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Introduction

Although many excellent reviews have summarized follicular development from the perspective of
gonadotrophin-induced follicular differentiation and steroid secretion (Richards, 1980), the
process of selection and dominance of ovulatory follicles during each ovarian cycle remains poorly
understood. The present review will focus primarily on the role of intragonadal substances in the
regulation of follicular maturation. Since previous summaries have considered follicular matu-
ration with respect to prostaglandins (Aksel er af., 1977), insulin, somatomedins (Adashi e al.,
1985), relaxin (Bagnell er af., 1987), lipoproteins (Gwynne & Strauss, 1982) and gonadotrophin-
releasing hormone (GnRH) (Knecht er al., 1983), details of these topics will not be repeated here.
Rather, we will review the growing body of data from experiments using predominantly follicular
tissue and cells from the sow which address the intracvarian regulation of folliculogenesis.

Gonadotrophins play a role in initiation and maintenance of follicular growth, selection of
dominanl follicles and their maturation to preovulatory status. Evidence for this is derived from
changes in blood concentrations of follicle-stimulating hormene (FSH) and luteinizing hormone
(LH), concomitant alterations in the number and type of gonadotrophin receptors in granulosa
and theca cells, and from the secretion of steroidal and non-steroidal products by these cells in
response to gonadotrophin stimulation. However, follicular growth cannot be accounted for
entirely by the changing concentrations ol gonadotrophins. Rather, the developing responsiveness
of follicles to stimulation by FSH and LH resuits from changes in the production of and alterations
in follicular sensitivity to intraovarian paracrine andfor autocrine factors (Tonetta & diZerega,
1986). In this context, gonadotrophins are necessary, but not sufficient by themselves, 1o account
for the ovarian cycle. In recent years, several intragonadal regulators have been identified and
characterized which can alter follicular maturation. In addition to the well-known paracrine factors
discussed below, additional paracrine regulators have been identified but their function is still
uncertain (see Tonetta & diZerega, 1989).

Inhibin

Ovarian follicular Auid from many species including sows contains a non-steroidal factor which can
suppress the secretion of FSH from rat pituicytes (Shander et ai., 1980). Inhibin activity was
correlated with concentrations of gonadotrophins and steroids in serum to identily potential
physiological functions. Recently, several reviews were published detailing the isolation and
characterization of inhibin (Ying, 1987, 1988).

Inhibin was identified in the follicular fluid of pigs as well as other species (Ying, 1988). Inhibin
is produced in vitro by granulosa cells from pig follicles (Anderson & DePaolo, 1981). In the sow,
levels of inhibin in serum increase during the follicular phase with the increase in inhibin continuing
for approximately 6 days (Fig. 1; Hasegawa et al., 1988). Concentrations of FSH in serum are
inversely related to inhibin values during this time. Concentrations of inhibin decrease with the
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LH surge and then show two peaks during the luteal phase, indicating that the corpora lutea, in
addition to the granulosa cells, are a source of inhibin in this species.

Inhibin has also been identified by immunohistochemistry or nuclease assays in non-gonadal
tissues (Crawford er af., 1987). Although the physiological role of extragonadal inhibin is
unknown, it may regulate local cellular activity.

Activin

Side fractions from h.p.l.c. purification of follicular fluid for inhibin produced stimulatory effects
on FSH release from pituicytes in vitro. It was discovered that this stimulatory activity was due Lo
dimers of the B-subunits of inhibin; B,f, and B,Bg (Ling er al., 1986). These compounds were
named activin and activin-A, respectively. The two activins are equipotent in their ability to
enhance secretion of FSH in a dose-dependent manner in vitro without aflfecting the secretion of
LH.

Although activin alone appears to have little effect on gonadal function, it can alter gonado-
trophin-stimulated events (Hutchinson erf al., 1987). Activin can enhance FSH-stimulated induction
of LH receptors, but has little effect on progesterone secretion in sheep granulosa cells. Receptors
for activin on granulosa cells of rats are characterized by linear Scatchard plots with the number of
receptors greatly enhanced after gonadotrophin stimulation (Sugino er af., 1988). A physiological
role for these proteins in follicular maturation remains unclear.

