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The cellular biology and changes in the extracellular matrix of ovarian follicles during
their development are reviewed. During growth of the bovine ovarian follicle the
follicular basal lamina doubles 19 times in surface area. It changes in composition,
having collagen IV al-26 and laminin al, 132and yl at the primordial stage, and
collagen IV al and a2, reduced amounts of a3-a5, and a higher content of laminin cd,
132and 71 at the antral stage. In atretic antral follicles laminin ct2 was also detected. The
follicular epithelium also changes from one layer to many layers during follicular
growth. It is clear that not all granulosal cells have equal potential to divide, and we
have evidence that the granulosal cells arise from a population of stem cells. This
finding has important ramifications and supports the concept that different follicular
growth factors can act on different subsets of granulosal cells. In antral follicles, the
replication of cells occurs in the middle layers of the membrana granulosa, with older
granulosal cells towards the antrum and towards the basal lamina. The basal cells in the
membrana granulosa have also been observed to vary in shape between follicles. In
smaller antral follicles, they were either columnar or rounded, and in follicles > 5 mm
the cells were all rounded. The reasons for these changes in matrix and cell shapes are
discussed in relation to follicular development.

Introduction

The mammalian ovary produces mature oocytes capable of being fertilized and sustaining
embryonic development. It also produces steroid hormones which primarily communicate to the
other organs the degree of progress in the development of the oocyte, both before and after
ovulation. These ftmctions are accomplished by follicles and corpora lutea. Follicles contain an
epithelioid layer, the membrana granulosa, surrounded by a basal lamina which in turn separates it
from the surrounding stroma (preantral follicles) or the theca interna (antral follicles). At ovulation,
the epithelioid granulosal cells redifferentiate into the mesenchymal luteal cells.

Compared with other organs, very little is known about the cellular biology of developing
follicles. Even some of the most basic cellular biology has not been described for this structure. The
aim of this review is to focus on some of our new ideas and discoveries that relate particularly to the
extracellular matrix, including the follicular basal lamina. The development of the membrana
granulosa is also considered, and comparisons to other epithelia are made where appropriate.

Extracellular Matrix

The extracellular matrix, more aptly termed intercellular matrix, has many different roles, including

effects on cell behaviour, such as migration, division, differentiation, cell death and cell anchorage.

(ID1999Journals of Reproduction and Fertility Ltd



344 R.J.Rodgerset al.

The extracellular matrix can play a role in the fluid dynamics of a tissue, either providing osmotic
forces, or filtering material from solutions as they pass through the matrix. They can provide
mechanical support for tissues, either rigid or elastic. In addition, nutritional materials and
hormones and other extracellular signals are often required to traverse the extracellular matrix to
reach target cells. The extracellular matrix can bind growth factors, either directly or indirectly via
the specific binding proteins for the growth factors, ensuring that they act locally In essence the
extracellular matrix defines and provides microenvironments, enabling cells to specialize. Not
surprisingly extracellular matrix is generally a diverse mixture of components.

There are a number of different compartments and extracellular matrices in follicles. These
include the follicular basal lamina, follicular fluid, zona pellucida, membrana granulosa, cumulus,
and either theca interna and theca externa in larger antral follicles, or the stroma in the smaller
primordial and preantral follicles. These matrices have been studied to various degrees. The study of
the zona pellucida is well advanced and has been reviewed many times; the production of
hyaluronin by cumulus cells has also been well studied. Follicular fluid has been analysed for its
composition of glycosaminoglycans (GAGs: Yanagishita et al., 1979; BeIlin and Ax, 1984; Grimek,
1984) and the biochemical production of the GAGs by granulosal cells has been studied by
Yanagishita and colleagues. However, very little attention has been paid to the proteoglycans from
which the GAGs were derived, or their physiological roles. The mesenchymal area surrounding the
membrana granulosa has not been the focus of systematic study which is unfortunate as the
phenotype of the cells changes as follicular development occurs from stroma to theca.

