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Extracellular matrix is a very diverse range of molecules that evolved with multicellular organ-
isms and then expanded by gene duplication during the evolution of vertebrates (Huxley-Jones
et al. 2007). Matrix molecules can be grouped according to which tissue compartment they
are located in. The first compartment is that of epithelia, which in the ovary includes surface
epithelium and the membrana granulosa, and endothelia as well as some specialized cells such
as adipocytes or neurons. Cells in these compartments are surrounded by basal lamina either
individually or as groups of cells, providing unique compartments within which these cells reside.
In epithelia and endothelia, basal laminas initiate cell polarity, they can control cell proliferation
and differentiation and act as barriers to the migration of cells and the passage of molecules across
them. They are composed of a lattice-type network of collagen type IV intertwined with a network
of laminin, stabilised by the binding of entactin/nidogen-1 or —2 (Schymeinsky et al. 2002) to the
collagen and laminin. The cells outside these basal laminas are broadly classified as stromal.
They contain amongst other cell types fibroblasts and the structural collagens which maintain
the integrity of tissues compartments. The non-epithelial or stromal compartments of the ovary
include the tunica albuginea, cortical stroma and the specialised theca externa and interna.

Extracellular matrix molecules have many different functions and during evolution matrix also
acquired motifs to bind growth factors or their binding proteins. This enabled growth factors to
act locally and not as hormones which are broadly dispersed throughout the body upon secre-
tion. We have studied the changing nature of matrix within different compartments of the ovary
in several species including bovine, mouse, and human. Here we consider different types of
matrix in the bovine ovary and their bearing upon fertility.

Stromal matrix in the ovary

Whilst the theca interna has been well studied the theca externa, tunica albuginea and cortical
stroma have received less attention. This is unfortunate as these compartments are altered in
human ovaries in the polycystic ovary syndrome (PCOS) which affects up to 5-7% of women in
western societies. Women with PCOS often have an increased risk of infertility due to chronic
anovulation caused by hyperandrogemia (Balen et al. 1995). Up to 20% of women have phe-
notypically polycystic ovaries, characterized by a multitude of small antral follicles and enlarged
theca interna which contributes to the elevated levels of circulating androgens in PCOS women.
Interestingly theca cells maintained and passaged in long-term cultures continue to have elevated
basal and cAMP-stimulated progesterone, DHEA, 17-hydroxyprogesterone, androstenedione and
testosterone production on a per cell basis (Nelson et al. 1999), due to elevated expression of
steroidogenic enzymes HSD3B and CYP17 (Nelson et al. 2001). One conclusion to draw from
these studies is that the thecal cells of PCOS ovaries are permanently altered. Another feature of
PCOS ovaries is an extremely thickened ovarian capsule or tunica albuginea, and an increased
amount of ovarian cortex (Hughesdon 1982). It has been observed that the amount of tunica was
increased by 50 per cent in cross sectional area and contained more collagen, while the cortical
stromal thickness was increased by one third, and the subcortical stroma, whether deep cortical
or medullary, by five fold (Hughesdon 1982). Animal models, including ruminants also exhibit
some ovarian features of PCOS (Padmanabhan et al. 2006).

It has not been shown if changes to the tunica or or cortical stroma and their collagen con-
tent in either women or animal models of PCOS affect their fertility per se, but it is of at least
of academic interest to understand their origins and functions. In other normal and fibrotic tis-
sues, Transforming Growth Factor B (TGFp) stimulates fibroblast function and production and
deposition of collagen. During fibrosis of many organs TGFp activity is also enhanced (Bottinger
2007; Kisseleva & Brenner 2007). TGFfs are part of a superfamily that include activins, bone
morphogenic proteins (BMPs), anti-mullerian hormone (AMH or MIS), and growth/differentiation
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factors (GDF). Members of all of these are expressed in ovaries (Knight & Glister 2006). GDF9
and BMP15 are expressed by oocytes and AMH and activins are expressed by granulosa cells.
Studies on expression TGF(1, 2 and 3 vary somewhat across species. The specialized stromal
theca layers of follicles express or contain TGFB1 (human and sheep), 2 (human, cow and sheep)
or 3 (cow) (Chegini & Flanders 1992; Nilsson et al. 2003; Juengel et al. 2004). The epithelial
granulosa cells at different stages of development as well as stroma can express different TGF
molecules.

