens 
are converted to estrogen, we could demonstrate that the 
addition of androstenedione or estradiol promotes the 
maintenance of bovine oocyte–granulosa cell complex 

organization [32] and the connections between oocytes 
and granulosa cells via trans-zonal projections [33]. An-
drostenedione also promotes the acquisition of meiotic 
competence in growing oocytes [32].

Pigs

Although no piglets have been produced from IVG oo-
cytes, both the sphere and substratum-adhering systems 
have been used to grow oocytes from this species. The 
in vitro maturation of porcine oocytes after growth in vitro 
from the preantral follicle was reported in 1994 for the 
first time [7], which was in advance of a similar report on 
cattle in 1997 [12].

The sphere system
The first study of the IVG of porcine oocytes was con-

ducted using oocytes of 70.0–89.5 μm in diameter, and 
the follicles were cultured in a sphere system with the 
help of collagen matrices [7]. A proportion of the oocytes 

Fig. 2. Morphology of the bovine oocyte–granulosa cell complexes after growth in vitro. 
Domes of granulosa cells on Days 6 (A) and 14 (B). Arrowheads in B denote com-
plexes that displayed little enlargement during the second week of the culture period. 
Bars = 2 mm (A, B). Enlarged image of a dome on Day 14 (C). Morphologies of in 
vitro grown oocytes and cumulus cells after in vitro maturation. Bar = 200 µm (C, D).
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grew to a size >120 µm during the 16-day culture period, 
and 40% of the fully grown oocytes had acquired meiotic 
competence for progression to metaphase II in vitro [7]. 
In this study, preantral follicles were isolated using colla-
genase, which mostly removed theca cells, and cultured 
in the presence of serum, FSH, and estradiol. The sur-
vival rate after the 16 day-culture period was 30%–40%. 
The antral cavity was formed around the surviving oo-
cytes. Later, it was clearly observed that the presence 
of an oocyte is essential for the development of an antral 
cavity [34]. Some matured oocytes underwent fertiliza-
tion but failed to develop a male pronucleus [7].

The sphere system has also been used to culture oo-
cyte–cumulus/granulosa cell complexes to examine the 
effect of various factors that have been suggested to 
participate in follicular regulation during oocyte growth 
in vivo. Some of the factors have been revealed to posi-
tively affect the survival and/or growth of the complexes, 
such as FSH [35] and hypoxanthine [35].

The sphere system, which includes theca cells, has 
also been used to examine the effects of ovarian fac-
tors supplemented in culture medium. Mao et al. [16] ob-
served that IGF-I promoted the proliferation of granulosa 
cells, the maintenance of follicular integrity, and the re-
covery rate of oocytes.

The substratum-adhering system
Culture medium supplemented with a high concentra-

tion of PVP (2%) was used in the substratum-adhering 
system for porcine oocyte–cumulus cell complexes gen-
erated from early antral follicles [23]. The observations 
were essentially identical to those previously discussed 
in this review, i.e., a dome-like structure developed [23], 
and 25% of the oocytes that survived the 14-day culture 
period were competent to progress to metaphase II [23]. 
Therefore, it is clear that the substratum-adhering sys-
tem including PVP medium is effective at promoting the 
growth of porcine oocytes, although the culture system 
requires substantial improvement.

Other large animals

Most studies of follicle culture using large animal oo-
cytes, other than those of cattle and pigs, have focused 
on the survival and growth of the follicles rather than the 
quality of the resulting oocytes. Follicular growth in vitro 
is definitely an important object of research, although it 
is beyond the scope of this review. For human follicles, 
an alginate-based matrix has been used to provide a 
3-D culture environment [10], and some oocytes have at-
tained a size > 110 μm after the 30 day-culture period, 

though no oocytes were observed to undergo meiotic 
maturation [10]. Recent advances in human follicle cul-
ture have been reviewed by Smitz et al. [36].

In several other studies, the competence of oocytes 
after IVG has been studied in other large animals. Magal-
haes et al. [20] evaluated the effects of growth hormone 
on caprine oocytes derived from preantral follicles cul-
tured for 18 days and observed the embryonic develop-
ment of the oocytes to around the 16-cell stage after in 
vitro fertilization. Likewise, Arunakumari et al. [37] cul-
tured ovine preantral follicles for 6 days in serum-free 
medium supplemented with various combinations of FSH 
and growth factors and reported that some embryos de-
veloped to the morula stage.

Conclusions

We have discussed the IVG of cattle and porcine oo-
cytes in the sphere and substratum-adhering systems, 
focusing on the ability of the resultant oocytes. In both 
species and both culture systems, it is clear that oocytes 
and their associated granulosa cells can establish units 
capable of supporting oocyte growth in appropriately 
modified culture medium. In particular, recent progress 
has been remarkable in cattle, as three calves have been 
produced from oocytes grown in vitro for 14 days, and 
the improvement of the culture protocols is continuing in 
several laboratories. However, further improvements to 
the existing culture systems are necessary for the fol-
lowing reasons: (i) no offspring of large animals have 
been produced from IVG oocytes other than cattle; (ii) 
the oocytes grown in vitro are on average smaller than 
those grown in follicles in vivo; and (iii) the competence 
of oocytes cultured in vitro does not match that of oo-
cytes grown in vivo.
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