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There has been considerable interest in rat ovarian insulin-like
growth factor binding proteins IGFBPs because they are potent
inhibitors of FSH action. In situ, IGFBP-2 and -4 and IGFBP-3
mRNAs are expressed in rat theca interstitial (TIC) and theca
lutein cells respectively. Although much is known about IGFBPs
in rat TIC at the mRNA level, the synthesis and regulation of
IGFBP proteins remain poorly understood. The purpose of this
study was to iderttify the species of IGFBPs produced by TIC and
to determine the effects of LH and IGF-1 on their expression.
This was accomplished by culturing rat TIC for 2 days in
serum-free medium with graded doses of LH and/or IGF, and
measuring IGFBP mRNAs in the cells and IGFBP proteins in the
conditioned media by RT-PCR and Western immunoblotting
respectively. The RT PCR analysis identified strong bands for
IGFBP-2 and -4 mRNAs in TIC. In some treatments, the mRNAs
for IGFBP-3 and -6 were also identified, but transcripts for
IGFBP-1 and -5 were undetectable. Two species of IGFBPs were
detected in the conditioned media of control (untreated) TIC, the
31kDa IGFBP-2 and the 24 kDa (non-glycosylated) and 28 kDa
(glycosylated) forms of IGFBP-4. There was no detectable IGFBP-5
and barely detectable amounts of IGFBP-3 and -6 in the condi-
tioned media. Treatment with LH (0.2-20 gU/ml) caused no
significant changes in the levels of the 31 kDa IGFBP-2 and the
24 kDa and 28 kDa IGFBP-4 bands, and there was no detectable
IGFBP protease activity. In contrast, IGF-I (100 ng/ml) stimulated
the expression of IGFBP-2, IGFBP-4 and a 17.5 kDa IGFBP-4
fragment. The immunoreactive IGFBP-4 fragment suggests the
media contained an IGFBP-4 protease. The IGF-l effects were
dose dependent (ED;, = 12.4 T 3.3 ng/ml). Co-treating TIC with
LH (0.2-20 pU/ml) caused no significant change in the activity of
IGF-l in stimulating the expression of IGFBP-2, IGFBP-4 and
IGFBP-4 protease. We have demonstrated that IGF-l acts directly
on rat TIC to stimulate the expression of the intrinsic 1GFBP
system. LH, either alone or together with IGF-, did not
significantly change the expression of TIC IGFBP proteins.
Therefore, we hypothesize that IGF-l, but not LH, may bhe a
physiologically important regulator of the IGFBP system in rat
TIC. Because IGF-1 is a potent stimulator of theca function,
changes in the expression of this intrinsic IGFBP system could
have new implications for ovarian androgen production, both at
the physiologic and pathophysiologic levels.
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Introduction

Theca interstitial cells (TIC) produce progestins and and-
rogens during follicle development (Erickson er al., 1985).
LH is the major regulator of steroidogenesis in TIC and the
effects of LH are mediated through the cyclic adenosine-

Correspondence: Dr Gregory F. Erickson
Received 2 March 1995; accepted 3 April 1995

monophosphate (cAMP) protein kinase A (PKA) pathway
(Erickson, 1993). Activation of the LH receptor signal trans-
duction pathway increases the expression of cholesterol side
chain cleavage (P450,.), 3B-hydroxysteroid dehydrogenase
(38-HSD) and 17 a-hydroxylase C17-20 lyase (P450,5,) gene
transcription and translation, which in turn increases the
synthesis and secretion of steroid hormones by TIC
(Magoftin & Erickson, 1994).

