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ABSTRACT

FSH action on granulosa cells involves the generation of
cAMP and subsequent activation of the cAMP-dependent pro-
tein kinase (PKA). The PKA holoenzyme is targeted to specific
subcellular sites through the interaction of the regulatory sub-
units with A-kinase anchoring proteins (AKAPs). We previously
reported that FSH regulates expression of AKAPs. In this report
we examine the relationship between AKAP expression and cell
shape. Granulosa cells cultured in the absence of FSH tend to
spread and flatten. Cell spreading is accompanied by an in-
creased expression of a 140-kDa AKAP. This spreading/flattening
phenotype is independent of the specific extracellular matrix
proteins (fibronectin, polylysine, and gelatin) on which cells are
plated. Addition of FSH prevents both cell spreading and induc-
tion of AKAP 140. Culturing cells on poly (2-hydroxyethyl meth-
acrylate), a surface-coating agent that inhibits cell spreading and
adhesion, also inhibits expression of AKAP 140. Addition of
phorbol myristate acetate, an agent known to antagonize FSH
actions, blocks FSH regulation of both cell shape and AKAP 140
expression. Addition of dexamethasone plus FSH causes a syn-
ergistic increase in progesterone levels but has no effect on cell
shape or induction of AKAP 140. Dexamethasone produces a
dose-dependent increase in AKAP 80 expression, which is
blocked by FSH, suggesting cross talk between the glucocorti-
coid and FSH receptor signaling pathways. These data suggest
that expression of AKAP 140 is linked to regulation of cell shape,
and that changes in the expression of AKAPs are regulated by
several different signaling pathways.

INTRODUCTION

The majority of the effects of FSH on ovarian granulosa
cells are believed to be mediated via a mechanism involv-
ing the generation of cAMP and consequent activation of
the cAMP-dependent protein kinase (PKA). Analogues of
cAMP, or agents that raise intracellular levels of cAMP,
mimic the effects of FSH to activate PKA [1-3]. The PKA
holoenzyme consists of two regulatory (R) and two cata-
lytic (C) subunits. Cyclic AMP binds to the R subunits,
resulting in the dissociation and activation of the C sub-
units.

FSH stimulation of granulosa cell differentiation is char-
acterized by several biochemical and morphological
changes, including induction of the type II regulatory sub-
unit of PKA and a rearrangement of several cytoskeletal
proteins, producing a rounded phenotype [1, 3-5]. These
data suggest that PKA is an important mediator of FSH
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action; however, the mechanism by which PKA causes dif-
ferentiation is still unclear. Our previous work suggests that
the anchoring of PKA through its interaction with other
cellular proteins referred to as A-kinase anchoring proteins
(AKAPs) may be one factor regulating PKA actions in
granulosa cells [6].

AKAPs are docking proteins that contain two classes of
interacting domains: a high-affinity binding site for PKA
subunits RIIa and/or RII, and a second domain that targets
PKA/AKAP complexes to specific intracellular sites [7-
11]. It has been proposed that AKAPs target PKA to spe-
cific substrates or compartments within the cell, thus pre-
venting inappropriate or random phosphorylation of other
proteins. Previously, we identified the presence of several
AKAPs in rat granulosa cells [6]. Characterization of these
proteins as AKAPs was based both on their ability to bind
RIIo and on the ability of the AKAP antagonist Ht31 to
block binding of RIIa to each of the proteins [6]. While
granulosa cells express a number of AKAPs, the expression
of two AKAPs with molecular masses of 140 kDa and 80
kDa is regulated by FSH. The levels of AKAP 140 dra-
matically increase with time as granulosa cells are cultured
on a fibronectin substratum; this increase is blocked if cells
are treated with FSH [6]. FSH also blocks the flattening
and spreading of cells on a fibronectin matrix [5], suggest-
ing that AKAP 140 may be involved in regulating cellular
adhesion to fibronectin. AKAP 140 is located predomi-
nantly in the particulate fraction [6] and therefore possibly
associates with cytoskeletal or adhesion proteins.

In contrast with AKAP 140, addition of FSH to primary
cultures of granulosa cells causes induction of AKAP 80
[6]. AKAP 80 is a cytosolic protein that preferentially binds
to RIIa compared to RIIp3. FSH also causes a translocation
of RIIa from the particulate to the cytosolic fraction, pos-
sibly as a result of increased expression of AKAP 80. One
possible role for FSH-mediated PKA translocation may be
to prepare the cells to be able to respond to LH, which also
stimulates these cells via the cAMP second messenger path-
way.