Follistatin

Follistatin, a single peptide chain of molecular weight 32 000-35000 distinct from inhibin and
activin, has been isolated from pig follicular fluid. However, like inhibin, follistatin can inhibit the
release of FSH, but not LH, from cultures of pituitary cells (Ueno er al., 1987; Ying et al., 1987).
Incubation of pituitary cells with both inhibin and follistatin results in an additive inhibition ol
FSH release. After exposure of pituicytes to follistatin, levels of intracellular FSH decrease, but not
10 the extent seen with inhibin. This suggests that foliistatin is involved in the suppression of release
as opposed to synthesis of FSH. Therefore, regulation of synthesis and secretion of FSH from the
pituitary is regulated by GnRH from the hypothalamus and steroidal and non-steroidal factors
from the ovary.

Follicle regulatory protein

A protein referred to as follicle regulatory protein (FRP), which inhibits aromatase activity in
granulosa cells, has been identified in follicular fluid from the sow and other species (review,
diZerega er al., 1988). FRP purified to homogeneity from pig and human follicular fluid has similar
molecular weights (15000) and isoclectric points (pH 4-5). Since FRP does not inhibit release of
FSH from rat pituicyles in vitro or in vivo (diZerega et af., 1988), it has properties distinctly different
from inhibin and follistatin.

FRP is secreted by pig granulosa cells from small and medium follicles, but not from cultured
pig theca cells (Tonetta er al., 1988b). Granulosa cells from follicles of preovulatory size show a
marked reduction in secretion of FRP, These findings suggest that, as the follicle luteinizes, changes
in secretion of FRP accompany alterations in steroidogenesis.

High levels of intrafollicular FSH reduce the action of FRP in pig granulosa cells and may allow
for increased granulosa aromatization and production of oestrogen. Schreiber & diZerega (1986)
reported that exposure of rat granulosa cells to increasing concentrations of FSH counteracted the
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Fig. 1. Mcan plasma concentrations { £ s.e.m.) of inhibin during the oestrous cycle of pigs. Day
0 = day of ovulation. (Reproduced from Hasegawa et al., 1988.)

FRP-associated inhibition of aromatase (Fig. 2). FRP can moedulate other FSH-responsive activi-
ties in pig granulosa cells (e.g. induction of LH/hCG receptors, cAMP formation and 3-HSD
activity). These data indicate that preovulatory follicles may be recruited to develop due to early
exposure to FSH, resulting in reduced sensitivity to and/or production of FRP by those follicles. In
contrast, exposure to elevated amounts of FRP results in suppressed follicular maturation.

! }} """"""" S of-} FRP 160 1
o J '__—'
S - - o(+) FRP < 120 L
= 3 2 £ -
829/ g o ¥
a |/ S fa] / .
(o) 'I-,'. % a0+ -/
j S .
— 2 S ——— e
10 20 30 40 50 & 10 20 30 40 50 0 20 30 40 50

FSH {ng/ml)
Fig. 2. Effect of follicle regulatory protein (FRP) on production of oestrogen, progesterone and

20a-dihydroprogesteronc (DHP) after stimulation with FSH. Values are mean 4 s.em.;n =3
scparate experiments. (Reproduced from Schreiber & diZerega, 1986.)

