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Growth Factor-Mediated
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I. infroduction

The local production and integrated actions of various growth factors
are required for the growth and development of all tissues. Growth factors
mediate critical cell-cell interactions that control cell proliferation and or-
gan development and the number of specific growth factors identified has
increased dramatically. Growth factors often exist in families composed
of unique gene products that have similarities in structure and function,
but often differ in the way gene expression is controlled. The existerce
of multiple members in a growth factor family allows for unique sites of
expression and more precise developmental and hormonal regulation of
growth factor production. Table 1 contains a partial list of several of the
major types of growth factors, including nomenclature and major functions
attributed to them.

Ovarian development also requires growth factor-mediated cell-cell
interactions as a general mechanism for controlling cellular proliferation.
Most of the information available on growth factors and the ovary deals
with follicular development and adult ovarian function. These are the pri-
mary stages of development discussed here. However, it is likely that
many of the same cell-cell interactions and growth factors are also impor-
tant for other stages of ovarian development (e.g., embryonic or prepuber-
tal stages). Since research has been focused primarily on identifying the
sites of production and actions of specific growth factors, this chapter em-
phasizes the growth factors potentially involved in ovarian cell-cell interac-
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TABLE 4 Properties and Nomenclature of Several Common Growth Factors

Approx.
size Examples of
Growth Factor (kDA) physiological action
Insulin-like growth factor- IGF-1 7.5 Skeletal growth
Insulin-like growth factor-II IGF-II 7.5 Fetal development
Epidermal growth factor EGF 6 Tissue growth
Transforming growth factor « TGFa 5 Tissue growth
Transforming growth factor g TGFB 25/dimer Growth inhibition/tissue
repair
Fibroblast growth factor FGF 17 Angiogenesis/tissue growth
Vascular endothelial growth factor VEGF  25-50/dimer  Angiogenesis/tissue growth
Nerve growth factor NGF 13 Neuronal development
Interleukin-1 IL-1 17 Immune response/
inflammation
Platelet-derived growth factor PDGF 30/dimer Tissue growth
Stem cell factor (c-kit ligand) SCF 30 Tissue growth/fetal
: development

tions. The specific functions of these growth factors in vivo in large part
remain to be elucidated.

ll. Growth Factors in the Ovary

Ovarian physiology requires rapid and continuous regulation of the
growth associated with folliculogenesis. Growth factor-mediated interac-
tions among theca cells, granulosa cells, and the oocyte are needed to
maintain ovarian function and oogenesis. Granulosa cells provide the cyto-
architectural support for the developing oocyte and also help to form the
follicle and antrum. Theca cells surround and form the exterior wall of the
follicle. The interactions between theca cells and granulosa cells provide an
example of a mesenchymal (stromal)—epithelial cell interaction. The effects
of this cellular interaction on oocyte development and the influence of the
endocrine system on this cellular interaction are essential to female repro-
ductive biology. The theca cells and granulosa cells of the preantral and
small antral follicles must undergo extensive proliferation and functional
differentiation prior to ovulation (Hsueh et al., 1984). In most large animals,
follicle size increases from millimeters to centimeters. The primary expan-
sion in cell number takes place in both the granulosa and theca cell popula-
tions. In addition to the cell proliferation required during follicle develop-
ment, follicles at various stages of development become atretic and cell
growth is arrested. Therefore, the regulation of cell proliferation in the
follicle requires both stimulatory and inhibitory growth factors.
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TABLE 2 Growth Factors in the Ovary

Growth Proposed site Proposed site
factor of synthesis of action Proposed functiona
IGF-1 Granulosa Granulosa +Growth/ +differentiation
Theca +Growth/ +differentiation
FGF Granulosa Granulosa +Growth
Endothelium Angiogenesis
TGFB Theca Granulosa -Growth/+differentiation
Granulosa Theca —Growth/+differentiation
TGFa Theca Granulosa +Growth/ —differentiation
Theca +growth
VEGF Granulosa Endothelium Angiogenesis/+growth
NGF Ovary Neurons Innervation
SCF Granulosa Oocyte Oocyte maturation

2A plus sign denotes an increase and a minus sign indicates a decrease.

Follicle-stimulating hormone (FSH) and estrogen have been shown to
stimulate proliferation of follicle cells in vivo (Goldenberg et al., 1972;
Louvet and Vaitukaitis, 1976; Richards, 1979). These hormones, however,
have negligible effects on cell growth in vitro. This implies that in vivo
hormone actions are most likely indirectly mediated by the local produc-
tion of growth factors. The mechanisms and specific growth factors in-
volved in the control of ovarian cell proliferation remain to be fully eluci-
dated (Carson ef al., 1989). However, several major growth factors have
been identified as being produced and/or acting in the ovary. These are
summarized in Table 2.

A. Insulin-like Growth Factor

The insulin-like growth factors (IGF) derive their name from their
structural similarity to insulin (Froesch et al., 1985). IGF-I (previously
termed somatomedin C) is considered essential for cellular replication and
is a progression factor for cell growth and DNA synthesis. Production and
secretion of IGF-I by the liver accounts for the high levels of IGF-I in serum
and interstitial fluid (Daughaday and Rotwein, 1989). IGF-II is another
member of this family and may act as a growth factor during fetal develop-
ment.

IGF-I is produced by granulosa cells under the control of growth hor-
mone (Davoren and Hsueh 1986), FSH, and estradiol (Hammond et al.,
1985; Hsu and Hammond, 1987). The gene expression of IGFE-1 has also
been localized in granulosa cells (Hernandez et al., 1989; Oliver et al., 1989)
but not theca cells. The receptors for IGF-1 have been localized to granulosa
cells (Baranao and Hammond, 1984; Davoren et al., 1986; Adashi ef al.,
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1988b) and are affected by the actions of FSH (Adashi et al., 1986, 1988c,d).
The regulation of IGF receptor gene expression has also been examined
(Hernandez et al., 1991, 1992). IGF-1 stimulates granulosa cell oxytocin
production (Schams et al., 1988), the P450 side chain cleavage enzyme
(Veldhuis et al., 1986), the aromatase gene expression (Steinkampf et al.,
1988), lipoprotein metabolism (Veldhuis et al., 1987), adenylate cyclase ac-
tivity (Adashi et al., 1986), plasminogen activator production (Tilly and
Johnson, 1990), and LH receptor induction (Adashi et al., 1985b).