Although many AKAPs have been cloned and biochem-
ically characterized, the physiological consequence of
PKA/AKAP interaction remains unknown for most an-
choring proteins [12-17]. To begin to understand the func-
tional role of AKAPs in the hormonal regulation of gran-
ulosa cell differentiation, we have monitored the expression
of AKAPs in response to FSH in the absence and presence
of phorbol myristate acetate (PMA) or dexamethasone,
agents that, respectively, antagonize or potentiate the effect
of FSH. We have also monitored select markers of differ-
entiation, including changes in cell shape and production
of progesterone, to determine whether expression of spe-
cific AKAPs correlates with these physiological functions.
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MATERIALS AND METHODS

Materials

Ovine FSH (o-FSH-16) was obtained from NIADDK-
NIH. PAGE reagents were obtained from Bio-Rad Labo-
ratories (Hercules, CA), and culture medium was obtained
from Life Technologies (Gaithersburg, MD). All other
chemicals, including fibronectin, echistatin, and poly
(HEMA), were obtained from Sigma Chemical Co. (St.
Louis, MO).

Primary Granulosa Cell Cultures

Female Sprague Dawley rats (Charles River Laborato-
ries, Wilmington, MA) received s.c. injections of estradiol-
17,3 (1.5 mg) in 0.1 ml propylene glycol daily at 24, 25,
and 26 days of age to stimulate the development of prean-
tral follicles [18]. On Day 28, rats were killed, the ovaries
were removed, and granulosa cells were obtained from fol-
licles by modifications to the method of Bley et al. [19].
The medium used for all procedures was Dulbecco's Mod-
ified Eagle's Medium-Ham's F-12 (DME:F-12 1:1), with 15
mM HEPES, 3.15 g glucose/L, 100 IU/ml penicillin-G, and
100 mg/ml streptomycin. Granulosa cells were extruded
into the medium from individual follicles using 30-gauge
needles and gentle pressure. Cells were pelleted at 100 x
g for 15 min, counted using Trypan blue dye, and plated
at a density of approximately 1 106 cells/ml on plastic
dishes (Falcon Plastics, Los Angeles, CA) coated with 0.5
mg/ml human plasma fibronectin or, where indicated, other
matrix proteins at the same concentration. In some cases,
cells were preincubated with 100 nM echistatin for 30 min
before being plated on fibronectin [20]. Cultured cells were
grown in a humidified atmosphere at 37C, 5% CO2 with
10 nM estradiol-17P (in ethanol, final concentration 0.5%).
FSH (50 ng/ml ovine FSH-16, diluted in medium) was add-
ed to individual plates where indicated. After incubation
for 72 h, the medium was aspirated; and cells were rinsed
with PBS, harvested by scraping in 1% SDS buffer con-
taining 100 mM 3-(N-morpholino)propanesulfonic acid
(MOPS; pH 6.8) and 20% glycerol at 90C, and then boiled
for 5 min. Protein concentration was then determined using
a BCA assay kit (Pierce, Rockford, IL). Samples were
boiled again for 5 min after the addition of 3-mercapto-
ethanol (5%). All animal studies were conducted in accord
with the highest standards of humane animal care, as out-
lined in Guiding Principles for the Care and Use of Re-
search Animals, promulgated by the Society for the Study
of Reproduction.

Progesterone Assay

RIAs for progesterone were conducted by the Hormone
and Neurotransmitter Core Facility (P30 Center for Re-
search on Fertility and Infertility at Northwestern Univer-
sity) using a commercially available kit (ICN Biomedicals,
Carson, CA).

RII Overlay Procedure

The overlay procedure is a modified Western blot pro-
cedure. Granulosa cells were harvested and solubilized as
described above, and proteins were separated on SDS-
PAGE and transferred to Immobilon (Millipore, Bedford,
MA). Protein concentrations for each sample were deter-
mined using the BCA Protein Assay Kit, and equal amounts
of protein (25 ,ug) were added to each lane. After incuba-

tion with Blotto (10 mM Tris-HCl [pH 7.5], 150 mM NaC1,
5% nonfat powdered milk, and 0.01% BSA) for 1 h to
prevent nonspecific binding, the blot was incubated with
radiolabeled RIIo [21]. Recombinant RIIa was produced
and labeled as previously described [13, 22]. After separa-
tion from free [3 2P]ATP, the 32 P-RII (500 000 cpm/10 ml
blotto) was incubated with the blocked blot for 4 h, and
washing and autoradiography followed. Statistical analysis
of scanned autoradiographs were performed using Student's
t-test.