FRP inhibits secretion of progesterone as well as oestradiol by granulosa cells from SOWS
(diZerega et al., 1988). When FRP is added to pig granulosa cells, thete is a dose-dependent
decrease in secretion of progesterone and microsomal 3B-HSD activity (diZerega er af., 1988).
Although FRP has little effect on aromatase or 3-HSD activities in cultured pig theca cells from
medium follicles, it can decrease the hCG-induced increase in aromatase activity (Tonetta et al.,
1988a). In contrast, FRP inhibits basal thecal aromatase activity and the hCG-induced increase in
3p-HSD and aromatase activities in large follicles. Therefore, the effects of FRP on thecal [unction
depend upon the stage of follicular maturation,

FRP can also alter gonadotrophin binding and adenylale cyclase activity in granulosa cells.
Specific binding of hCG to granulosa cells after administration of FSH was decreased by FRP
(diZerega er al., 1988). This reduction in hCG binding was prevented by the co-administration of
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FSH. In addition, FRP decreased adenylate cyclase activity in pig granulosa cells but this decrease
was again prevented when cells were preincubated with FSH before treatment with FRP (diZerega
et al., 1988). The effect of FRP therefore appears 1o be mediated, in part, through FSH-responsive
adenylate cyclase rather than by a generalized alteration in cytosolic events.

The effects of FRP on granulosa activities reflect an interplay between the systemic endocrine
and local paracrine systems. The ability of FRP to modulate the follicular response to FSH is
consistent with the hypothesis that paracrine effectors are principal mediators of folliculogenesis in
the presence of gonadotrophins.

Glycosaminoglycans

Although the primary glycosaminoglycans (GAGs) in follicular fiuid are chondroitin sulphate,
heparan sulphate and dermatan sulphate (review, Ax & Bellin, 1988), concentrations of these
factors differ during follicular development (Table 1). Granulosa cells from small follicles of cows
bind more heparan sulphate than do cells from large follicles (Bushmeyer er al., 1985) while concen-
trations of chondroitin sulphate decrease with increasing foilicular size in cattle and pig follicles
(Bellin & Ax, 1984). Since levels of chondroitin sulphate are higher in individual cow follicles which
are atretic by histological and steroidal criteria, chondroitin sulphate may be a biochemical marker
for atresia (Bellin & Ax, 1984).

Table 1. Concentrations (mean and s.e. for triplicate estimations) of follicular fluid GAG
from small (5 mm), medium (6—10 mmy}, and large (10-20 mm) follicles of cows (reproduced
from Ax & Bellin, 1988)

Dermatan sulphate

Heparin sulphate (mgfml)
(mg/mi)
Follticular Chondroitin

Follicle oestradiot Heparin Follicular sulphate Follicular
size (ng/mb) standard standard standard standard
Small 6-8 (atrelic) 1-44 (0-22) 0-24 (0-09) 1-18 {0-42) 1-29 (0-08)

607 (not atretic) 0-87 (0-06) 0-10(0-02) 0-47 (0-04) 0-79 (0-01)
Medivm 1:5 (atretic) 0-52 (0-02) 0-06 (0-02) 2:00 (0-64) 1-16 (0-09)

133 (not atretic}) 0-04 (0-01) 0-07 (0-02) 0-86 (0-33) 0-80 (0-06)
Large 2-3 (atretic) 0-26 {0-05) 0-08 (0-01) 0-82 (0-01) 0-89 (0-31)

295 (not atretic) 0-10 (0-05) 0-05 (0-01) 0-89 (0-13) 0-52 (0-04)

Levels of GAGs are inversely proportional to concentrations of oestradiol and progesterone in
follicular fluid (Ax & Bellin, 1988). Since concentrations of heparan and chondroitin sulphates
decrease before the time when oestradiol increases, a reduction in the concentrations of these
GAGs might be necessary for follicular growth and maturation (Ax & Bellin, 1988). The decrease
in the levels of GAGs during follicular development may be directly mediated by gonadotrophins.

The addition of GAGs to cultures of granulosa cells of rats inhibits the number of LH receptors
and the stimulation of adenylate cyclase (Ax & Bellin, 1988). These findings indicate that the effect
is a focal one, with granulosa cells secreting chondroitin and heparan sulphates which act at the
granulosa cell surface (Ax & Bellin, 1988).