In addition to LH, insulin-like growth factor I (IGF-I) is a
potent modulator of rat TIC responses (Magoffin & Erick-
son, 1994). The IGF-I effects on TIC are mediated by IGF-I
receptors (Cara & Rosenfeld, 1988; Hernandez et al., 1988),
presumably through increased protein tyrosine kinase
activity. In vitro studies with TIC have demonstrated that
IGF-1 itself can stimulate the expression of P450,,. (Magoffin
et al., 1990; Magoffin & Weitsman, 1993a) type I 3f-HSD
(Magoffin & Weitsman, 1993b,c), and LH receptor (Magoffin
& Weitsman, 1994). Furthermore, IGF-I acts synergistically
with LH to increase the level of androgen biosynthesis (Cara
& Rosenfeld, 1988; Hernandez et al, 1988; Magoffin &
Erickson, 1988a). The synergy is caused by increased expres-
sion of 38-HSD (Magoffin & Weitsman, 1993b), P450scc and
P450,,, (Magoffin er al., 1990; Magoffin & Weitsman,
1993a,c). These data provide evidence that IGF-I is a
physiologically relevent stimulator of TIC steroidogenesis.
This stimulatory effect may result from the expression of
IGF-1 by the granulosa cells (Oliver et al., 1989; Hernandez
et al., 1989; Zhou er al., 1991).

The IGF binding proteins (IGFBPs) are key components
in the IGF system because they influence IGF bioactivity
(Rechler, 1993). There are six different IGFBPs (denoted
IGFBP-1, -2, -3, -4, -5 and -6), each showing considerable
amino acid sequence homology (Shimasaki & Ling, 1992). In
situ hybridization experiments in adult rat ovaries have dem-
onstrated that the mRNAs for the six IGFBPs are expressed
in a tissue specific manner and that the levels of expression
change during the estrous cycle (Erickson et al., 1994a). The
regulated production of the IGFBPs is therefore implicated
in the functions of the ovary. Indeed, an inhibitory role for
IGFBP-2, -3, -4 and -5 in FSH action has been established
(Ling et al., 1990; Erickson et al., 1994a).

The mRNAs for IGFBP-2 (Nakatani et al., 1991; Erickson
et al., 1994b) and IGFBP-4 (Erickson ef al., 1992, 1994a) are
expressed in rat TIC during follicle development and trans-
cripts for IGFBP-3 are present in the theca lutein cells
(Erickson et al., 1993). The estrous cycle is associated with
dramatic changes in the levels of these mRNAs. This obser-
vation suggests that hormones and/or growth factors regulate
IGFBP gene activity during thecogenesis (Erickson ez al.,
1994a; Magoffin & Erickson, 1994). Consistent with this
hypothesis is the identification of changes in the amount of
IGFBP-2 mRNA (Ricciarelli et al., 1991), IGFBP-3 (Ric-
ciarelli et al, 1992), and IGFBP-6 (Rohan et al., 1993)
mRNAs in rat TIC following hypophysectomy. Although
much is known about the expression of IGFBP mRNAs in
TIC, almost nothing is known concerning the expression of
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the IGFBPs at the protein level. To fill this gap in our
knowledge, we have used a physiologically relevent in vitro
model system to investigate the effects of LH and IGF-I on
the expression of the IGFBP system in rat TIC.

Results

Effect of IGF-I1 and LH on IGFBP mRNA

We first determined the kinds of IGFBP mRNAs that were
expressed by rat theca-interstitial cells. Figure 1 shows the
results of RT-PCR of RNA extracts from cultured TIC using
specific primers for IGFBP-1, -2, -3, -4, -5 and -6. IGFBP-1
and IGFBP-5 were not detected in untreated TIC or in cells
cultured with LH or IGF-I alone or in combination. In
untreated TIC there were strong bands for IGFBP-2 and
IGFBP-4. IGFBP-3 was not detectable and there was a very
weak IGFBP-6 band. In TIC treated with IGF-I or LH
alone, there were strong bands for IGFBP-3, -4 and -6 and a
moderate IGFBP-2 band. When the TIC were treated with
LH plus IGF-I there was a moderately strong IGFBP-2
band, very strong IGFBP-3 and IGFBP-4 bands, but
IGFBP-6 was undetectable. These data demonstrate that rat
TIC express mRNA for IGFBP-2, -3, -4 and -6 but not
IGFBP-1 or -5 and that the pattern of IGFBP mRNA
expression is regulated by IGF-I and LH.