In addition to affecting cellular function, IGF stimulates the prolifera-
tion of bovine (Savion et al., 1981) and porcine (Baranao and Hammond,
1984) granulosa cells, but not rat granulosa cells in vitro (Adashi et al., 1984).
Although theca cells do not appear to produce IGF-1 (Oliver et al., 1989),
IGF-II gene expression has been localized to theca cells and not granulosa
cells (Hernandez ef al., 1990a). Theca cells also contain IGF receptors and
respond to IGF through an alteration in steroidogenesis (Hernandez ef al.,
1988) and LH receptor binding (Cara ef al., 1990). Potential interactions
between granulosa cells and theca cells through the local production and
action of IGF have been suggested (Adashi ef al., 1985a; Geisthovel et al.,
1990). The localization of IGF-1 expression to granulosa and not theca cells
implies a potential IGF-1-mediated paracrine interaction between granulosa
and theca cells. IGF-1 can also play a role as an autocrine factor for granu-
losa cells. A physiological parameter to consider, however, is the high
circulatory levels of liver-derived IGF-1 (>100 ng/ml) available to both cell
types. This is an additional source of IGF-1 that needs to be considered in
understanding the importance of IGF-mediated cell-cell interactions.

IGF binding proteins (IGFBP) are produced by ovarian cell types and
are present in the follicle. These binding proteins can reduce the effective
concentration and modulate the actions of IGF. Several forms of IGFBP
have been identified and are present in the ovary. Both granulosa cells and
theca cells produce IGFBP(2) (Samares et al., 1992; Ricciarelli et al., 1991;
Nakatani et al., 1991), IGFBP(3) (Ricciarelli et al., 1992; Samares et al., 1992;
Mondschein et al., 1990), and IGFBP(4), which appears to be species-
specific for cellular localization. IGFBP(4) and IGFBP(5) appear to be ex-
pressed primarily by granulosa cells (Erickson et al., 1992a,b; Nakatani et
al., 1991). All the forms are present in follicular fluid at various stages of
development. Although the specific function(s) of these IGFBPs remains to
be elucidated, it has been postulated that they may inhibit or-control the
actions of IGF (Ui et al., 1989). v

B. Transforming Growth Factor-a/Epidermal Growth Factor

Transforming growth factor-o. (TGFa) is one of the structurally related
peptides belonging to the epidermal growth factor (EGF) family (Derynck,
1988; Carpenter and Cohen, 1990). Because they have a similar protein
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structure, these factors act at the same receptor to stimulate cell growth
(Carpenter, 1987). TGFa is synthesized as a transmembrane precursor,
which may activate EGF receptors on neighboring cells or be proteolytically
cleaved to release mature peptide. TGFa appears to be produced by non-
transformed cells, and may play an important role as a growth regulator in
normal tissues.

Although EGF was not found to be produced in the ovary, an EGF-like
substance was found in theca cells (Skinner et al., 1987b) and was identified
as TGFa (Skinner and Coffey, 1988; Kudlow et al., 1987). Granulosa cells do
not express TGFa (Skinner and Coffey, 1988; Lobb et al., 1989) but have
been shown to contain the EGF receptor (Mondschein and Schomberg,
1981; Chabot et al., 1986; Feng et al., 1986). EGF generally is inhibitory for
adenylate cyclase (Dodson and Schomberg, 1987), LH receptor activity
(Mondschein and Schomberg, 1981; Knecht and Cait, 1983a; May et al.,
1987), and FSH-induced aromatase activity (Hsueh et al., 1981; May et al.,
1982). TGFa has inhibitory effects on granulosa cells (Adashi et al., 1987)
that are similar to those of EGE. The effects of TGFa, however, can vary
among species (Gangrade ef al., 1991). Theca cells also contain the EGF
receptor (Skinner and Coffey, 1988), and EGF/TGF-a influences theca cell
steroidogenesis (Erickson and Case, 1983). One of the initial observations
on growth regulation in the ovary was the ability of EGF to stimulate
granulosa cell proliferation (Gospodarowicz et al., 1977). The growth of
theca cells can also be stimulated by TGFa/EGF (Skinner and Coffey, 1988).
The actions of TGFa/EGF and the potential presence of EGF in the ovaries
of various species can vary and remain to be fully elucidated.

Circulatory levels of EGF/TGFa are negligible, therefore, the factors
must be produced locally within a specific organ. The ability of the theca
cell to produce TGFa that can stimulate the growth of both granulosa and
theca cells implies that TGFa may have an important role in promoting cell
proliferation during follicle development. TGFa has been localized in de-
veloping ovarian follicles (Lobb ef al., 1989; Chegini and Williams, 1992).
An interesting observation is that this appears to be a mesenchymal/
stromal-controlled growth process (Skinner, 1990). Therefore, TGFa is pos-
tulated to mediate a paracrine interaction between theca and granulosa
cells and an autocrine interaction between theca cells. The ability of hor-
mones to influence TGFa production remains to be elucidated and may
provide a mechanism through which hormones can regulate ovarian folli-
cle cell growth.

C. Transforming Growth Factor-f3

Transforming growth factor- (TGFB) is a multifunctional regulatory
molecule that can stimulate or inhibit aspects of cellular growth and differ-
entiation (Roberts and Sporn, 1988). TGFB acts as a growth inhibitor by
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inhibiting the actions of growth factors such as EGF/TGFa. TGFB can also
promote cellular differentiation, extracellular matrix production, and che-
motaxis. Different subtypes of TGFp are produced as latent secreted pre-
cursors. Most cell types contain receptors for this ubiquitous factor.

Skinner et al. (1987a) and Gangrade and May (1990) demonstrated that
ovarian theca cells express and produce TGFf in vivo, immunocytochemi-
cal localization of TGFB is primarily confined to the theca cell layer
(Thompson et al., 1989). Several recent studies have confirmed the immu-
nocytochemical localization of TGF isoforms in follicle cells (Chegini and
Williams, 1992; Chegini and Flanders, 1992); this may vary with follicle
development and hormone treatment (Roy et al., 1992). Although freshly
isolated bovine granulosa cells do not appear to express TGFB (Skinner ef
al., 1987a), cultured rat granulosa cells produce TGFB which can be sup-
pressed by FSH (Kim and Schomberg, 1989; Mulheron and Schomberg,
1990). Therefore, theca cells appear to be a predominant source of ovarian
TGFpB, but granulosa cells also have the capacity to express TGFB. The
specific types of TGFB expressed and their hormonal and developmental
regulation remain to be fully elucidated (Mulheron et al., 1991, 1992).