Fibrillins are extracellular matrix glycoproteins. Fibrillins form connective tissue microfibrils
associated with elastin fibres or extracellular microfilaments (Ramirez & Pereira 1999; Kielty et
al. 2002). Studies of fibrillin 1 and 2 show that they have a second role, namely they interact
with some of the latent TGFR binding proteins (LTBP) (discussed below). The fibrillins and LT-
BPs can therefore limit local bioavailability and action of TGF in a tissue. Direct evidence of
this relationship between fibrillins and TGFBs is seen in Marfan’s Syndrome and other related
syndromes which can be caused by mutations either in fibrillin 1 or in the TGFp type 2 receptor.
Fibrillin 3 is expressed in brain and was only discovered in 2001 and hence much of its activity
or roles can only be inferred from our knowledge of fibrillins 1 and 2.

There are four LTBPs. LTBP 1, 3 and 4 can form covalent disulfide complexes with some of
the propeptide TGFRs during processing within cells and these are secreted as large latent TGFR
complexes (Fig. 1). LTBP 2 does not form such complexes. LTBP 1 and 3 can bind any of the
TGFR 1, 2 or 3 propeptides. LTBP 4 can bind only TGFR1 and then less efficiently than LTBP 1
and 3. Secreted LTBPs with or without associated propeptide TGFRs can associate extracellularly
with fibrillins at the N terminals. LTBP 2 can dissociate LTBP 1 from fibrillin 1 (Hirani et al. 2007)
and so can additionally be involved in the regulation of the TGFR bioactivity.
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Fig. 1. Interactions between proTGFp, LTBP and fibrillin (FBN) family members. Lines

connect molecules known to interact, and a dashed line indicates weaker association.
Associations with fibrillin 3 have not been investigated.

Fibrillin 1, 2 and 3 and LTBP 1 and 2 are expressed in human and bovine (Figs 2 and 3) ovaries
(Prodoehl et al. 2009a; Prodoehl et al. 2009b). However, the expression of fibrillin 3 is very low
in both normal and PCOS ovaries and in bovine ovaries. LTBP 3 is also expressed (Penttinen
et al. 2002) and LTBP 4 has not been examined. The fibillins and LTBPs in bovine ovaries are
localized to cells in theca, stroma and tunica albuginea (Prodoehl et al. 2009b). The expression
patterns appear to be unique with some overlapping co-localization of these proteins while the
staining pattern is mostly fibrillar (Figs 2 and 3) (Prodoehl et al. 2009b). The expression levels
between a number of these genes is highly correlated in ovaries (Prodoehl et al. 2009a; Pro-
doehl et al. 2009b), as has been observed in other tissues. Their roles and regulation have not
been precisely determined in ovaries but based upon studies in other tissues they are likely
to participate in tissue remodelling of stromal compartments during ovarian development and
during follicular and luteal development and regression.
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Fig. 2. Localisation of fibrillin 1T and LTBP 1 and 2 in stromal areas of the bovine ovary.
Ovarian sections stained with haematoxylin and eosin (A, B) showing surface epithelium (1),
the outer (2) and inner (3) regions of the tunica albuginea and the cortical stroma (4). Note
the variations in the cellular density and arrangements within the ovary. Fibrillin 1 is most
concentrated in the tunica albuginea and less concentrated throughout the cortical stroma
(C, green). LTBP2 is present in the tunica albuginea (D and E, red) where it co-localises
with fibrillin 1 (C and D are the same section). LTBP 1 is present in the cortical stroma (E,
green) and surrounding preantal follicles (F, green; laminin 111 staining in red localizes
the follicular basal lamina and sub-endothelial basal laminas). Nuclei are counterstained
with DAPI (C, D, blue). Scale bars equal 50 um (A), 100 um (B), 20 um (C, D, F) and 30
pm (E). Parts of this Figure were reprinted with permission from (Prodoehl et al. 2009b).
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Fig. 3. Localisation of fibrillin T and LTBP 1 and 2 in bovine antral follicles. Fibrillin 1 is
present in theca interna (A, green). LTBP2 is present in the theca externa (A and C, red).
LTBP 1 (B and C, green) present in basal regions of the theca interna and in adjoining theca
externa. B, red is CYP17 in theca interna. Nuclei are counterstained with DAPI (blue).
Scale bars equal 30 ym (A) and 20 ym (B, C). This Figure was reprinted with permission
from (Prodoehl et al. 2009b).