Effects of LH and IGF-I on IGFBP production

When TIC conditioned medium was subjected to Western
blotting using specific IGFBP antisera, two species were
readily detected, namely IGFBP-2 and -4. There was no
detectable IGFBP-5 and barely detectable amounts of
IGFBP-3 and -6 in the conditioned media (data not shown).
As shown in Figure 2A, control cells secreted detectable
amounts of IGFBP-2 which migrated as a single 31kDa
band. The basal levels of IGFBP-2 were increased
significantly (~3.5-fold, P<<0.01) by IGF-I (30 ng/ml),
whereas LH had little or not effect. The stimulatory effect of
IGF-I on IGFBP-2 was not changed when TIC were co-
treated with 20 pU/ml LH (Figure 2A). The other species was
IGFBP-4 which migrated as a major 24 kDa band and a
minor 28 kDa form in IGF-I treated (Figure 2B). The condi-
tioned media from control TIC also contained detectable
amounts of the 24 kDa IGFBP-4 protein (Figure 2B). Basal
levels of IGFBP-4 were significantly increased (2.5-fold,
P<0.01) by IGF-I, whereas LH was without effect. Interest-
ingly, IGF-I (30 ng/ml) also increased the intensity of a band
that migrated at 17.5kDa. This smaller immunoreactive
IGFBP-4 band correlates with the predicted size of the
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Figure 1 Expression of IGFBP-1, -2, -3, -4, -5 and -6 mRNAs in
ovarian theca-interstitial cells. Isolated theca-interstitial cells (3 x 10°
viable cells/well) were cultured (2d) in 96-well tissue culture plates
containing 0.2 ml of medium with and without IGF-I (30 ng/ml) and
LH (20 pIU/ml). IGFBP mRNAs were amplified from cytoplasmic
RNA extracts of the cultured cells by specific RT-PCR. The
amplification products were separated on a 2% agarose gel and
stained with ethidium bromide

IGFBP-4 fragment formed by the hydrolysis of the 24 kDa
band by a specific IGFBP-4 protease (Liu ef al., 1993). There
was no change in the stimulatory effects of IGF-I on the
intensities of the IGFBP-4 bands when the cells were co-
treated with 20 uU/ml LH (Figure 2B).

Dose response of IGF-I and LH

When TIC were cultured for 2 days with varying concentra-
tions of IGF-I (0.1 to 100 ng/ml), there was a dose-dependent
increase (EDsy = 12.4+ 3.3 ng/ml) in the accumulation of
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Figure 2 Western immunoblotting of IGFBP-2 and -4 in condi-
tioned media. Rat theca interstitial cells were cultured for 2 days in
serum-free medium as control (no additions) or with 20 uU/ml LH
and/or 30 ng/ml IGF-1. After culture, the IGFBPs were analysed by
Western immunoblotting using specific antisera for IGFBP-2 (A
panel) and IGFBP-4 (B panel). Data are mean* SEM (r»=3).
Typical Western blot results are shown; *, 26 ng of rat IGFBP-2 and
IGFBP-4 were loaded onto the respective gels



IGFBP-2 (Figure 3A) and IGFBP-4 (Figure 3B) in the condi-
tioned media. In the case of IGFBP-4 (Figure 3B), the
17.5kDa fragment was detectable only at maximal concen-
trations of IGF-I (= 30 ng/ml). Treatment with graded doses
of LH (0.2-200 pU/ml) caused small variable changes in basal
IGFBP-2 and -4 levels, but the changes were not statistically
significant at any dose (data not shown).