Local production of TGFp allows it to act on various ovarian cell types.
TGFp stimulates a number of granulosa cell functions, including FSH-
induced LH receptors (Knecht et al., 1986; Dodson and Schomberg, 1987),
EGF actions (Feng ef al., 1986), FSH-induced aromatase activity (Ying et al.,
1986; Hutchinson et al., 1987), IGE-1 production (Mondschein et al., 1988),
and inhibin production (Zhiwen et al., 1988). TGFf can also influence theca
cell function and steroidogenesis (Magoffin et al., 1989; Caubo et al., 1989;
Hernandez et al., 1990b), and oocyte maturation (Feng et al., 1988; Tsafriri et
al., 1989). However, it is not known if TGEB acts directly or indirectly on
oocytes. In addition to effects on cellular differentiation, TGFB can also
influence ovarian cell growth. TGF@ has been shown to inhibit TGFa/EGF-
induced bovine and porcine granulosa cell growth (Skinner et al., 1987a;
Mondschein et al., 1988). Conflicting data were found with rat granulosa
cells (Dorrington et al., 1988). TGFB can also inhibit TGFa/EGF-induced
theca cell growth (Roberts and Skinner, 1991). Observations suggest that
TGFB may have an important role as a growth inhibitor in the ovary. The
ability of TGFB to inhibit cell growth allows for a more differentiated state
of the cell that is reflected in the generally stimulatory effects of TGFB on
cell function. Therefore, the influence of TGFB on cell function may be
indirectly mediated through the inhibition of cellular proliferation. Growth
inhibition may be important in preventing premature cell growth of the
preantral follicle, arresting cell growth during atresia, and controlling cell
growth during follicle cell expansion.

The local production and action of TGFB within the developing ovarian
follicle implies that TGF is an important paracrine and autocrine factor for
ovarian cell-cell interactions. The hormonal regulation of TGFB production
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(Bendell and Dorrington, 1991) may also have a role in the endocrine regu-
lation of ovary growth. The physiological significance of TGFB in the ovari-
an follicle remains to be elucidated.

D. Fibroblast Growth Fuctor

Fibroblast growth factor (FGF) can influence aspects of both cellular
growth and differentiation (Gospodarowicz et al., 1987). Aside from
growth stimulation, recent studies indicate that FGF may play a critical role
in angiogenesis and tissue repair. FGF has many cellular targets and is
important in many organ systems, including the ovary (Gospodarowicz
and Ferrara, 1989).

Basic FGF is produced by granulosa cells in the developing embryonic
gonad (Gonzalez et al., 1990) and in the adult ovary (Neufeld ef al., 1987;
Koos and Olson, 1989; Guthridge et al., 1992). The angiogenic factor in the
ovary and corpus luteum has been identified as FGF (Gospodarowicz et al.,
1985). FGF can act on granulosa cells to alter the steroidogenic capacity of
the cell (Baird and Hsueh, 1986; Adashi et al., 1988a), gonadotropin recep-
tors (Mondschein and Schomberg, 1981), and plasminogen activator ex-
pression (LaPolt et al., 1990; Tilly and Johnson, 1990). In addition to these
effects on cell function, FGF can stimulate granulosa cell proliferation (Gos-
podarowicz et al., 1977; Gospodarowicz and Bialecki, 1979), and may indi-
rectly cause many of the effects observed on cell function. An additional
role for FGF production in the ovary is to act as an angiogenic factor and
promote vascularization of the developing follicle and corpus luteum.

E. Platelet-Derived Growth Factor and Vascular Endofhellql
Growth Factor

Platelet-derived growth factor (PDGF) is a common growth factor that
allows cells to become competent to enter the growth cycle. PDGF acts on
granulosa cells to enhance FSH-induced progesterone secretion, adenylate
cyclase activity (Knecht and Catt, 1983b), plasminogen activator production
(Tilly and Johnson, 1990), and LH receptor induction (Knecht and Catt,
1983b; Mondschein and Schomberg, 1984). The effects of PDGF on ovarian
cell growth remain to be elucidated, but action as a potential competence
factor for cell proliferation is a plausible activity. The local production of
PDGF in the ovary remains to be examined. A factor that is structurally
related to PDGF has been identified as vascular endothelial growth factor
(VEGF) (Leung et al., 1989; Conn et al., 1990). This growth factor is ex-
pressed in the ovary, particularly in luteal tissue, and is postulated to have
a role in angiogenesis of the follicle (Phillips et al., 1990; Ravindranath et al.,
1992).
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F. Nerve Growth Factor

Nerve growth factor (NGF) is another mitogen that may mediate inter-
cellular interactions involving growth (Yanker and Shooter, 1982). NGEF is
important for the development and maintenance of sympathetic neurons
in the peripheral nervous system and cholinergic neurons in the central
nervous system. Its expression typically correlates with the amount of
sympathetic innervation.

NGF is also expressed in the ovary (Lara et al., 1990a) and is affected by
ovarian innervation (Lara et al., 1990a,b). NGF antibodies inhibit ovarian
sympathetic innervation (Lara et al., 1990c). The low-affinity NGF receptor
is expressed in the ovary and is regulated upon ovulation (Dissen et al.,
1991). NGF production in the ovary is therefore likely to have actions on
ovarian function through sympathetic innervation.

G. Addiﬁqnc:l Growth Factors

Several additional types of growth factors act and/or are produced by
ovarian cells. One such factor is stem cell factor (SCF)/c-kit ligand. Zsebo et
al. (1990a) characterized stem cell factor and found that it influences stem
cell growth and development. SCF acts at the c-kit tyrosine kinase receptor
(Zsebo et al., 1990b) and therefore is also referred to as the c-kit ligand. The
c-kit tyrosine kinase receptor is expressed in the ovary by oocytes at vari-
ous stages of development (Manova et al., 1990; Horie et al., 1991). The c-kit
receptor expression appears to decline with the onset of meiotic matura-
tion, suggesting a role for SCF in meiotic arrest (Horie et al., 1991). Expres-
sion of SCF by follicular cells suggests a role for SCF to mediate cell-cell
interaction with the oocyte. It is anticipated that many additional growth
factors will be identified upon further investigation. For example, ker-
atinocyte growth factor and hepatocyte growth factor are present in the
ovary and appear to mediate theca-granulosa all interactions (unpublished
observation).