RESULTS

Effect of Extracellular Matrix on Cell Shape and AKAP
Expression

We have previously observed that the spreading of gran-
ulosa cells grown on a fibronectin matrix is associated with
a time-dependent increase in the production of AKAP 140
[6]. The addition of FSH and subsequent elevation of in-
tracellular cAMP blocks this increase in AKAP 140. To
determine whether the observed changes in cell morphol-
ogy and AKAP 140 expression were dependent on the in-
teraction of the cells with a specific extracellular matrix,
we monitored cellular morphology and AKAP expression
in granulosa cells cultured on a variety of different extra-
cellular matrix proteins in the presence and absence of FSH
(Fig. 1). Fibronectin, polylysine, or gelatin are common
substrates used to support cell growth and are known to
interact with different cellular adhesion molecules. Al-
though the morphology of the cells was slightly different
on each substrate, the FSH-treated cells consistently as-
sumed a more rounded phenotype after 72 h of culture,
whereas the untreated cells were spread out and flattened,
and produced more cytoplasmic extensions (Fig. 1A).
Preincubation of cells for 30 min with 100 nM echistatin,
an RGD-rich peptide obtained from snake venom which
inhibits binding of integrin receptors to immobilized fibro-
nectin, also had no obvious effect on morphology. The rel-
ative patterns of expression of AKAPs 140 and 80 were
dramatically altered by addition of FSH, whereas only com-
paratively minor changes were observed by changing ex-
tracellular matrix proteins (Fig. 1B). Even though there was
a noticeable decrease in AKAPs treated with echistatin and
gelatin, the significance of these changes is questionable
because all the AKAPs in both the echistatin and gelatin
lanes were decreased, suggesting that these changes may
have been due to an artifact of preparation or loading. Al-
though we do measure protein concentration and normalize
each lane before loading, it is possible that the extracellular
matrix proteins distorted our protein assay. Addition of
FSH resulted in both a marked reduction in AKAP 140 (and
other less prominent AKAPs) and an increase in AKAP 80.
These results suggest that cellular interaction with immo-
bilized extracellular matrix through RGD repeats is not re-
quired for cell spreading or production of AKAP 140. In-
deed, even cells plated on uncoated plastic exhibited a flat-
tened phenotype and produced high quantities of AKAP
140 (data not shown), suggesting that protein-protein inter-
action with preexisting extracellular matrix proteins is not
required.

These results demonstrated that AKAP 140 was pro-
duced under conditions that promoted granulosa cell
spreading. To determine whether cells cultured without
FSH would produce AKAP 140 in the absence of spread-
ing, we plated granulosa cells on poly (hydroxyethylmeth-
acrylate) (poly[HEMA]), a surface coating agent that pre-
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vents spreading and adhesion [23]. The mechanism by
which poly(HEMA) reduces the adhesivity of polystyrene
is not entirely known. Poly(HEMA) is a hydrophilic hy-
drogel of neutral charge. It may act by reducing the net
negative electrostatic charge of the polystyrene, but other
mechanisms are tenable. Coating the plates with
poly(HEMA) prevented the granulosa cells from spreading
and also blocked the production of AKAP 140 (Fig. 2, A
and C), while control cells plated on fibronectin produced
substantial amounts of AKAP 140 in the absence of FSH.
These results are consistent with the hypothesis that AKAP
140 is induced only under conditions that promote cell
spreading and adhesion. We considered the possibility that
AKAP 140 may be an a5 integrin, which is also 140 kDa.
However, Western analysis using a polyclonal antibody spe-
cific for a5 integrin detected a band, slightly higher than
AKAP 140, that did not respond to FSH treatment (data
not shown).

Phorbol Esters Antagonized Effects of FSH

Activators of protein kinase C (PKC) have been shown
to antagonize several of the FSH-induced effects on gran-
ulosa cells. Addition of phorbol esters to granulosa cells
blocks the FSH-induced increases in cAMP and progester-
one production [24]. Activation of PKC is also known to
promote cell spreading on fibronectin [25]. To determine
the effects of phorbol esters on cellular morphology and
production of AKAPs in granulosa cells, PMA was added
to granulosa cells in the presence or absence of FSH (Fig.
3). Addition of 10 nM PMA had no effect on cell shape in
the absence of FSH; however, PMA completely blocked the
ability of FSH to produce a rounded phenotype (Fig. 3A)
and blocked the ability of FSH to inhibit the expression of
AKAP 140 (Fig. 3B). PMA also blocked the FSH-induced
increases in AKAP 80 and progesterone. Once again, the
association between increased AKAP 140 expression and a
nonrounded phenotype was confirmed.