Effect of LH on the IGF-I dose response curve

As seen in Figure 5, co-treatment with a high dose of LH
(20 uU/ml) did not significantly change (P> 0.05) the dose
response relationship between IGF-I (EDg, = 13.4 £ 4.4 ng/
ml) and the production of either the 31kDa IGFBP-2
(Figure 4A), or the 24 kDa and 17.5 kDa IGFBP-4 forms
(Figure 5B). In some experiments (see Figure 4B, Western
immunoblot for example), co-treatment with LH appeared to
enhance the potency of IGF-I; however, the effect was not
statistically significant (P> 0.05).
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Figure 3 Dose dependency of IGFBP production by theca inter-
stitial cells in response to IGF-I. Cells were cultured for 2 days in
serum free medium with the indicated concentrations of IGF-I. The
levels of IGFBP-2 (A panel) and IGFBP-4 (B panel) in conditioned
media were measured after Western immunoblotting. Data are
mean = SEM (n = 3). The Western blot results are shown
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Effect of IGF-I on the LH dose response curve

As seen in Figure 5, the stimulatory effect of a saturating
dose of IGF-I (30 ng/ml) on IGFBP-2 (Figure 5A) and
IGFBP-4 (Figure SB) was not significantly affected by co-
incubation with graded doses of LH. However, in some
experiments, the production of the 28 kDa, 24 kDa and
17.5 kDa IGFBP-4 bands by IGF-I appeared to be enhanced
by LH concentrations > 2 uU/ml (Figure 5B). But, these
effects were not statistically significant (P> 0.05).

Discussion

This serum-free tissue culture system is a physiologically
relevent model for studying TIC cytodifferentiation (Erickson
et al., 1985). We have demonstrated that IGFBP-2, -3, -4 and
-6 mRNAs are expressed in cultured TIC. The 31kDa
IGFBP-2 protein, the 24 and 28 kDa forms of IGFBP-4 and
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Figure 4 Effect of LH on the IGF-I dose response curve. Cells were
cultured for 2 days in serum-free medium with the indicated concent-
rations of IGF-I and LH, after which the conditioned media were
analysed for the IGFBP-2 (A panel) and IGFBP-4 (B panel) by
Western immunoblotting. Data are mean £ SEM (n=3). The
Western immunoblot results are shown
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Figure 5 Effect of IGF-I on the LH dose response curve. Cells were
cultured for 2 days in serum-free medium with the indicated concent-
rations of LH and IGF-1. The conditioned media were removed and
assayed for IGFBP-2 (A panel) and IGFBP-4 (B panel) by Western
immunoblotting. The Western immunoblot results are shown

a putative IGFBP-4 protease were secreted by TIC, but there
was very little or no IGFBP-3, -5 or -6 proteins in the
conditioned medium. A stimulatory role for IGF-I in the
expression of IGFBP-2, and -4 was established. By contrast,
LH did not significantly effect the expression of TIC IGF-
BPs. Together, these data suggest that IGF-I, possibly
derived from granulosa cells, may function as a dominant
stimulator of the rat TIC IGFBP system. Because IGF-I is a
potent stimulator of TIC function, this stimulation could
influence the level of ovary androgen production which in
turn could influence folliculogenesis and atresia.
Transcripts for IGFBP-2, -3, -4 and -6 were detected by
RT-PCR in cultured TIC. These data confirm and extend
previous reports using solution hybridization techniques (Ric-
ciarelli er al., 1991, 1992; Rohan et al, 1993). The
identification of IGFBP-2 mRNA is physiologically
significant because TIC express high levels of IGFBP-2 trans-
cripts during normal folliculogenesis (Erickson et al., 1994b).