H

lll. Summary

It is apparent that a large number of growth factors are produced and
act in the ovary. Most of the research to date has focused on how specific
growth factors affect differentiated functions of gonadal cell types. Factors
that promote cell growth generally have suppressive effects on differentia-
tion and attenuate hormone responsiveness. Factors that inhibit growth
generally enhance differentiation and increase hormone responsiveness.
When considering the function and physiology of locally produced growth
factors, a distinction needs to be made between growth and differentiation.
A factor that promotes cell proliferation and the cell cycle will indirectly
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reduce the differentiated state of the cell, while the inverse is true of a
factor that arrests cell proliferation and inhibits the cell cycle. Although
specific growth factors may have a role in regulating differentiated func-
tions, the possibility exists that many of the actions observed may be the
indirect result of effects on cell growth. Therefore, the physiological impor-
tance of growth factor regulation of differentiated function remains to be
elucidated. The control of cell growth, however, is a major function of
specific growth factors. The integrated actions of various factors such as
TGFa and TGFB could provide an efficient mechanism for regulating the
cell proliferation required in gonadal development. Further investigation of
the developmental regulation of the expression, production, and action of
individual growth factors will provide insight into the potential physiologi-
cal roles for the various growth factors. Evidence obtained to date implies
that growth factors will be critical regulatory agents involved in ovarian
cell-cell communication.

The endocrine regulation of ovarian cell growth has been well docu-
mented in vivo. The actions of gonadotropins and reproductive steroids,
however, are distinct from the pharmacology of most growth factors. In
addition, these hormones often have negligible effects on cell proliferation
in vitro. The possibility that the actions of reproductive hormones on gona-
dal cell growth are indirectly mediated through alterations in the expres-
sion of locally produced growth factors needs to be seriously considered.
Current work suggests that hormones may regulate growth factor produc-
tion. Further investigation of the hormonal regulation of the production
and actions of growth factors will help elucidate the mechanisms involved
in the endocrine regulation of gonadal development.

References

Adashi, E. Y., Resnick, C. E., Svoboda, M. E., and Van Wyk, . J. (1984). A novel role for
somatomedin-C in the cytodifferentiation of ovarian granulosa cells. Endocrinology 155,
1227-1229.

Adashi, E. Y., Resnick, C. E., D’Ercole, A. J., Svoboda, M. E., and Van Wyk, J. J. (1985a).
Insulin-like growth factors as intraovarian regulators of granulosa cell growth and
function. Endocr. Rev. 6, 400-420.

Adashi, E. Y., Resnick, C. E., Svoboda, M. E., and Van Wyk, |. J. (1985b). Somatomedin-C
enhances induction of luteinizing hormone receptors by follicle-stimulating hormone in
cultured rat granulosa cells. Endocrinology 116, 2369-2375.

Adashi, E. Y., Resnick, C. E., Svoboda, M. E., and Van Wyk, ]. |. (1986). Somatomedin-C as an
amplifier of follicle-stimulating hormone action: enhanced accumulation of adenosine
3',5'-monophosphate. Endocrinology 118, 149-155. ‘

Adashi, E. Y., Resnick, C. E., and Twardzik, D. R. (1987). Transforming growth factor-a
attenuates the acquisition of arematase activity by cultured rat granulosa cells. ]. Cell.
Biochem. 33, 1-13. ‘ :

Adashi, E. Y., Resnick, C. E., Croft, C. S., May, J. V., and Gospodarowicz, D. (1988a). Basic
fibroblast growth factor as a regulator of ovarian granulosa cell differentiation: a novel
non-mitogenic role. Mol. Cell. Endocrinol. 55, 7-14.



76 Michael K. Skinner & Jeff A. Parrott

Adashi, E. Y., Resnick, C. E., Hernandez, E. R., Svoboda, M. E., and Van Wyk, J. J. (1988b).
Characterization and regulation of a specific cell membrane receptor for somatomedin-
C/insulin-like growth factor I in cultured rat granulosa cells. Endocrinology 122, 194-201.

Adashi, E. Y., Resnick, C. E., Hernandez, E. R., Svoboda, M. E., and Van Wyk, J. J. (1988c¢). In
vivo regulation of granulosa cell somatomedin-C/insulin-like growth factor 1 receptors.
Endocrinology 122, 1383-1389.

Adashi, E. Y., Resnick, C. E., Hernandez, E. R., May, J. V., Knecht, M., Svoboda, M. E., and
Van Wyk, J. J. (1988d). Insulin-like growth factor-1 as an amplifier of follicle-stimulating
hormone action: studies on mechanism(s) and site(s) of action in cultured rat granulosa
cells. Endocrinology 122, 1583-1591.

Baird, A., and Hsueh, A. J. W. (1986). Fibroblast growth factor as an intraovarian hormone:
differential regulation of steroidogenesis by an angiogenic factor. Regul. Pept. 16, 243~
250.

Baranao, J. L., and Hammond, J. M. (1984). Comparative effects of insulin and insulin-like
growth factors on DNA synthesis and differentiation of porcine granulosa cells. Bio-
chem. Biophys. Res. Commun. 124, 484—490.

Bendell, J. J., and Dorrington, J. (1991). Estradiol-17 beta stimulates DNA syntheses in rat
granulosa cells: action mediated by transforming growth factor-beta. Endocrinology 128,
2663-2665.

Cara, J: F., Fan, ]., Azzarello, J., and Rosenfield, R. L. (1990). Insulin-like-growth factor-I
enhances luteinizing hormone binding to rat ovarian theca-interstitial cells. J. Clin.
Invest. 86, 560-565.

Carpenter, G. (1987). Receptors for epidermal growth factor and other polypeptide mitogens.
Annu. Rev. Biochem. 56, 881-914.

Carpenter, G., and Cohen, S. (1990). Epidermal growth factor. J. Biol. Chem. 265, 7709-7712.