Basal Lamina

Basal laminae are specialized sheets of extracellular matrix that separate epithelial cell layers from
underlying mesenchyme in organs throughout the body including the ovary. They influence
epithelial cell migration, proliferation and differentiation, and can selectively retard the passage of
molecules from one side of a basal lamina to the other. Basal laminae are a lattice-type network of
collagen IV intertwined with a network of laminin. This structure is stabilized by the binding of
entactin to the collagen and laminin, and by low-affinity interactions between collagen IV and
laminin (Yurchenco and Schittny, 1990; Paulsson, 1992). Fibronectin, heparan sulphate proteoglycans
(HSPGs) and other molecules are associated with the collagen IV—laminin backbone. Importantly
basal laminae in different regions of the body differ in the ratio of all these components. Furthermore,
each 'component' is in effect a class of several components. Thus each collagen IV molecule is
composed of three a chains, but six different types of a chain have been discovered to date.
Potentially, any combination of these might be present (Hay, 1991; Zhou et al., 1994). Similarly each
laminin molecule is composed of one a (A in the old nomenclature), one 13 (B1 in the
old nomenclature) and one y (B2 in the old nomenclature) chain (Burgeson et al., 1994), yet five
different a chains, three 13chains and two y chains have been discovered. There are at least twenty
different isoforms of fibronectin, due to alternative splicing of mRNA. It is considered that the unique
composition of each basal lamina contributes to its specific functional properties (Engvall, 1993).

Numerous studies in vitro have shown that cell morphology was altered according to the type of
extracellular matrix component on which the cells were cultured (Watt, 1986). Thus alterations to the
composition of the basal lamina may affect the fate of the associated cells. The composition of basal
laminae also affects their ability to filter materials selectively. For example, in the normal neonatal
mouse, laminin (31is replaced by (32in the kidney glomerular basement membrane as the kidney
develops. However, mice with a null mutation in the laminin (32gene continued with pl, but then
failed to retard the passage of plasma proteins across the glomerular basement membrane, despite
the membrane being structurally intact. These mice died of proteinurea within one month of birth
(Noakes et al., 1995).

In ovarian follicles there are many different basal laminae including the follicular basal lamina.
The vasculature of the theca has a subendothelial basal lamina, and the smooth muscle cells of the
arterioles have basal laminae.
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Follicular Basal Lamina

In the ovary, the membrana granulosa of each ovarian follicle is enveloped by a follicular basal
lamina, which separates it from the surrounding stromal elements in primordial follicles (van Wezel
and Rodgers, 1996) or from the theca in antral follicles (Gosden et al., 1988; Luck, 1994). The follicular
basal lamina is believed to play a role in influencing granulosal cell proliferation and differentiation
(Amsterdam et al., 1989; Richardson et al., 1992; Luck, 1994). In addition, in healthy follicles it
excludes capillaries, white blood cells and nerve processes from the granulosal compartment until
ovulation, at which time the basal lamina is degraded.

The follicular basal lamina probably has a role in retarding entry of larger molecular weight
plasma proteins and molecules (for example low density lipoproteins, LDL) into the follicular
antrum (Andersen et al., 1976). Conversely if the flow of material in the other direction is similarly
retarded, the follicular basal lamina may trap large molecules (for example some proteoglycans) that
are synthesized by granulosal cells and oocytes in the follicular fluid. The molecular mass cut off is
calculated to be 100-850 kDa based upon comparisons of the composition of follicular fluid with that
of plasma (Anderson et al., 1976). It is not known whether the size of material that can cross the
follicular basal lamina changes during the course of follicular development, particularly before and
after antrum formation.