Similarly, the expression of IGFBP-4 mRNA in rat TIC in
situ (Erickson et al., 1992a) argues that the identification of
IGFBP-4 transcripts in cultured TIC may be physiologically
relevant. The interpretation of IGFBP-3 and IGFBP-6 trans-
cripts is more complex because these mRNAs have not been
identified in rat TIC in situ (Erickson er al, 1994a). This
apparent descrepancy could result from the differences in
sensitivity between the in sifu hybridization and RT-PCR
techniques. Alternatively there could be other explanations.
In the case of IGFBP-3, the mRNA is restricted to corpora
lutea, being present in theca and granulosa lutein cells and
blood tissue (Erickson et al, 1993). In addition, IGFBP-3
mRNA is not detectable in TIC of immature intact or
hypophysectomized rats in situ (Erickson, unpublished
result). The evidence that IGFBP-3 transcripts were found in
LH, but not IGF-I treated cultures, suggests a specific role
for LH in the expression of IGFBP-3, perhaps associated
with the luteinization pathway. In the case of IGFBP-6, the
mRNA (Erickson et al., 1994a) and protein (Erickson,
unpublished result) are selectively expressed in smooth mus-
cle and stroma cells in the rat ovary. The purified TIC
preparation is known to contain ~ 5% non TIC (Magoffin &
Erickson, 1988a). Thus, contaminating smooth muscle and
stroma might also be responsible for the IGFBP-6 mRNA.
Finally, the concept of non coordinate regulation of the
synthesis of IGFBP-3 and -6 mRNAs and proteins is sug-
gested by our data. This evidence could indicate some trans-
lational control mechanisms for IGFBP-3 and -6.

We have demonstrated the 31 kDa IGFBP-2 protein in
TIC conditioned medium. Ricciarelli et al. (1991) reported a
similar finding. These results demonstrate the important con-
cept that rat TIC indeed synthesize and secrete mature
IGFBP-2 protein. Immunoreactive IGFBP-2 is also found in
TIC in developing follicles (Erickson, unpublished result).
Thus, the 31kDa IGFBP-2 produced by TIC may be a
physiologically relevent protein. It is interesting that control
(untreated) TIC secrete relatively high levels of 31kDa
IGFBP-2 during the 48 h culture period. The manner in
which this spontaneous production of IGFBP-2 is accom-
plished remains unknown. It may be that rat TIC produce
IGFBP-2 constitutively. Consistent with this idea is the
presence of relatively high levels of IGFBP-2 mRNA in TIC
after hypophysectomy (Erickson, unpublished result).
Although not conclusive the concept is emerging that
IGFBP-2 might be a major molecular marker for rat TIC
cytodifferentiation.

The function of IGFBP-2 is not known; however, there is
evidence that IGFBP-2 may function as an antigonadotropin.
A dramatic inhibitory effect of IGFBP-2 on FSH induced
estradiol and progesterone production by rat granulosa cells
has been reported (Bicsak et al, 1990). This observation
supports the hypothesis that the IGFBP-2 secreted by TIC
might decrease the ability of FSH to function physiologically.
One mechanism by which IGFBP-2 blocks FSH is by binding
intrinsic IGF-I thereby inhibiting IGF-I from interacting
with its receptor; another mechanism appears to involve the
binding of IGFBP-2 to the cell surface (Bicsak et al., 1990).
Rat IGFBP-2 which contains 270 amino acids (predicted Mr
29 564) and has no potential N-linked glycosylation sites,
contains the Arg-Gly-Asp (RGD) tripeptide motif near the
C-terminus (Brown et al., 1989; Margot e al., 1989). The
RGD sequence is of interest because many proteins with this
motif (including hormones and growth factors) can bind to
integrin receptors (Hynes, 1987), and the binding event can
stimulate signaling pathways including protein tyrosine
kinase (Akiyama ef al., 1994). This evidence raises the in-
triguing possibility that TIC derived IGFBP-2 may bind to
integrin receptors on granulosa and/or TIC, which in turn
might elicit biological responses. Experiments are in progress
to test this possibility.