Growth factors

Insulin-like growth factors (IGFs) promote both replication and differentiation of cuitured
granulosa cells (review, Hammond et af., 1983; Adashi er a/., 1985). IGFs have an effect on virtually
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every aspect of granulosa cell function including enhancement of FSH-stimulated production of
progestagen, oestrogen, cAMP and proteoglycans, as well as LH receptor induction (Hammond
et al., 1983; Adashi er af., 1985). In monolayers of pig theca cells, IGF-1 increases basal and
gonadotrophin-induced secretion of progesterone and further enhances hCG-induced synthesis of
androstenedione and testosterone (Caubo er af., 1989). However, IGF-] decreases secretion of
oestradiol in cultured pig theca. Additionally, specific receptors for IGF-1 have been demonstrated
on pig theca and granulosa cells (Caubo & Tonetta, 1989; Hylka et al., 1989). Although 1GF-1 is
involved in the differentiation of granulosa cells, the number of 1GF-I receptors on granulosa cells
remains constant throughout follicular maturation, manifesting the same affinity and capacity. The
possible involvement of ovarian 1GFs in follicular development in vivo has also been suggested by
measurements of IGF-I in follicular fluid and culture media from granulosa cells. Hsu &
Hammond (1987) reported that gonadotrophins, oestrogen, and cAMP stimulated the secretion of
immunoreactive lGF-1 by ovarian cells (Fig. 3).
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i~IGF-I {ng/1G® cells/48 h)
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Fig. 3. Effects of FSH, oestradiol, and their combination on secretion of immunoreactive IGF-1
from pig follicles. Treatment groups include control, FSH (200 ng/ml), oestradiol- 1 75 (1 pgfmi},
or FSH + oestradiol (E,). The values represent i-1GF-1 secreted between Days 5 and 7, nor-
malized by cell counts determined on Day 7 (mean + s.e.m.; n = 6). *P < 0:05, **P < 0-01
{vs control). (Reproduced from Hsu & Hammond, 1987.)

Epidermal growth factor (EGF), present in many tissues including ovarian theca (Skinner e/ al.,
1987b), can stimulate maturation of granulosa cells, but inhibits steroid production. EGF inhibits
production of oestradiol, and causes a dose-dependent inhibition of progesterone production in rat
granulosa cells (Hsueh er of., 1981). EGF has also been shown to inhibit production of both
inhibin and progesterone in bovine granulosa cells, but increases synthesis of DNA and protein
(Franchimont er al., 1986). In pig theca cells, EGF inhibits production of oestradiol but has
little effect on secretion of progesterone or androgens (Caubo et af., 1989). EGF may therefore
selectively modulate steroidogenesis in theca and granulosa cells. )

Transforming growth factor beta (TGF-f) has been identified in follicular fluid and bovine
theca cells (Skinner et al., 1987a). TGF-p increases [*H]thymidine incorporation by granulosa
cells of the rat (Dodson & Schomberg, 1987), but decreases incorporation in pig granulosa cells
{Mondschein er al., 1988). TGF-B enhances FSH-stimulated differentiation of rat granulosa cells
{Dodson & Schomberg, 1987), has a bifunctional effect on FSH-stimulated induction of LH recep-
tors in granulosa cells (Dodson & Schomberg, 1987; Knecht er «f., 1987), and augments FSH-
stimulated aromatase activity and cAMP production (Knecht ez @l., 1987). TGF-J increases basal



156 S. A, Tonertaand G. S. diZerega

and FSH-enhanced secretion of progesterone in rat granulosa cells (Dodson & Schomberg, 1987),
but inhibits EGF-stimulated production of 1GF-1 (Fig. 4) as well as basal and FSH-stimulated
production of progesterone in pig granulosa cells (Mondschein & Hammond, 1988; Mondschein
et al., 1988).
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Fig. 4. Effects of various growth factors alone and in combinations with EGF on production of
immunoreactive IGF-1 from pig follicles, C = control; a = differs from no EGF control
(P < 0-05); b = differs from EGF control (P < 0-05). {Repreduced from Mondschein &
Hammond, 1988.)