The molecular weight cut off of the follicular basal lamina is considerably larger than most
growth factors. It is probably for this reason that many authors have assumed that growth factors
can readily move from the thecal layer to the membrana granulosa, and vice versa. However, the
follicular basal lamina could be a barrier to the movement of growth factors from theca interna to
membrana granulosa, and vice versa. This is due to the nature of growth factors (for example
fibroblast growth factor 2), or their binding proteins (for example follistatin, insulin-like growth
factor binding factor 5), to bind avidly to extracellular matrix components, especially heparan
sulphate proteoglycans. It is also possible that the follicular basal lamina serves as a reservoir of
attached growth factors. Thus, in contrast to the wealth of literature on the production of growth
factors and the expression of their receptors, and the notion that thecal and granulosal cells signal
each other via growth factors, there is scant evidence that this can actually occur.

We have estimated that the surface area of the bovine follicle doubles nineteen times during
follicular development, implying that continuous remodelling of the follicular basal lamina occurs
(van Wezel and Rodgers, 1996). We hypothesized that the composition of the follicular basal lamina
is altered during follicular development, particularly at the time when follicular fluid accumulates to
form an antrum, and during follicular atresia. Immunolocalization studies have demonstrated the
presence of collagen IV (Bagavandoss et al., 1983; Kaneko et al., 1984; Palotie et al., 1984), laminin
(Wordinger et al., 1983; Bagavandoss et al., 1983; Palotie et al., 1984; Leu et al., 1986; Christiane et al.,
1988; Yoshinaga-Hirabayashi et al., 1990; Leardkamolkarn and Abrahamson, 1992; Fröjdman et al.,
1995), and fibronectin (Bagavandoss et al., 1983; Yoshimura et al., 1991; Figueiredo et al., 1995) in the
follicular basal laminae of antral follicles. However, none of these studies has differentiated between
the different isoforms of any of these components, except for one study that compared the
localisation of al versus fll—y1laminin in the fetal mouse ovary (Fröjdman et al., 1995). Other studies
using western and northern blotting identified the expression of a few of the subtypes of collagen
and laminin (Zhao and Luck, 1995; Iivanainen et al., 1995) but did not specifically localize these
components to the follicular basal lamina; this is important as there are other basal laminae in
follicles, such as those associated with blood vessels.

In recent studies of the bovine follicle (Fig. 1), we found that laminin al chain was present in the
follicular basal lamina at all stages of follicular development, while laminin a2 chain was present
only in atretic antral follicles and a few healthy antral follicles and absent from primordial and
growing preantral follicles (van Wezel et al., 1998). The laminin 132chain was present in the follicular
basal lamina of follicles of all stages, but the laminin 131chain was detected only in the basal lamina
of large preantral follicles. Staining for laminin a1, (32or yl chains appeared to increase in intensity
from the preantral to healthy antral stages, and the basal lamina of atretic antral follicles appeared
thicker but stained less intensely than that of healthy antral follicles. The basal laminae of the thecal
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Follicular basal lamina
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Fig. 1. The laminin chains identified in the follicular basal lamina of bovine follicles (summarized from van
Wezel et al., 1998). Follicles from left to right represent primordial, preantral, healthy antral and atretic antral
follicles.

vasculature stained positively for laminin 61 and 62 chains, whereas the laminin yl chain localized
more generally throughout the theca in areas that do not have a recognized conventional basal
lamina. The follicular basal lamina of almost all primordial and preantral follicles was postive for all
of the type IV collagen chains al—a6. However, only a proportion of antral follicles had a basal
lamina immunopositive for the type IV collagen chains a3, a4 or a5. In addition to staining the
follicular basal lamina, al a2 was also present in the theca and not associated with a structural basal
lamina (Rodgers et al., 1998).