We present the first evidence that rat TIC secrete IGFBP-
4. Both the 24 and 28 kDa forms of IGFBP-4 were found in
the conditioned media, but the amount of the 24 kDa form



was much greater. Rat IGFBP-4 contains 233 amino acids
with a predicted molecular weight of 25.7 kDa and has one
potential N-linked glycosylation site (Shimasaki et al., 1990).
The 24 and 28 kDa bands correspond to the nonglycosylated
and glycosylated form of IGFBP-4 respectively (Shimonaka
et al., 1989; Mohan et al., 1989; Ceda et al., 1991). The
observation that 24 kDa IGFBP-4 is the predominant form
secreted by cultured TIC is consistent with other studies of
cultured rat cells, including rat granulosa cells (Liu e al.,
1993) and a rat neuroblastoma cell line (Ceda er al., 1991).
The non glycosylated 24 kDa IGFBP-4 may therefore be the
physiologically relevant protein in the rat. Although rat
granulosa cells are capable of secreting 24 and 28 kDa
IGFBP-4 in vitro (Liu et al., 1993), it is unlikely that they
make a significant contribution to the IGFBP-4 in this study
because (1) the purified TIC preparations do not contain
granulosa cells (Magoffin & Erickson, 1988b) and (2) high
doses of IGF-I decrease IGFBP-4 expression in rat granulosa
cells (Liu & Ling, 1994), which is the exact opposite of our
present results. The physiological significance of IGFBP-4
secretion by TIC is unknown; however several studies have
implicated IGFBP-4 in follicle atresia (Liu et al., 1993; Erick-
son et al., 1994a). In this respect, immunocytochemical
analysis of IGFBP-4 in vivo indicates that TIC in atretic
follicles strongly express IGFBP-4 protein (Erickson, unpub-
lished result). This evidence, together with the well
documented concept that TIC are able to activate atresia in
vivo (Erickson er al., 1985), leads us to propose the novel
hypothesis that the 24 kDa IGFBP-4 secreted by TIC may be
an atretogenic signal.

The conditioned media contained a 17.5 kDa immunoreac-
tive IGFBP-4 fragment. This implies that rat TIC express a
proteolytic enzyme that hydrolyzes the mature IGFBP pro-
tein. Although the nature of this putative protease is unk-
nown, experiments with other cell types have identified
IGFBP-4 protease. It is a cation-dependent serine protease
which hydrolyzes mature IGFBP-4 proteins into 17.5 kDa
and 14 kDa fragments (Cheung ez al., 1994). The protease is
specific for IGFBP-4 and does not cleave the other forms of
IGFBPs (Conover et al., 1993; Kanzaki ez al., 1994). The
absence of immunoreative IGFBP-2 fragments in the TIC
cultures is consistent with the enzyme specificity. The
catalytic activity of the IGFBP-4 protease appears to be
tightly regulated. It appears that IGFBP-4 protease is
secreted in an inactive form and activation occurs in associa-
tion with IGF binding (Conover et al., 1993). Also, a yet
unidentified IGFBP-4 protease inhibitor has the capacity to
rapidly and effectively block IGF-I dependent IGFBP-4 pro-
tease (Conover et al., 1993). Further work is needed to
establish the possible role of IGF-I and the putative inhibitor
in regulating TIC IGFBP-4 protease activity. An important
question concerns the function of this putative IGFBP-4
protease. It is clear that hydrolysis of IGFBP-4 by the pro-
tease decreases IGF-I affinity dramatically (Liu et al., 1993;
Cheung et al., 1994). Accordingly TIC IGFBP-4 protease
may be implicated in regulating the level of free IGF-I in the
follicle wall. If true, it could have interesting implications for
the control of atresia.