Basal laminas and oocyte quality

Generally basal laminas constitute a single layer of lamina densa aligned to the cell surface.
However, a number of physiological and pathological conditions lead to different morpho-
logical appearances of basal laminas. In patients suffering from diabetes mellitus additional
layers of basal lamina are present in kidney, microvasculature, neuronal tissues and the retina
(Abrahamson 1986). These expanded multi-layered basal laminas may contribute to the sec-
ondary pathology of these organs. In patients with pili annulati, multi layers of basal lamina
have been observed in the abnormal hair shafts (Giehl et al. 2004). In tadpoles undergoing
metamorphosis into frogs, folding of the small intestinal basal lamina has been observed (Mu-
rata et al. 1994). These changes in morphology of basal laminas presumably reflect or cause
changes in basal lamina function.

The follicular basal lamina underlies the membrana granulosa at all stages of development
from primordial (van Wezel & Rodgers 1996; Irving-Rodgers et al. 2009b), preantral (Irving-
Rodgers & Rodgers 2000b; Irving-Rodgers et al. 2009b) and antral follicles (Irving-Rodgers &
Rodgers 2006) until ovulation when the basal lamina is degraded (Irving-Rodgers et al. 2006a).
The follicular basal lamina changes in composition during follicular development in bovine
(Rodgers et al. 2003) and mouse (Irving-Rodgers et al. 2010). Extracellular matrix and specifi-
cally the follicular basal lamina can influence granulosa cell proliferation and differentiation
(Amsterdam et al. 1989; Richardson et al. 1992; Irving-Rodgers & Rodgers 2006). Addition-
ally, in healthy but not in atretic follicles (Irving-Rodgers et al. 2002) the follicular basal lamina
excludes capillaries, blood cells and nerve processes from the membrana granulosa.

Different ultrastructural phenotypes of follicular basal lamina have also been observed in
follicles in both cattle (Irving-Rodgers & Rodgers 2000a; Irving-Rodgers et al. 2002) and hu-
mans (Irving-Rodgers et al. 2009b). At all follicular stages many follicles have a conventional
follicular basal lamina of a single layer which is aligned to the basal surface of the adjacent
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granulosa cells. At the preantral stage these conventional basal laminas become substantially
thicker or even partially laminated in both human and bovine (Irving-Rodgers & Rodgers 2000a;
Irving-Rodgers et al. 2009b). On atresia the basal lamina is not completely degraded even
if macrophages, endothelial cells, and fibroblasts breach the follicular basal lamina as they
migrate from the thecal layer into the degrading membrana granulosa. However, on atresia as
cells of the membrana granulosa die and the follicle shrinks the follicular basal lamina becomes
concertinaed in appearance (McArthur et al. 2000; Irving-Rodgers et al. 2002).

In addition to changes in the follicular basal lamina during growth and atresia, substantial
differences in the ultrastructure of follicular basal laminas have also been observed in follicles
of similar developmental stages in both bovine (Irving-Rodgers & Rodgers 2000b) and human
(Irving-Rodgers et al. 2009b) ovaries. This phenotype occurs in approximately 50% of bovine
preantral and antral follicles up to 4 mm diameter (Irving-Rodgers & Rodgers 2000a). The fol-
licular basal lamina of these follicles has additional layers and are referred to as ‘loopy’ because
they have the appearance of having additional ‘loops’ of basal lamina when observed in cross
section by electron microscopy. Unlike in diabetic patients where the pathological changes
in basal laminas occur in many organs of the body, these different follicular basal lamina phe-
notypes exist only in a proportion of ovarian follicles. In diabetics the follicular basal lamina
abnormalities are proposed to be due to advanced glycation end-products (Gardiner et al. 2003;
Goldin et al. 2006) or to the action of reactive oxygen species (Meyer zum Gottesberge & Felix
2005), which are likely to affect all organs in the body. If such mechanisms were the cause of
the ‘loopy’ follicular basal laminas then this must be a localised insult, as only a proportion of
follicles have a ‘loopy’ basal lamina.