Dexamethasone Stimulated Expression of AKAP 80

Dexamethasone synergizes with FSH to induce proges-
terone production in granulosa cells [26, 27]. Dexametha-
sone was added to granulosa cells plated on polylysine
(over a concentration range of 1-1000 nM), and cells were
monitored for altered cell shape, AKAP expression, and
progesterone production (Figs. 4 and 5). As previously de-
scribed [26, 27], addition of dexamethasone by itself had
little effect on progesterone production but, when added in
combination with FSH, produced a synergistic increase in
medium progesterone levels (data not shown). Treatment of
cells with dexamethasone in the presence or absence of
FSH did not produce a notable effect on the morphology
of the cells (Fig. 4A). Although there appeared to be an
increase in AKAP 140 expression at 1 and 10 nM dexa-
methasone in some experiments (Fig. 4B), statistical anal-
ysis of densitometric scans from 5 different experiments did

FIG. 1. Effect of extracellular matrix proteins on granulosa cell shape
and AKAP expression. Immature granulosa cells were cultured with or
without FSH (50 ng/ml) on plates coated with fibronectin, fibronectin plus
echistatin, polylysine, or gelatin, as described in Materials and Methods.
A) Photomicrographs (x320; reproduced at 81%) were taken after 72-h
incubation at 37°C. B) The same cells were then harvested and analyzed
for AKAP expression by Rll overlay assay. These results are representative
of two separate experiments.
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FIG. 2. Effect of poly(HEMA) on granulosa cell shape and AKAP ex-
pression. Immature granulosa cells were cultured with or without FSH (50
ng/ml) on plates coated with poly(HEMA), 12 mg/60-mm dish. A) Pho-
tomicrographs (X200, reproduced at 80%) were taken after 72-h incu-
bation at 370C. The same cells, plus control cells that had been plated on
fibronectin (FN), similar to those pictured in Figure 1, were then harvested
and stained with Coomassie brilliant blue dye (B) or analyzed for AKAP
expression by RII overlay assay (C). The arrows identify AKAPs 140 and
80. These results are representative of three separate experiments.

not corroborate a significant change. However, dexameth-
asone, in a concentration-dependent manner, dramatically
increased AKAP 80 expression to a level much higher than
that seen with FSH treatment alone (Figs. 4B and 5). Sur-
prisingly, even though FSH caused an increase in the ex-
pression of AKAP 80 compared to levels in untreated con-
trol granulosa cells (compare lanes 1 and 6), FSH blocked
the ability of dexamethasone to increase expression of
AKAP 80 (compare lanes 4,5 with 9,10). This result sug-
gests that treatment of the cells with FSH interferes with a
signaling pathway necessary for dexamethasone to increase
expression of AKAP 80. Even though FSH and dexameth-
asone both stimulated an increase of AKAP 80, FSH but
not dexamethasone had an inhibitory effect on production
of AKAP 140, suggesting that alternate pathways regulate
the production of these two AKAPs.

DISCUSSION

It has been well established that when immature granu-
losa cells are cultured in serum-free medium in the absence
of added FSH or growth factors, they assume a flattened
epithelioid phenotype, characterized by the presence of ex-
tensive cytoplasmic extensions. Treatment with FSH causes

FIG. 3. Effect of PMA on granulosa cell shape and AKAP expression.
Immature granulosa cells were cultured with or without FSH (50 ng/ml)
and PMA (10 nM). A) Photomicrographs (200, reproduced at 80%) were
taken after 72-h incubation at 37°C. B) The same cells were then harvested
and analyzed for AKAP expression by RII overlay assay. Media proges-
terone levels are shown at the bottom of the figure. The dashes indicate
below-detectable levels (< 0.1 ng/ml). These results are representative of
three separate experiments.

these cells to assume a nearly spherical shape. This finding
correlates with the previously described transformation
from flattened to cuboid granulosa cells that occurs during
folliculogenesis [28]. These FSH-stimulated changes in cell
shape involve a rearrangement of the cytoskeleton includ-
ing down-regulation of the expression of actin and actin-
binding proteins and reorganization of thin filaments and
microtubules [29]. Differentiation of granulosa cells also
involves changes in cell contact and intercellular commu-
nication molecules. Adherence junctions and desmosomes
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FIG. 4. Effect of dexamethasone on granulosa cell shape and AKAP expression. Immature granulosa cells were cultured with or without FSH (50 ng/
ml) in addition to increasing concentrations of dexamethasone (Dex). A) Photomicrographs (X200) were taken after 72-h incubation at 37°C. B) The
same cells were then harvested and analyzed for AKAP expression by RII overlay assay.

are down-regulated, whereas gap junctions are increased in
number and in size [29].