A stimulatory role for IGF-I in the expression of IGFBP-
2, and IGFBP-4 in TIC was established. This is the first
evidence which supports the concept that the TIC IGFBP
system is regulated by growth factors. The ability of nM
concentrations of IGF-I to evoke these stimulations suggests
they may be physiologically significant. The mechanism
whereby IGF-I stimulates the TIC IGFBP system is un-
known. Presumably, it relates to the activation of the IGF-I
receptor protein tyrosine kinase signal transduction pathway
in the TIC (Magoffin & Erickson, 1994). The capacity for
IGF-I to stimulate IGFBP production in other cell types has
been reported i.e, IGFBP-3 (Grimes & Hammond, 1992) and
IGFBP-3 protease (Grimes & Hammond, 1994) in porcine
granulosa cells, IGFBP-4 and IGFBP-4 protease in human
fibroblasts (Camacho-Hubner, 1992) and rat nerve cells
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(Cheung et al.,, 1994), and IGFBP-5 in rat granulosa cells
(Adashi et al., 1994). This stimulatory effect is not universal,
however since IGF-I inhibits the expression of IGFBP-2 in
rat hepatocytes (Boni-Schnetzler et al., 1990), and IGFBP-4
(Liu et al., 1993), and IGFBP-5 protease (Fiedler et al., 1993)
in rat granulosa cells. Therefore, the way in which IGF-I
modulates the IGFBP system appears to be cell specific.

Given that the IGFBPs change in a similar manner, it
seems likely that IGF-I regulates the expression of this group
of proteins in TIC coordinately. The ability of IGF-I to
regulate the expression of P450scc, 38 SDH and LH receptor
in a concerted fashion has also been reported (Magoffin &
Erickson, 1994). Together, these results suggest that a major
role of IGF-I in TIC is to selectively increase the expression
of key groups of genes, including specific IGFBPs.
Presumably, this is important in specifying the proper
sequence and timing of TIC differentiation. The physiological
importance of IGF-I in folliculogenesis is emphasized by the
fact that rat granulosa cells in healthy follicles strongly exp-
ress IGF-I (Hernandez et al., 1989, 1990; Oliver et al., 1989;
Zhou et al., 1991). Thus, a possible role for granulosa IGF-I
in regulating the TIC IGFBP system is suggested.

Despite the main role of LH in stimulating TIC
cytodifferentiation (Erickson et al., 1985), LH appeared to be
inactive in regulating the synthesis of the TIC IGFBP pro-
teins. The inability of LH to significantly alter IGFBP pro-
tein levels was unrelated to LH concentration or the presence
of IGF-I in the medium. One is led to the conclusion,
therefore, that LH may not be a physiologically important
hormone in controlling IGFBP protein synthesis in rat TIC.
In contrast, LH did increase the relative amounts of IGFBP-
3 and -6 mRNA in TIC. This suggests that complex relation-
ships may exist between LH and the transcription and trans-
lation of the IGFBP mRNAs. It has been shown that FSH
causes biphasic effects on IGFBP-4 (Liu et al., 1993; Erick-
son et al., 1994) and IGFBP-5 (Adashi ef al., 1991; Onoda et
al., 1995) mRNA and protein synthesis. These FSH effects
appear to be mediated by the cyclic AMP/protein kinase A
signal transduction pathway (Adashi et al., 1993). Thus, it
seems that different types of signaling pathways regulate
IGFBP-4 expression in the rat TIC and granulosa cells. The
physiological significance for the different regulation remains
to be determined.

What might these IGF-I stimulations imply for TIC func-
tion? We have demonstrated that IGF acts synergistically
with LH to control the level of androgen production by TIC
(Magoffin & Erickson, 1988a). The IGF-I stimulation of
IGFBP production by TIC could function in modulating the
bioactivity of the IGF-I which inturn could modulate the
level of androgen production. This modulatory effect could
have implications for folliculogenesis and atresia, as well as
ovarian disorders such as hyperandrogenism.