Carson, R. S., "Zhang, Z., Hutchinson, L. A., Herington, A. C., and Findlay, J. K. (1989).
Growth factors in ovarian function. J. Reprod. Fertil. 85, 735-746.

Caubo, B., DeVinna, R. 5., and Tonetta, S. A. (1989). Regulation of steroidogenesis in cultured
porcine theca cells. Endocrinology 125, 321-326.

Chabot, ]. G., St.-Arnaud, R., Walker, P., and Pelletier, G. (1986). Distribution of epidermal
growth factor receptors in the rat ovary. Mol. Cell. Endocrinol. 44, 99-108.

Chegini, N., and Flanders, K. C. (1992). Presence of transforming growth factor-beta and their
selective cellular localization in human ovarian tissue of various reproductive stages.
Endocrinology 130, 1707-1715.

Chegini, N., and Williams, R. S. (1992). Immunocytochemical localization of transforming
growth factors (TGFs) TGF-alpha and TGF-beta in human ovarian tissues. J. Clin. Endo-
crinol. Metab. 74, 973-980.

Conn, G., Bayne, M. L., Soderman, D. D., Kwok, P. W, Sullivan, K. A., Palisi, T. M., Hope,
D. A., and Thomas, K. S. (1990). Amino acid and ¢cDNA sequences of a vascular
endothelial cell mitogen that is homologous to platelet-derived growth factor. Proc.
Natl. Acad. Sci. USA 87, 2628-2632.

Daughaday, W. H., and Rotwein, P. (1989). Insulin-like growth factors I and II: peptide,
messenger RNA and gene structure, serum, and tissue concentrations. Endocr. Rev. 10,
68-91.

Davoren, J. B., and Hsueh, A. J. W. (1986). Growth hormone increases ovarian levels of
immunoreactive somatomedin C/insulin-like growth factor 1 in vivo. Endocrinology 119,
2155-2162.

Davoren, J. B., Kasson, B. G., Li, C. H., and Hsueh, A. J. W. (1986). Specific insulin-like
growth factor (IGF) I- and II-binding sites on rat granulosa cells: relation to IGF action.
Endocrinology 119, 2155~-2162.

Derynck, R. (1988). Transforming growth factor alpha. Cell 54, 593-595.

Dissen, G. A., Hill, D. F.,, Costa, M. E., Ma, Y. ., and Ojeda, S. R. (1991). Nerve growth factor
receptors in the peripubertal rat ovary. Mol. Endocrinol. 5, 1642-1650.



3 Growth Factor-Mediated Cell-Cell Interactions in the Ovary 77

Dodson, W. C., and Schomberg, D. W. (1987). The effect of transforming growth factor-beta
on follicle-stimulating hormone-induced differentiation of cultured rat granulosa. Endo-
crinology 120, 512-516.

Dorrington, J. H., Chuma, A. V., and Bendall, J. J. (1988). Transforming growth factor-§ and
follicle-stimulating hormone promote rat granulosa cell proliferation. Endocrinology 123,
352-359.

Erickson, G. F., and Case, E. (1983). Epidermal growth factor antagonizes ovarian theca-
interstitial cytodifferentiation. Mol. Cell. Endocrinol. 31, 71-76.

Erickson, G. F., Nakatani, A., Ling, N., and Shimasaki, 5. (1992a). Localization of insulin-like
growth factor-binding protein-5 messenger ribonucleic acid in rat ovaries during the
estrous cycle. Endocrinology 130, 1867-1878.

Erickson, G. F., Nakatani, A., Ling, N., and Shimasaki, 5. (1992b). Cyclic changes in insulin-
like growth factor-binding protein-4 messenger ribonucleic acid in the rat ovary. Endo-
crinology 130, 625-636.

Feng, P., Catt, K. J., and Knecht, M. (1986). Transforming growth factor beta regulates the
inhibitory actions of epidermal growth factor during granulosa cell differentiation. J.
Biol. Chem. 261, 14167-14170.

Feng, P., Catt, K. J., and Knecht, M. (1988). Transforming growth factor-B stimulated meiotic
maturation of the rat oocyte. Endocrinology 122, 181-188.

Froesch, E. R., Schmid, C., Schwander, J., and Zapf, J. (1985). Actions of insulin-like growth
factors. Annu. Rev. Physiol. 47, 443~467.

Gangrade, B. K., and May, J. V. (1990). The production of transforming growth factor-beta in
the porcine ovary and its secretion in vitro. Endocrinology 127, 2372-2380.

Gangrade, B. K., Davis, J. S., and May, J. V. (1991). A novel mechanism for the induction of
aromatase in ovarian cells in vitro: role of transforming growth factor alpha-induced
protein tyrosine kinase. Endocrinology 129, 2790-2792.

Geisthovel, F., Moretti-Rojas, 1., Rojas, F. ]., and Asch, R. H. (1990). Insulin-like growth
factors and thecal-granulosa-cell function. Hum. Reprod. 5, 785-799.

Goldenberg, R. L., Vaitukaitis, J. L., and Ross, G. T. (1972). Estrogen and follicle-stimulating
hormone interactions on follicle growth in rats. Endocrinology 90, 1492-1497.

Gonzales, A. M., Buscaglia, M., Ong, M., and Baird, A. (1990). Distribution of basic fibroblast
growth factor in the 18-day rat fetus: localization in the basement membranes of diverse
tissues. J. Cell. Biol. 110, 753-765.

Gospodarowicz, D., lIl, and Birdwell, C. R. (1977). Effects of fibroblast and epidermal growth
factors on ovarian cell proliferation in vitro. 1. Characterization of the response of
granulosa cells to FGF and EGF. Endocrinology 100, 1108-1120.

Gospodarowicz, D., and Bialecki, H. (1979). Fibroblast and epidermal growth factors are
mitogenic agents for cultured granulosa cells of rodent, porcine, and human origin.
Endocrinology 104, 757-764.

Gospodarowicz, D., and Ferrara, N. (1989). Fibroblast growth factor and the control of pitu-
itary and gonad development and function. . Steroid Biochem. 32, 183-191.

Gospodarowicz, D., Cheng, J., Lui, G.-M., and Bohlen, P. (1985). Corpus luteum angiogenic
factor is related to fibroblast growth factor. Endocrinology 117, 201-213.