Examination of the bovine follicular basal lamina by electron microscope has shown that it is a
single layer closely associated with the granulosal cells in primordial follicles (van Wezel and
Rodgers, 1996). The follicular basal lamina of a number of larger follicles is composed of many layers
of basal lamina material forming a branching network (Rodgers et al., 1995). This finding is
consistent with the notion that the basal lamina is shed and replaced by a newly synthesized basal
lamina closer to the granulosal cells as the follicle grows. These observations and that of different
laminin and collagen type IV isoforms at different stages of follicular development (see above) allow
us to suggest that the follicular basal lamina is continually remodelled during follicular
development. On the basis of the knowledge of other basal laminae we suggest that these changes in
the follicular basal lamina are related key changes during follicular development. These changes
could include the formation of follicular fluid or the migration, proliferation or differentiation of the
granulosal cells.

We have also found that larger antral follicles either have a single layer of basal lamina, like that
of primordial follicles, or have multilayers that form a branching network. The latter have vesicles
attached to the basal lamina material not immediately adjacent to the cell surface (Rodgers et al.,
1995). Vesicles have been observed rarely in other basal laminae but have been observed in the camel
kidney (Safer and Katchburian, 1991). The significance of these vesicles, or of the two phenotypes of
follicular basal lamina, is not clear yet.

The cellular origin of the follicular basal lamina is a contentious issue (see van Wezel and
Rodgers, 1996). Concerning the laminin component of the follicular basal lamina, the yl chain but
not 61 chain was expressed by granulosal cells as detected by northern blot analysis, and this is
consistent with the present study localizing the yl but not 61 laminin chain to the follicular basal
lamina of antral follicles. Furthermore, a previous immunoelectron study in the rat ovary
(Leardkamolkarn and Abrahamson, 1992) localized laminin to Call-Exner bodies, which are similar
in ultrastructure to basal lamina and have been observed within the membrana granulosa of follicles
in vivo (cow: van Wezel et al., 1999a; rabbit: Gosden et al., 1988). Laminin was also localized
intracellularly in both granulosal and thecal cells, but this latter observation may represent
degradation rather than synthesis. We have also shown that granulosal cells cultured under
anchorage-independent conditions produce a basal lamina, collagen type IV (Rodgers et al., 1995)
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and fibronectin (Rodgers et al., 1996). All of these studies suggest that the granulosal cells are capable
of secreting many of the components of a basal lamina. The contribution of the theca in larger
follicles, or indeed the stroma surrounding preantral follicles, to the production of the follicular
basal lamina is not known. In other systems, it is predominantly epithelial rather than stromal cells
that synthesize basal lamina components, although in some tissues both cell types make a
contribution (Timpl and Dziadek, 1986). The thecal compartment of antral follicles has been shown
by northern blot analyses to express laminin 01 and yl chains (Zhao and Luck, 1995). Our recent
observations showing laminin (31in the thecal vasculature and undetectable in the follicular basal
lamina of antral follicles (van Wezel et al., 1998) indicate that the thecal expression of 01 is not
necessarily a contribution to the follicular basal lamina. Similarly, laminin y1 was found widely
distributed in the theca and, although it is present in the follicular basal lamina, expression in the
theca cannot be considered as proof that the theca contributes laminin yl to the follicular basal
lamina. However, it remains possible that in vivo, the follicular basal lamina requires a contribution
from both the granulosal cells and the stromal or thecal cells.

'Thecal Matrix'

Immunostaining for laminin ylchain or EHS (a101y1) laminin has been observed in bovine follicles
throughout the theca interna (van Wezel et al., 1998). This staining was extracellular and in areas
where there are no conventional basal laminae, such as those of blood vessels. We have also
observed this pattern of staining using antibodies to some types of collagen IV (Rodgers et al., 1998).
In other species (rat: Bagavandoss et al., 1983; Leardkamolkarn and Abrahamson, 1992; mouse:
Fröjdman et al., 1995) and in the interstitial tissue of developing gonads (Frojdman et al., 1989,
1992a,b, 1993, 1995; Smith and MacKay, 1991), similar immunostaining patterns have been obtained
using antibodies to EHS laminin. At the level of the electron microscope, fragments of basal lamina-
like, electron-dense material have been observed in the theca interna in sheep (O'Shea et al., 1978),
rats (Leardkamolkarn and Abrahamson, 1992) and cows (see Fig. 1 in Rodgers et al., 1986). It is likely,
though not proven, that collagen IV and some of the laminin chains are present in these fragments of
basal lamina-like material in the theca. The origins and functions of this 'thecal matrix' are not
known. It is possible that they are involved in the vascularization and the formation and expansion
of the theca that occurs during follicular development.