We have speculated that follicles with a ‘loopy’ basal lamina have a slowly expanding an-
trum, and thus produce excess basal lamina that is subsequently shed (Rodgers et al. 2001).
This implies that when comparing two follicles of the same size the one with the a ‘loopy’ basal
lamina has been growing for longer (Rodgers et al. 2001). We subsequently hypothesised that
these follicles would contain oocytes of poorer quality, and examined the ability of such oocytes
to undergo in vitro maturation, fertilization and development to blastocyst (Irving-Rodgers et
al. 2009b). Bovine oocytes from follicles (less than 5 mm diameter) with an aligned basal
lamina had nearly twice the capacity to develop to blastocyst with a 65% success rate com-
pared to those from a follicle with a ‘loopy’ basal lamina. How and why such follicles exist
is still unknown. It could be that their oocytes are defective in stimulating follicle growth and
thus producing the ‘loopy’ follicular basal lamina. Irrespective of their cause, avoiding these
follicles in assisted reproductive technologies should improve success rates.

In these studies we also examined the oocyte quality of atretic follicles. Most of the atretic
follicles had a ‘loopy’ basal lamina which we considered was due to the collapse of the fol-
licle during atresia and therefore was not analogous to the ‘loopy’ basal laminas of healthy
follicles. The small atretic antral follicles had oocytes with a greater developmental capacity
than healthy follicles of an equivalent size as has been observed by others previously (Blondin
& Sirard 1995; Nicholas et al. 2005; Feng et al. 2007). Atresia of antral follicles is character-
ized by death of granulosa cells and it is not until a very advanced stage that the culumus cells
(Yang & Rajamahendran 2000) or oocytes (Rajakoski 1960) die, during which time the oocyte
could presumably mature, giving them greater capacity to successfully undergo maturation in
vitro. Furthermore it has been hypothesised that in cattle atresia mimics preovulatory matura-
tion (Sirard et al. 1999). Attempts to utilise this knowledge of the association between atresia
and oocyte quality by induction of apoptosis in cumulus cells did not significantly enhance
maturation of oocytes (Rubio Pomar et al. 2004).
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To investigate these hypotheses further we examined bovine follicles of equal size before
deviation and measured expression of a number of genes as well as the steroid hormone
concentrations in follicular fluids (Matti et al. 2010). We then sorted the follicles within each
animal into two groups for each of three parameters hypothesised to be important in follicular
dominance — follicular fluid oestradiol, and TGFR1 (TGFB1) and CYPT11AT expression. One
group consisted of follicles with the highest oestradiol concentration or the highest CYPT171A1
expression, which are up regulated during growth, or the lowest TGFB1, which is conversely
down regulated, and for each parameter the group was compared with a group formed from the
remaining follicles. For example, considering the oestradiol groups, for the 14 animals the high
group had 14 follicles by taking the follicle with the highest oestradiol level from each animal,
and the other group was composed of all the other follicles (n = 21). Similarly for the CYPTTAT
and TGFB1 comparisons. Before emergence of a dominant follicle, sorting follicles either on
TGFB1 (Fig. 4) or oestradiol levels did not identify a pattern of gene regulation (Matti et al. 2010)
that would indicate that these parameters were involved in dominance. However, by sorting
follicles into two groups on the basis of the levels of CYPTTAT (Fig. 5) it was clear that one of the
follicles in the wave had significantly elevated levels of CYPT1AT1, CYP19A1, COL4AT1, LAMB2 and
HSPG2 in granulosa cells (Fig. 5) suggesting that the up-regulation of focimatrix and steroidogenic
enzymes could be involved in a follicle attaining dominance (Matti et al. 2010). Since focimatrix
expression precedes deviation and the up-regulation of CYPT1AT and CYP19AT, our current
working hypothesis is that focimatrix induces the expression of these steroidogenic enzymes.
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Fig. 4. Expression levels in granulosa cells of predeviated follicles sorted into lowest and
higher levels of TGFB1. Mean + SEM levels of all measured parameters when follicles were
sorted into groups with the lowest (n=14) and higher levels (n=21) of TFGB1. *P<0.05;
**P < 0.01 significantly different between groups. This Figure was modified and reprinted
with permission from (Matti et al. 2010).
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Fig. 5. Expression levels in granulosa cells of predeviated follicles sorted into highest and
lower levels of CYPTTAT. Mean + SEM levels of all measured parameters when the follicles
were sorted into groups with the highest (n=14) and lower levels (n=21) of CYPT1AT.
*P<0.05; **P<0.01; ***P<0.001 significantly different between groups. This Figure
was modified and reprinted with permission from (Matti et al. 2010).