Gospodarowicz, D., Ferrara, N., Schweigerer, L., and Neufeld, G. (1987). Structural character-
ization and biological functions of fibroblast growth factor. Endocr. Rev. 8, 95-114.

Guthridge, M., Schmitt, J., Bertolini, J., Cowling, J., Runting, A., Katsahambas, 5., Drum-
mond, A. E., and Hearn, M. T. (1992). Studies on basic fibroblast growth factor (FGF-
beta) gene expression in the rat and pig ovary using in situ hybridization and quantita-
tive reverse transcriptase-polymerase chain reaction techniques. Exs. Angiogenesis 61,
219--229.

Hammond, J. M., Baranoa, ]. L. S., Skaleris, D., Knight, A. B., Ronanus, J. A., and Rechler,
M. M. (1985). Production of insulin like growth factors by ovarian granulosa cells.
Endocrinology 117, 2553-2555.



78 Michael K. Skinner & Jeff A. Parrott

Hernandez, E. R., Resnick, C. E., Svoboda, M. E., Van Wyk, J. ]., Payne, D. W., and Adashi,
E. Y. (1988). Somatomedin-C/insulin-like growth factor I as an enhancer of androgen
biosynthesis by cultured rat ovarian cells. Endocrinology 122, 1603-1612.

Hernandez, E. R., Roberts, C. T. Jr., LeRoith, D., and Adashi, E. Y. (1989). Rat ovarian insulin-
like growth factor I (IGF-I) gene expression is granulosa cell-selective: 5'-untranslated
mRNA variant representation and hormonal regulation. Endocrinology 125, 572-574.

Hernandez, E. R., Roberts, C. T. Jr., Hurwitz, A., LeRoith, D., and Adashi, E. Y. (1990a). Rat
ovarian insulin-like growth factor II gene expression is theca-interstitial cell-exclusive:
Hormonal regulation and receptor distribution. Endocrinology 127, 3249-3251.

Hernandez, E. R., Hurwitz, A., Payne, D. w., Dharmarajan, A. M., Purchio, A. F., and
Adashi, E. Y. (1990b). Transforming growth factor-1 inhibits ovarian androgen pro-
duction: gene expression, cellular localization, mechanism(s), and site(s) of action.
Endocrinology 127, 2804-2811.

Hemnandez, E. R., Hurwitz, A., Botero, L., Ricciarelli, E., Werner, H., Roberts, C. T. Jr.,
LeRoith, D., and Adashi, E. Y. (1991). Insulin-like growth factor receptor gene expres-
sion in the rat ovary: divergent regulation of distinct receptor species. Mol. Endocrinol.
5, 1799-1805.

Hernandez, E. R., Hurwitz, A., Vera, A., Pellicer, A., Adashi, E. Y., LeRoith, D., and Roberts,
C. R. Jr. (1992). Expression of the genes encoding the insulin-like growth factors and
their receptors in the human ovary. |. Clin. Endocrinol. Metab. 74, 419-425.

Horie, K., Takakura, K., Taii, 5., Narimoto, K., Noda, Y., Nishikawa, 5., Nakayama, H.,
Fujita, J., and Mori, T. (1991). The expression of c-kit protein during oogenesis and early
embryonic development. Biol. Reprod. 45, 547-552.

Hsu, C., and Hammond, J. M. (1987). Gonadotropins and estradiol stimulate immunoreactive
insulin-like growth factor-I production by porcine cells in vitro. Endocrinology 120, 198
207.

Hsueh, A. J. W, Welsh, T. H., and Jones, P. B. C. (1981). Inhibition of ovarian and testicular
steroidogenesis by epidermal growth factor. Endocrinology 108, 2002-2004.

Hsueh, A. J. W., Adashi, E. Y., Jones, P. B. C., and Welsh, T. H. Jr. (1984). Hormonal
regulation of the differentiation of cultured ovarian granulosa cells. Endocr. Rev. 5, 76—
127.

Hutchinson, L. A., Findlay, J. K., de Vos, E. L., and Robertson, D. M. (1987). Effects of bovine
inhibin, transforming growth factor-beta and bovine Activin-A on granulosa cell differ-
entiation. Biochem. Biophys. Res. Commun. 146, 1405-1412.

Kim, I.-C., and Schomberg, D. W. (1989). The production of transforming growth factor-8
activity by the rat granulosa cells. Endocrinology 124, 1345-1351.

Knecht, M., and Catt, K. (1983a). Epidermal growth factor and gonadotropin-releasing hor-
mone inhibit cyclic AMP-dependent luteinizing hormone receptor formation in ovarian
granulosa cells. J. Cell Biol. 21, 209-217.

Knecht, M., and Catt, K. J. (1983b). Modulation of cAMP-mediated differentiation in ovarian
granulosa cells by epidermal growth factor and platelet-derived growth factor. J. Biol.
Chem. 258, 2789-2794.

Knecht, M., Feng, P., and Catt, K. J. (1986). Transforming growth factor-beta regulates the
expression of luteinizing hormone receptors in ovarian granulosa cells. Biochem. Bio-
phys. Res. Commun. 139, 800-807. ;

Koos, R. D., and Olson, C. E. (1989). Expression of basic fibroblast growth factor in the rat
ovary: detection of mRNA using reverse transcription-polymerase chain reaction am-
plification. Mol. Endocrinol: 3, 2041-2048.

Kudlow, J. E., Kobrin, M. S., Purchio, A. F., Twardzik, D. R., Hernandez, E. R., Asa, S. L.,
and Adashi, E. Y. (1987). Ovarian transforming growth factor-a gene expression: immu-
nohistochemical localization to the theca-interstitial cells. Endocrinology 121, 1577-1579.

LaPolt, P. S., Yamoto, M., Veljkovic, M., Sincich, C., Tor, N. Y., Tsafriri, A., and Hsueh,



3 Growth Factor-Mediated Cell-Cell interactions in the Ovary 79

A. J. W. (1990). Basic fibroblast growth factor induction of granulosa cell tissue-type
plasminogen activator expression and oocyte maturation: potential role as a paracrine
ovarian hormone. Endocrinology 127, 2357-2363.

Lara, H. E., Hill, D. F., Katz, K. H., and Ojeda, S. R. (1990a). The gene encoding nerve growth
factor is expressed in the immature rat ovary: effect of denervation and hormonal
treatment. Endocrinology 126, 357-363.