Follicular Epithelium

The membrana granulosa is multilayered, and there is a persistent coordinated interaction between
the granulosal cells and the oocyte and theca (Buccione et al., 1990). The fate of the granulosal cells is
either redifferentiation at the time of ovulation to form a mesenchymal cell type, the luteal cells, or
death of the granulosal cells and destruction of the membrana granulosa in follicular atresia. Before
luteinization, the granulosal cells are regarded as an epithelial or epithelioid cell type (see Hirshfield,
1991).

Quite a lot is known about other epithelia, such as the epidermis of skin and the luminal
epithelium of the gut. Both of these epithelia lie on a basal lamina and are highly structured.
Subpopulations of cells are located in specific regions of the epithelia. There is a population of stem
cells and, at a distance from these, a population of well differentiated cells (Stenn, 1983). In the gut
crypt, there is also a separate population of more rapidly dividing cells between the stem cells and
differentiated cells (Potten and Loeffler, 1990). The membrana granulosa of ovarian follicles also lies
on a basal lamina (van Wezel et al., 1998) and there is some indication that granulosal cells in
different regions of the membrana granulosa have different shapes (Marion et al., 1968) and
biochemical properties (Amsterdam et al., 1975; Bortolussi et al., 1977; Zoller and Weisz, 1978, 1979;
Dunaif et al., 1982; Zlotkin et al., 1986; Tabarowski and Szoltys, 1987; Salustri et al., 1992).

In contrast to the other epithelial cell types, very little has been discovered about the membrana
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Fig. 2. The structure of the membrana granulosa observed in bovine small
(< 5 mm) and large (> 5 mm) antral follicles. Some smaller follicles have a zone of
columnar cells adjacent to the follicular basal lamina, a zone of rounded cells
closer to the antrum, and a zone of flattened granulosal cells immediately

adjacent to the antrum; other cells have roimded basal cells. Larger follicles have

rounded basal granulosal cells.

granulosa as an epithelium. Its overall structure has not been reported, particularly as a function of

follicular development, nor has the location of the dividing cells and the location of differentiated

cells, if there are any. The membrana granulosa is also more complex than other epithelia for a

number of reasons. First, it expands from a single to a multi-layered epithelium as the follicle grows.

In the transition from pre- to post-antral follicles, the amount of fluid traversing the epithelium

changes considerably. The epithelium expands laterally with time as the follicle grows. Total

destruction of the epithelium occurs as the follicle becomes atretic, and death of the granulosal cells

is one of the first indicators of follicular atresia. Thus, not only is the follicular epithelium poorly

understood, it is considerably complex. Recently, we have undertaken to study the cellular biology

of the membrana granulosa.

Changes occur in the membrana granulosa and its environment during follicular growth. These

changes include the formation of an antrum, a net increase in the surface area of the follicle (19

doublings to form an 18 mm bovine follicle, calculated from van Wezel and Rodgers, 1996), and a net

increase in the number of granulosal cells (estimated at 21 doublings, if 40 x 10' granulosal cells were

present as reported by McNatty et al., 1984 —see van Wezel and Rodgers, 1996). The net increase in

the number of cells is related to the extent of cell division and loss of cells via apoptosis or terminal

differentiation (van Wezel et al., 1999b). The net increases in both cell numbers and surface area have

important ramifications for the number of layers of cells in the membrana granulosa. For example, if

the cell numbers double 21 times and the surface area doubles 19 times (see van Wezel and Rodgers,