TGF-B can also modulate steroidogenesis in thecal cells (Caubo et al.,, 1989). In theca cells
from large pig follicles, high doses of TGF-B inhibited basal secretion of progesterone and andros-
tenedione, whereas lower doses prevented the hCG-induced increase in these steroids (Caubo et al.,
1989). Basal secretion of testosterone was not affected by TGF-, but stimulation of testosterone
by hCG was prevented by this growth factor. In contrast to granulosa cells, basal and hCG-induced
secretion of oestradiol from theca cells was enhanced by TGF-B (Caubo et al., 1989).

Basic fibroblast growth factor, produced by the corpus luteum and involved in mitogenic and
angiogenic activity in these cells, was identified in bovine granulosa cells (Neufeld er af., 1987).
Basic FGF from granulosa cells was bioactive, stimulating proliferation of capillary endothehal or
granulosa cells. Therefore, this factor may be involved in proliferation of granulosa cells and
vascularization of the theca during follicular development.

Growth factors produced by both the theca and granulosa appear to locally modulate
sleroidogenesis and differentiation of the follicle.

Plasminogen activator

Tissue type (t-PA) and urokinase type (u-PA) plasminogen activators are produced by [ollicular
cells (review, Abisogun er a/., 1988). Granulosa cells produce predominantly the tissue-type enzyme
while theca cells secrete primarily u-PA, the production of which is regulated by gonadotrophins.
By measuring both tissue content and secreted PA activity, Reich et ¢f. (1986) found that, although
t-PA and u-PA are both produced by follicular cells, t-PA accounted for ~80% (basal) and =>90%
{(LH/FSH-treated) of the activity in the follicle (Fig. 5). FSH-stimulated t-PA production from
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granulosa cells is retained in the extracellular matrix surrounding the cell (Knecht, 1988). There-
fore, this PA may function as an autocrine regulator of granulosa cell differentiation, including
alterations in the structural changes which occur in the follicle during maturation.
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Fig. 5. Zymographic analysis of plasminogen activator produced by pig granulosa and theca
cells in culture. Granulosa cells and theca were cultured in the presence of the gonadotrophins
indicated. Extracts and culture media were subjected to zymographlc analysis. C = controls.
(Reproduced from Reich er al., 1986.) ’

-

Owulation appears to require both types of plasminogen activators for rupture of the flollicle
and unimpeded passage of the ovum out of the ovary (Abisogun er af., 1988). There is considerable
evidence linking granulosal production of plasminogen activator to ovulation, including: (1)
increases in production, reaching a maximum around the time of follicle rupture; (2) induction of
the enzyme in preovulatory follicles; and (3) induction in vitre by FSH and LH.

Plasminogen activator activity has been demonstrated in the cumulus-oocyte complexes of
hypophysectomized, diethylstilboestrol-treated rats (Liu e af., 1986). Activity of 1-PA but not of
u-PA or PA inhibitor, was identified in the cytoplasm of denuded, primary oocytes from preantral
follicles of the rat. The t-PA and u-PA activities were identified in cumulus—oocyte complexes,
but only t-PA activity was enhanced by FSH and forskolin. Since rat cumulus cells have FSH
receptors, the increase in t-PA after administration of FSH may be involved in the disruption
of gap-junctions and therefore communication between the oocyte and cumulus cells before
ovulation.