Lara, H. E., McDonald, J. K., Ahmed, C. E., and Ojeda, S. R. (1990b). Guanethidine-mediated
destruction of ovarian sympathetic nerves disrupts ovarian development and function
in rats. Endocrinology 127, 2199-2209.

Lara, H. E., McDonald, J. K., and Ojeda, S. R. (1990c). Involvement of nerve growth factor in
female sexual development. Endocrinology 126, 364-375.

Leung, D. W., Cachianes, G., Kuang, W. ., Goeddel, D. V., and Ferrara, N. (1989). Vascular
endothelial growth factor is a secreted angiogenic mitogen. Science 246, 1306-1309.

Lobb, D. K., Kobrin, M. S., Kudlow, J. E., and Dorrington, J. H. (1989). Transforming growth
factor-alpha in the adult bovine ovary: identification in growing ovarian follicles. Biol.
Reprod. 40, 1087-1093.

Louvet, J.-P., and Vaitukaitis, J. L. (1976). Induction of follicle-stimulating hormone (FSH)
receptors in rat ovaries by estrogen priming. Endocrinology 99, 758-764.

Magoffin, D. A., Gancedo, B., and Erickson, G. F. (1989). Transforming growth factor-8
promotes differentiation of ovarian thecal-interstitial cells but inhibits androgen pro-
duction. Endocrinology 125, 1951-1958.

Manova, K., Nocka, K., Besmer, P., and Bachvarova, R. F. (1990). Gonadal expression of c-kit
encoded at the W locus of the mouse. Development 110, 1057-1069.

May, J. V., Gilliam, F. R., Rein, M. S., Mondschein, J. S., and Schomberg, D. W. (1982).
Growth and differentiated functions of porcine and rat granulosa cells following
cryopreservation. Biol. Reprod. 27, 641-651.

May, J. V., Buck, P. A., and Schomberg, D. W. (1987). Epidermal growth factor enhances
[125}iodo-follicle-stimulating hormone binding by cultured porcine granulosa cells.
Endocrinology 120, 2413-2420.

Mondschein, J. S., and Schomberg, D. W. (1981). Growth factors modulate gonadotropin
receptor induction in granulosa cell cultures. Science 211, 1179-1180.

Mondschein, J. S., and Schomberg, D. W. (1984). Effects of partially and highly purified
platelet-derived growth factor preparations in luteinizing hormone receptor induction
in granulosa cell cultures. Biol. Reprod. 30, 603-608.

Mondschein, J. 5., Canning, S. F., and Hammond, J. M. (1988). Effects of transforming growth
factor-B on the production of immunoreactive insulin-like growth factor I and pro-
.gesterone and on [*H]thymidine incorporation in porcine granulosa cell cultures. Endo-
crinology 123, 1970-1976.

Mondshein, J. S., Smith, S. A., and Hammond, J. M. (1990). Production of insulin-like growth
factor binding proteins (IGFBPs) by porcine granulosa cells: identification of IGFBP-2
and -3 and regulation by hormones and growth factors. Endocrinology 127, 2298-2306.

Mulheron, G. W., and Schomberg, D. W. (1990). Rat granulosa cells express transforming
growth factor-B type 2 messenger ribonucleic acid which is regulatable by follicle-
stimulating hormone in vitro. Endocrinology 126: 1777-1779.

Mulheron, G. W., Danielpour, D., and Schomberg, D. W. (1991). Rat thecal/interstitial cells
express transforming growth factor-B type 1 and 2, but only type 2 is regulated by
gonadotropin in vitro. Endocrinology 129, 368-374.

Mulheron, G. W., Bossert, N. L., Lapp, J. A., Walmer, D. K., and Schomberg, D. W. (1992).
Human granulosa-luteal and cumulus cells express transforming growth factors-beta
type 1 and 2 mRNA. J. Clin. Endocrinol. Metab. 74, 458-460.

Nagy, F. (1972). Cell division kinetics and DNA synthesis in the immature Sertoli cells of the
rat testis. [. Reprod. Fertil. 28, 389--395.



80 Michael K. Skinner & feff A. Parrott

Nakatani, A., Shimasaki, S., Erickson, G. F., and Ling, N. (1991). Tissue-specific expression of
four insulin-like growth factor-binding proteins (1,2,3, and 4) in the rat ovary. Endo-
crinology 129, 1521-1529.

Neufeld, G., Ferrara, N., Mitchell, R., Schweigerer, L., and Gospodarowicz, D. (1987). Granu-
losa cells produce basic fibroblast growth factor. Endocrinology 121, 597-603.

Oliver, J. E., Aitman, T. J., Powell, J. R., Wilson, C. A., and Clayton, R. N. (1989). Insulin-like
growth factor I gene expression in the rat ovary is confined to the granulosa cells of
developing follicles. Endocrinology 124, 2671-2679.

Phillips, H. S., Hains, J., Leung, D. W., and Ferrara, N. (1990). Vascular endothelial growth
factor is expressed in rat corpus luteum. Endocrinology 127, 965-967.

Ravindranath, N., Little-Thrig, L., Phillips, H. S., Ferrara, N., and Zeleznik, A. J. (1992).
Vascular endothelial growth factor messenger ribonucleic acid expression in the pri-
mate ovary. Endocrinology 131, 254-260.

Ricciarelli, E., Hernandez, E. R., Hurwitz, A., Kokia, E., Rosenfeld, R. G., Schwander, ., and
Adashi, E. Y. (1991). The ovarian expression of the antigonadotropic insulin-like
growth factor binding protein-2 is theca-interstitial cell-selective: evidence for hormon-
al regulation. Endocrinology 129, 2266-2268.

Ricciarelli, E., Hernandez, E. R., Tedeschi, C., Botero, L. F., Kokia, E., Rohan, R. M., Rosen-
feld, R. G., Albiston, A. L., Herington, A. C., and Adashi, E. Y. (1992). Rat ovarian
insulin-like growth factor binding protein-3: a growth hormone-dependent theca-
interstitial cell-derived antigonadotropin. Endocrinology 130, 3092-3094.

Richards, J. S. (1979). Hormonal control of ovarian follicular development: a 1978 perspective.
Rec. Prog. Horm. Res. 35, 343-350.