1996), it is predicted that cell layers in the membrana granulosa would increase from one layer, as in

primordial follicles, to four [(21-19)2] layers. In a recent study, we found considerable variation in the

numbers of layers per follicle (van Wezel et al., 1999c), and this is consistent with a reported variation

in the number of granulosal cells obtained from follicles of the same size (McNatty et al., 1979). On

the basis of these observations and the variation in basal cell shapes (columnar or rounded) in the

smaller follicles 5 mm) (see below), we suggest that the rate of granulosal cell proliferation and

maturation is not tightly or coordinately regulated with the timing or rate of antrum formation or to

follicular expansion. Thus, follicle size is not necessarily a good indication of follicle maturation.

We have found three structurally distinct zones in the membrana granulosa of many small

bovine antral follicles: a zone of columnar cells adjacent to the follicular basal lamina, a zone of

rounded cells closer to the antrum, and a zone of flattened granulosal cells immediately adjacent to

the antrum (Fig 2). The presence of columnar and rounded cells has been described in a range of

species, while the layer of flattened cells closest to the antrum was mentioned in the literature thirty

years ago (Marion et al., 1968) but has been ignored in more recent literature. In a recent study (van

Wezel et al., 1999c), we have demonstrated that the structure of the membrana granulosa varies
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between follicles: distinct layers of columnar, rounded and flattened cells were only found in small
follicles 5 mm; ovulation is from follicles 10 mm; Staigmiller and England, 1982), and larger
follicles contained predominantly rounded cells throughout the membrana granulosa (Fig. 2). It is
therefore possible that there is a developmental progression from colurrmar to rounded cells in the
basal zone of the follicle as the antral follicle enlarges.

The issue of whether cells in different regions of the membrana granulosa (basal to antral) are at
different stages of differentiation is complex. Cells tend to differentiate in GO and by far the greatest
proportion of non-dividing cells was found in the most basal and most antral layers of bovine antral
follicles (see below). Therefore, it would appear that cells replicate in the middle zones of the
membrana granulosa in antral follicles and then migrate in either of two opposite directions:
towards the antrum or towards the basal lamina. As they migrate and spend longer in GO, it is
probable that their phenotype and hence pattern of gene expression change. The nature of the
differentiation has still to be addressed. Certainly many authors recognize expression of cytochrome
P450 aromatase and oestradiol production as markers of differentiation, but there may be other
specialized functions that granulosal cells undertake, particularly at the time of antrum formation.

It has been suggested that cells in the basal zone are more differentiated than are the antrally
situated cells of the membrana granulosa (see Amsterdam, 1987). These suggestions arose from
numerous studies localizing LH receptors (Amsterdam and Rotmensch, 1975, Bortolussi et al., 1977),
steroidogenic enzymes (Zoller and Weisz, 1978; 1979; Zlotkin et al., 1986; Tabarowski and Szoltys,
1987), or housekeeping enzymes (Zoller and Weisz, 1979; Zoller and Enelow, 1983) in the follicle of a
number of species. The amounts of these enzymes and receptors were apparently higher (usually
about double) in the basal zone than in the antral regions of the membrana granulosa. Unfortunately
many of these studies did not measure the receptors/enzymes on a per cell basis, but rather the level of
staining per unit area of the membrana granulosa. In bovine antral follicles we have observed that
columnar basal cells were more compact than the rounded cells found in the middle or antral zones.
This difference in the level of 'cellularity' between basal and antral zones has not previously been
considered, and it may be a cause of the apparent reduced staining for receptors or enzymes of the
antral zone observed in many studies. We therefore consider that a reanalysis of this area is warranted.