In this report we have shown that granulosa cell shape
changes are accompanied by a change in the production of
AKAP 140. In the absence of FSH, production of AKAP
140 increases in a time-dependent manner over a 3-day
culture period [6]. Increased AKAP 140 expression was
associated with cellular spreading and cytoplasmic exten-
sions. Spreading of granulosa cells did not appear to be
induced by interaction with specific extracellular matrix
proteins, since spreading was qualitatively equivalent when
cells were cultured on three different matrix proteins or on
plastic alone. Although the extent of spreading was altered
somewhat with the various matrix proteins and by the ad-
dition of echistatin, a peptide that contains several RGD
motifs and therefore should compete with the solid-phase
fibronectin, under all conditions the cells were flattened.
Addition of FSH blocked both the induction of AKAP 140
[6] and cell spreading. Cell spreading and induction of
AKAP 140 was also blocked by coating the plates with
poly(HEMA), a surface-coating polymer used to prevent

FIG. 5. Quantification of AKAP 80 and 140 by densitometry. *Significant adhesion of cells to polystyrene. Treatment of cells with 10
(p < 0.05) difference from control. nM PMA antagonized the ability of FSH to cause cellular
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rounding and prevented the FSH-mediated decrease of
AKAP 140 expression. These results demonstrate that
AKAP 140 is produced under conditions that encourage
granulosa cell spreading and suggest that AKAP 140 is in-
volved in the regulation of cell shape and/or cytoskeletal
rearrangement.

Steroid hormones have been shown to enhance gonad-
otropin stimulation of ovarian granulosa cell differentiation.
Dexamethasone is a glucocorticoid that can act both syn-
ergistically or antagonistically with FSH. Cotreatment of
granulosa cells with FSH and dexamethasone (over a range
of 0.01 to 1 xM) synergistically enhanced the production
of progesterone [26, 27] and the secretion of tissue-type
plasminogen activator [30]. Dexamethasone also potentia-
tes insulin-like growth factor (IGF)-I stimulation of cyto-
chrome P450 enzyme, and this potentiation is blocked by
RU-486 [31]. However, dexamethasone (1 1 iM) inhibits
FSH-stimulated induction of LH/hCG receptors and aro-
matase activity [26]. Addition of dexamethasone to
granulosa cells produced a striking (26-fold) dose-depen-
dent increase in AKAP 80 but had little or no effect on
expression of AKAP 140 or on cell shape. These are the
only experimental conditions under which we have detected
simultaneous expression of relatively high levels of both
AKAPs 80 and 140. The levels of AKAP 80 expression
induced by dexamethasone were considerably higher than
those induced by FSH. When cells were cultured with FSH
plus dexamethasone, the hyper-expression of AKAP 80
seen with dexamethasone alone was reduced to levels
equivalent to those induced by FSH alone. That expression
levels of AKAP 80 and 140 in cells grown with FSH and
dexamethasone reflect a typical FSH-stimulated granulosa
cell phenotype suggests that FSH inhibits the dexametha-
sone-stimulated AKAP 80 expression. The fact that FSH
dominates over dexamethasone in regulating AKAP ex-
pression suggests that neither the synergistic effect of dexa-
methasone plus FSH on progesterone production nor the
antagonistic effects of dexamethasone on induction of LH/
CG receptors or aromatase activity are related to large
changes in AKAP 80 or 140 expression.

AKAPs function to target type II PKAs to specific sub-
cellular locations. AKAPs can also bind other enzymes, in-
cluding protein kinase C [32, 33] and protein phosphatase
2B [34], presumably to regulate the phosphorylation of one
or more substrate proteins through various signaling path-
ways [10]. Some AKAPs, such as graven, are associated
with cytoskeletal proteins and are thought to play a role in
adherent processes [33]. Very little is known about what
regulates the expression of AKAPs. Our data suggest that
the expression of AKAPs 80 and 140 are uniquely regulated
by stimulation of both membrane and steroid receptors and
by both PKA and PKC second messenger pathways. Future
studies will be directed towards identifying and character-
izing AKAPs 80 and 140 and determining whether they
associate with enzymes or cellular proteins in addition to
PKA.
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