Roberts, A. B., and Sporn, M. B. (1988). Transforming growth factor beta. Adv. Cancer Res. 51,
107-145.

Roberts, A. ]., and Skinner, M. K. (1991). Transforming growth factors-a and -p differentially
regulate growth and steroidogenesis of bovine thecal cells during antral follicle devel-
opment. Endocrinology 129, 2041-2048.

Roy, S. K., Ogren, C., Roy, C., and Lu, B. (1992). Cell-type-specific localization of transform-
ing growth factor-beta 2 and transforming growth factor-beta 1 in the hamster ovary:
differential regulation by follicle-stimulating hormone and luteinizing hormone. Biol.
Reprod. 46, 595-606.

Samares, S. E., Hagen, D. R., Shimasaki, S., Ling, N., and Hammond, J. M. (1992). Expres-
sion of insulin-like growth factor-binding protein-2 and -3 messenger ribonucleic acid in
the porcine ovary: localization and physiological changes. Endocrinology 130, 2739-
2744.

Savion, N., Lui, G., Laherty, R., and Gospodarowicz, D. (1981). Factors controiling prolifera-
tion and progesterone production by bovine granulosa cells in serum-free medium.
Endocrinology 109, 409-420.

Schams, D., Koll, R., and Li, C. H. (1988). Insulin-like growth factor-I stimulates oxytocin and
progesterone production by bovine granulosa cells in culture. J. Endocrinol. 116, 97-100.

Skinner, M. K. (1990). Mesenchymal (stromal)-epithelial cell interactions in the testis and
ovary which regulate gonadal function. Reprod. Fertil. Dev. 2, 237-243.

Skinner, M. K., and Coffey, R. J. (1988). Regulation of ovarian cell growth through the local
production of transforming growth factor-a by theca cells. Endocrinology 123, 2632-
2638.

Skinner, M. K., Keski, Oja, J., Osteen, K. G., and Moses, H. L. (1987a). Ovarian thecal cells
produce transforming growth factor-B which can regulate granulosa cell growth. Endo-
crinology 121, 786-792.

Skinner, M. K., Lobb, D., and Dorrington, J. H. (1987b). Ovarian thecal/interstitial cells
produce an epidermal growth factor-like substance. Endocrinology 121, 1892-1899.

Smith, E. P., Svoboda, M. E., VanWyk, . J., Kierszenbaum, A. L., and Tres, L. T. (1987).



3 Growth Factor-Mediated Cell-Cell Interactions in the Ovary 81

Partial characterization of a somatomedin-like peptide from the medium of cultured rat
Sertoli cells. Endocrinology 120, 186-193.

Steinkampf, M. P., Mendelson, C. R., and Simpson, E. R. (1988). Effects of epidermal growth
factor and insulin-like growth factor I on the levels of mRNA encoding aromatase
cytochrome P-450 of human ovarian granulosa cells. Mol. Cell. Endocrinol. 59, 93-99.

Thompson, N. L., Flanders, K. C., Smith, J. M., Ellingsworth, L. R., Roberts, A. B., and
Sporn, M. B. (1989). Expression of transforming growth factor-B1 in specific cells and
tissues of adult and neonatal mice. J. Cell Biol. 108, 661-669.

Tilly, J. L., and Johnson, A. L. (1990). Effect of several growth factors on plasminogen activator
activity in granulosa and theca cells of the domestic hen. Poultry Sci. 69, 292-299.

Tsafriri, A., Vale, W., and Hsueh, A. J. W. (1989). Effects of transforming growth factors and
inhibin-related proteins on rat preovulatory Graafian follicles in vitro. Endocrinology 125,
1857-1862.

Ui, M., Shimonaka, M., Shimasaki, 5., and Ling, N. (1989). An insulin-like growth factor-
binding protein in ovarian follicular fluid blocks follicle-stimulating hormone-
stimulated steroid production by ovarian granulosa cells. Endocrinology 125, 912-916.

Veldhuis, J. D., Rodgers, R. J., Dee, A., and Simpson, E. R. (1986). The insulin-like growth
factor, somatomedin C, induces the synthesis of cholesterol side-chain cleavage cyto-
chrome P-450 and adrenodoxin in ovarian cells. |. Biol. Chem. 261, 2499-2502.

Veldhuis, J. D., Nestler, J. E., and Strauss, J. F. (1987). The insulin-like growth factor,
somatomedin-C, modulates low density lipoprotein metabolism by swine granulosa
cells. Endocrinology 121, 340--346.

Yanker, B. A., and Shooter, E. M. (1982). The biology and mechanism of action of nerve
growth factor. Annu. Rev. Biochem. 51, 845-868.

Ying, S. T., Becker, A., Ling, N., Ueno, N., and Guillemin, R. (1986). Inhibin and beta type
transforming growth factor (TGFP) have opposite modulating effects on the follicle
stimulating hormone (FSH)-induced aromatase activity of cultured rat granulosa cells.
Biochem. Biophys. Res. Commun. 136, 969-975.

Zhiwen, Z., Hndlay, J. K., Carson, R. 5., Herington, A. C., and Burger, H. G. (1988). Trans-
forming growth factor B enhances basal and FSH-stimulated inhibin production by rat
granulosa cells in vitro. Mol. Cell. Endocrinol. 58, 161-166.

Zsebo, K. M., Wypych, J., McNiece, I. K., Lu, H. S., Smith, K. A., Karkare, S. B., Sachdev,
R. K., Yuschenkoff, V. N., Birkett, N. C., Williams, L. R., Satyagal, V. N., Tung, W.,
Bosselman, R. A., Mendiaz, E. A., and Langley, K. E. (1990a). Identification, purifica-
tion, and biological characterization of hematopoietic stem cell factor from buffalo rat
liver conditioned medium. Cell 6, 195-201.

Zsebo, K. M., Williams, D. A., Geissler, E. N., Broudy, V. C., Martin, F. H., Atkins, H. L.,
Hsu, R., Birkett, N. C., Okino, K. H., Murdock, D. C., Jacobsen, F. W,, Langley, K. E.,
Smith, K. A., Takeishi, T., Cattanach, B. M., Galli, 5. ., and Snuggs, S. V. (1990b). Stem
cell factor is encoded at the SI locus of the mouse and is the ligand for the c-kit tyrosine
kinase receptor. Cell 63, 213-224.