Formation of follicular fluid

Formation of follicular fluid and expansion of the follicular antrum are important processes in
follicle growth, especially as only large follicles can ovulate. The follicular fluid is probably
derived from plasma flowing through thecal capillaries. Capillaries are sparse around primor-
dial follicles (van Wezel & Rodgers 1996; Herrmann & Spanel-Borowski 1998) and generally
the stroma surrounding follicles becomes vascularised when the theca and antrum begin to
develop. In species with small follicles the thecal capillaries form only a single-layered net-
work, but in species with larger antra the network is multilayered, especially as the follicle
increases in size (Yamada et al. 1995; Jiang et al. 2003). Thus the degree of vascularization of
follicles is related to the amount of fluid formed but it is unlikely that vascularisation of theca
is a rate limiting step for the formation of follicular fluid since the volume of blood flowing
into the thecal capillaries would be considerably greater than the volume needed to fill the
antrum. However, there are differences in blood flow or vascularization between dominant
and subordinate follicles (Berisha & Schams 2005; Acosta 2007), between follicles with dif-
ferent quality oocytes (Huey et al. 1999) and between healthy and atretic follicles (Jiang et al.
2003; Clark et al. 2004).

Increases in permeability of the thecal capillaries leads to oedema of the thecal tissue, as
observed following the LH surge (Espey 1980; Cavender & Murdoch 1988); but transport of
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fluid from the theca into the follicular antrum requires it to cross the endothelium and sub-
endothelial basal lamina before traversing the thecal interstitium, the follicular basal lamina
and the membrana granulosa (Fig. 6). In earlier literature both a sodium pump and cleavage of
glycoaminoglycans were considered as mechanisms to raise osmotic pressure in the preovula-
tory follicle and recruit fluid into the centre of the follicle [reviewed by (Gosden et al. 1988)].
However, since granulosa cells lack a network of tight junctions an osmotic gradient across the
membrana granulosa could not be established with small molecules like sodium. However,
it would be possible to establish one with large molecules as there is a nominal ‘blood follicle
barrier’ operating at sizes above 100 kDa (Shalgi et al. 1973; Andersen et al. 1976). This bar-
rier probably exists largely at the level of the follicular basal lamina.
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Fig. 6. Drawing illustrating the routes fluid can take from the thecal capillary to the follicular
fluid and the potential barriers of the endothelium, sub-endothelial basal lamina, intersti-
tium, follicular basal lamina and membrana granulosa. Routes 1 and 3 show movement
of fluid between the cells (solid arrows), and routes 2 and 4 show potential transcellular
routes (hatched arrows) which either involve aquaporins or transcytosis. Reprinted with
permission from (Rodgers & Irving-Rodgers 2010).

The central hypothesis on how fluid is recruited to the follicular antrum suggests that granulosa
cells produce osmotic molecules too large to escape the follicular antrum enabling their os-
motic potential to recruit fluid from the thecal vasculature (Fig. 6) (Clarke et al. 2006; Rodgers
& Irving-Rodgers 2010). In a previous study we found that degradation and removal of the
glycosaminoglycans, hyaluronan and chondroitin sulphate/dermatan sulphate, and DNA from
follicular fluid resulted in a reduction in osmotic pressure, suggesting that these molecules
could contribute to the osmotic potential of the follicular fluid (Clarke et al. 2006). The hy-
aluronan in bovine follicular fluid was found to be up to 2 x 10° in molecular weight (Clarke
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