Materials and methods

Reagents

Ovine LH (AFP-555 1B; 2.3 NIH-LH-S1 U/mg) was a gift
from The National Hormone and Pituitary Program of the
NIDDK, Rockville, MD and recombinant human IGF-I was
obtained from AMGEN (Thousand Oaks, CA). m-MLV
reverse transcriptase, vanadyl ribonucleoside complexes and
proteinase K were obtained from Gibco BRL (Gaithersburg,
MD, USA). RNAsin was obtained from Promega (Madison,
WI, USA). Reagents for polymerase chain reactions includ-
ing Taq DNA polymerase were obtained from Perkin-Elmer
Cetus (Norwalk, CT, USA).

Animals

Immature female Sprague-Dawley rats were hypophysec-
tomized by Harlan Sprague-Dawley (Harlan Industries,
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Indianapolis, IN) at 21 days of age. Animals were given 5%
dextrose and food ad libitum. Five days after hypophysec-
tomy the rats were killed by cervical dislocation after having
been rendered unconscious by CO, inhalation as approved by
the Institutional Animal Care and Use Committee. The
ovaries were collected in ice-cold medium 199 containing
1 mg/ml. BSA and 25 mM HEPES.

Cell culture

The ovaries were dispersed with collagenase and deoxy-
ribonuclease as previously described (Magoffin & Erickson,
1982). The theca-interstitial cells (TIC) were isolated by dis-
continuous Percoll gradient centrifugation (Magoffin & Erick-
son, 1988b). TIC (2-5x 10* viable cells/well), free of
granulosa contamination, were cultured in 96-well tissue cul-
ture plates (Falcon, Becton Dickinson Labware, Lincoln
Park, NJ)) in 0.2 ml McCoy’s 5a medium (Gibco supple-
mented with 100 U/ml penicillin, 100 pg/ml streptomycin sul-
fate and 2 mM L-glutamine with and without LH (0-20 pU/
ml) and IGF-I (0-100 ng/ml). The TIC were cultured for 2
days in a humidified 95% air, 5% CO, atmosphere at 37°C.
The conditioned medium was collected and frozen (—20°C)
until assayed for androsterone by RIA and IGFBPs by
Western immunoblotting.

Western blotting analysis

Samples of conditioned media were concentrated and
analysed by Western blotting using specific polyclonal
antibodies to rat IGFBP-1, -2, -3, -4, -5 and -6 as described
(Liu et al., 1993; Erickson et al., 1994c). SDS-PAGE was
performed by using the buffer system of Laemmli in the
absence of sulfhydryl reducing agents using the Xcell mini-
cell system (Novex, Sorrento Valley, CA). Conditioned media
was concentrated 10 times by using Ultrafree-MC filters
(10000 NMWL Millipore, MA). Samples were loaded onto
12% polyacrylamide gel (Tris/glycine percentage gel, Novex,
CA) electrophoresed at constant voltage 100V for 2h and
then transferred to 0.45 pm nitrocellulose membranes (Bio-
Rad, Richmond, CA) at constant current 150 mA for 2h
using the Mini Blot module (Novex, CA).
Immunoblotting was performed by first treating the nitro-
cellulose membrane (Bio-Rad) with 1% casein/TBST (Tris
buffered saline tween- 20) buffer for 1 h at room temperature.
Then the membrane was incubated with diluted IGFBP
antisera in [% casein/TBST buffer overnight at 4°C. The
IGFBP antisera were used at 1:1000 dilution. The membrane
was washed three times with TBST buffer and then incubated
with horseradish peroxidase-conjugated goat anti-rabbit IgG
(Calbiochem) diluted 1:10 000 in 1% casein/TBST for 2 h at
room temperature. The membrane was washed five times
with TBST buffer, after which it was incubated with luminol
and H,O, for 1 min in the dark by using the ECL-Western
blotting detection reagents (Amersham, Arlington Heights,
IL). After incubation, the membrane was exposed to
Hyperfilm-ECL (Amersham) for 1-10 min. After chemi-
luminescence, the films were scanned by laser densitometry.
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