Clearly the issues of differentiation of cells in the membrana granulosa are complex and still
unresolved. However, we propose that the membrana granulosa is more similar to other epithelia
than previously recognized. The shape of the granulosal cells in different zones is comparable to skin
epidermis, where cells in the 'basal layer' are columnar, cells in the 'spinous layer' (in the suprabasal
position) are rounded, and the cells that are furthest from the epithelial basal lamina in the
'granular', 'transitional', and 'horny' layers are increasingly flattened (Stenn, 1983). Furthermore, we
propose that there is a spatial progression in the membrana granulosa from stem cells (see below)
near the basal lamina to terminally differentiated cells near the antrum which are more flattened and
slough from the membrana granulosa into the lumen (van Wezel et al., 1999b). This is also similar to
skin, where the stem cells are located in the basal layer and the terminally differentiated
keratinocytes are furthest from the basal lamina and are desquamated. However, whereas cell
proliferation in the epidermis is limited to cells in the basal layer (Stem, 1983), cell division in the
membrana granulosa is more common in the middle regions (see below). This could be similar to the
luminal epithelium of gut, in which the stem cells and the rapidly dividing cells are spatially distinct
(Potten and Loeffler, 1990). One important difference between the membrana granulosa and the skin
epidermis is that the membrana granulosa expands laterally as the follicular antrum grows. Thus in
addition to cellular movement in basal—antral directions, movement in a sideways direction could
also occur. The degree of this will depend upon the rate of cellular replication versus the rate of
follicular antrum expansion.

Granulosal Stem Cells

In some tissues, cell division is carried out exclusively by stem cells. True or even committed stem

cells are totipotent or pluripotent, and they can divide in vivo without contact inhibition or in vitro
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without the need for anchorage. We have argued that granulosal cells divide in vivo without contact
inhibition, at least during the preantral stages when the cells are in very close physical contact with
each other. In a recent study of antral follicles, most of the dividing cells were found in the middle
layers of the membrana granulosa (van Wezel et al., 1999c). Thus, in vivo, granulosal cells can divide
and are not inhibited from doing so by contact with adjacent cells. In vitro we have demonstrated
that a proportion of granulosal cells can divide in soft agar or methycellulose solution, neither of
which provide anchorage (Lavranos and Rodgers, 1994; Lavranos et al., 1994, 1996; Rodgers et al.,
1995). On the basis of these observations, we have postulated that there is a population of granulosal
stem cells (Lavranos and Rodgers, 1994; Lavranos et al., 1994, 1996; Rodgers et al., 1995).

It is not known where the granulosal stem cells reside in the membrana granulosa. Cell division
is not always carried out by stem cells alone. In the luminal epithelium of the gut crypt, a population
of cells that are spatially distinct from the stem cell subpopulation has been described; these are
more differentiated and more rapidly dividing. In a recent study of the membrana granulosa of
bovine antral follicles, most of the mitotic figures were observed in the middle regions, although
such figures were present throughout the membrana granulosa and theoretically any of these could
be the stem cell subpopulation (van Wezel et al., 1999c). However, on the basis of our observation
that 19% of colonies grown from bovine granulosal cells under anchorage-independent conditions
produced a basal lamina like material (Rodgers et al., 1996), we suggest that in vivo at least some
granulosal cells with properties of stem cells are located close to the follicular basal lamina.

Conclusion

Most studies on 'folliculogenesis' have focused on the hormones and growth factors involved.
However, in many other organ systems, structural studies similar to our recent investigations of the
membrana granulosa were undertaken decades ago. We have also discussed the follicular basal
lamina and thecal matrix. Clearly there are many important and informative studies to be done in
both of these areas, and of course there are many other areas of discovery within the follicle. We have
also highlighted areas where we consider the literature to be too superficial in its assumptions on
how follicles function. In conclusion, the study of the cellular biology of the ovarian follicle is not as
advanced as that of many other organs but promises to hold many exciting discoveries.

The authors would like to acknowledge the support of the National Health and Medical Research Council of
Australia, Flinders University and Flinders Medical Research Foundation.
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