Qocyte maturation

When oocytes are removed from their intrafollicular environment and cultured, many sponta-
neously reinitiate meiosis, suggesting the presence of an inhibitor of cocyte maturation within the
follicte (review, Eppig, 1987). One candidate for the prevention of meiosis is cAMP. Inhibition of
meiosis by pig follicular fluid in mouse and rat oocytes was dramatically synergized by the addition
of dibutyryl cAMP or by drugs enhancing production of cAMP (Eppig, 1987). In addition,
continuous exposure to cAMP prevents spontaneous oocyte maturation. Elevating or maintaining
concentrations of cCAMP in.the oocyte with membrane-permeable analogues of cAMP, with calcium
ionophores or with inhibitors of phosphodiesterase maintains meiotic arrest (Preston et al., 1987).
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Fig. 6. Time course for GVBD and cAMP values in follicles, cumulus—oocyte complexes and
oocytes during resumption of meiosis in vivo. Dalta for each experiment were pooled. Levels of
cAMP in oocytes (O), cumulus-oocyte complexes (A) and follicles (®) were determined by
RIA. Data for GVBD are expressed as % GV oocytes. The number of samples of cumulus—
oocyte complexes analysed at 0, 1-0, 1-5, 2:0, 3-0 and 4.0 h was 13, 21, 10, 27, 26 and 8 respect-

_ively. The total number of individual follicles analysed at 0, 1-0, 2-0, 3-0 and 4-0 h was 12, 15,
21, 23 and 18, respectively. (Reproduced from Schultz er al., 1981.)
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Fig. 7. The effect of hypoxanthine and adenosine on GVBD in mouse oocytes. The triangles
‘indicate cumulus cell-enclosed oocytes incubated in medium containing various concentrations
of adenosine. All groups were incubated for 3 h and then assessed for GVBD. The number of
oocytes per group ranged from 224 to 580. (Reproduced from Eppig er al., 1985.}

Moreover, a decrease inamounts of cAMP in the oocyte is coincident with a commitment to undergo
germinal vesicle breakdown (GVBD) (Schultz er af., 1983) (Fig. 6). This decrease in cAMP could
result from secretion of cAMP andfor the action of phosphodiesterase within the oocyte. It
appears, therefore, that cAMP may serve as an inhibitory signal at the level of the oocyte,
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In addition to cAMP, purines have been found to prevent the resumption of meiosis. Pig
follicular fluid contains a substance of low molecular weight that maintains meiotic arrest in mouse
oocytes and is greatly augmented by cAMP (Eppig et al., 1985). Hypoxanthine is a component
of this low molecular weight fraction of pig follicular fluid (Eppig, 1987). However, human and
bovine follicular fluids are essentially devoid of hypoxanthine, indicating that this purine does not
universally regulate oocyte maturation, but rather that regulation of purine metabolism may be
directly involved in maintenance of meiotic arrest (Eppig, 1987). Adenosine works synergistically
with hypoxanthine to maintain meiotic arrest (Eppig er af., 1983). Incubation of cumulus cell-
enclosed oocyles in hypoxanthine results in the maintenance of meiotic arrest (Fig. 7). In addition,
adenosine is a metabolic precursor of hypoxanthine. Since concentrations of these purines do not
appear to decrease immediately before hCG-induced GVBD, it is unlikely that a decrease in the
concentration of these purines in follicular fluid initiates oocyte maturation. Il hypoxanthine,
adenosine, and/or their derivatives are physiologically important for maintaining meiotic arrest,
their concentrations within the cocyte may be more important than their concentrations in the
extracellular follicular fluid. Therefore, GVBD may result from: (1) metabolic conversion of the
purines to inactive derivatives; (2) transport of hypoxanthine and/or adenosine (or their metab-
olites) out of the oocyte; andfor (3) a gonadotrophin-induced stimulus that bypasses the inhibitory
influence of these purines (Eppig, 1987).

Conclusions

Although FSH and LH play major roles in follicular maturation, their contro! of the follicular
microenvironment may be permissive. FSH and LH increase cAMP and diacylglycerel which
trigger intracellular events. In addition, locally-produced steroids modulate production of intra-
cellular proteins, cellular division, metabolism and steroidogenesis itself. Since steroids act by
increasing the production of mRNAs and subsequent protein synthesis, the secretion of these intra-
follicular substances and rate of their synthesis can be locally regulated. Therefore, these intra-
follicular compounds, along with steroids, affect iocal cellular responses and the direct ovarian
response to gonadotrophins.
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