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Follicle of mammalian ovaries consists of an
innermost oocyte, surrounding granulosa cells,
and outer layers of theca cells. The maturation of
ovarian follicles involves several stage-dependent
events; initiation, growth, selection, ovulation, and
luteinization. Basal concentrations of the gonado-
tropins, follicle-stimulating hormone (FSH) and
luteinizing hormone (LH), maintain growth up until
the small antral stage. Small antral follicles are
selected to continue growth by subtle increases in
basal concentrations of gonadotropins, such as
those that occur at menses in primates' or at the
end of pregnancy in rodents.” Once selected, the
growing dominant follicle acquires specific func-
tional characteristics that permit it to differentiate
to the preovulatory stage. Finally, the surge of LH
triggers the preovulatory follicles to ovulate and
luteinize. Follicles that are not selected or fail to
ovulate become atretic.’

The preovulatory surge of LH induces the func-
tional changes that occur in multiple ovarian cell
types within the follicles characterized by four
independent events; oocyte maturation, cumulus
expansion, follicle rupture, and corpus luteum for-
mation. Recent studies have demonstrated that the
LH surge induces the specific genes that are obli-
gatory for cumulus expansion to occur. These in-
clude (a) COX-2, the rate-limiting enzyme in the
synthesis of prostaglandins, such as prostaglandin
E, (PGE,)," (b) HA synthase-2 (HAS-2), which
catalyzes the production of HA®, and (c) TSG-6,
which is an HA binding protein.*” Likewise, seve-
ral studies have shown that LH surge induces the
rapid, but transient, expression of specific genes
associated with follicle rupture in preovulatory
follicles. These ovulation-specific genes induced
by the LH surge include PG endoperoxide syn-
thase, P450scc and 17a-hydroxylase and transcri-
ption factor such as the early growth regulatory
factor-1 (Egr-1), progesterone receptor (PR), CAAT
enhancer binding protein § (C/EBPB) and receptor-

interacting protein 140.%° Other transcription fac-
tors, such as the activator protein-1 family mem-
bers (e.g, c-Fos, c-Jun, Fra2, and JunD), are indu-
ced rapidly and remain elevated during the posto-
vulatory luteal phase.'” Each of these mediators
appear to be involved in the functional activity of
granulosa cells of ovulating follicles. The net result
of these studies, combined with information from
recent knockout mouse models (and especially
knockout models for progesterone receptor)'
has brought about a dramatic change in concept of
the ovulatory process. Ovulation is now considered
to be the consequence of a highly complex assor-
tment of gene expressions.'*'*

Pituitary adenylate cyclase-activating polypep-
tide (PACAP), the latest member of the secretin/
glucagon/vasoactive intestinal peptide (VIP) fa-
mily of peptides,>'® has the potential of being a

local regulator of ovarian physiology'’ '

and peri-
ovulatory progesterone production, in particular.?
PACAP was originally isolated from hypothala-
mus and exists in two biologically active forms,
PACAP 27 and PACAP 38, of which PACAP 38
is the dominating form in tissue.'>'°* PACAP is
also expressed in nonneuronal cells, as PACAP im-
munoreactivity (PACAP-IR) and PACAP mRNA
have been shown in spermatogenic cells from the

rat testis® ™%

and in steroidogenic cells from the
rat ovary.”> PACAP expression in ovarian steroi-
dogenic cells is transient and confined to the peri-
ovulatory period.”? The spatiotemporal expression
of the peptide coincides with high expression of
elements from the periovulatory cascade involved
in progesterone production. Furthermore, PACAP
is a potent stimulator of cAMP formation and is
known to stimulate cAMP and steroidogenesis in
ovarian cells.”***"*’

Several lines of evidence showing an ability of
PACAP to stimulate cAMP formation and steroi-
dogenesis suggest that PACAP could be an auto-

or paracrine regulator of gonadotropin actions
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during ovulation. To test this hypothesis, the pre-
sent study examined: 1) whether LH surge induces
PACAP gene expression and stimulates immuno-
reactive PACAP production and, 2) signal path-
ways for LH action on PACAP expression during
the ovulatory process.

MATERIALS AND METHODS
1. Hormones and reagents

Ovine LH (LH-S-26; 2300 IU/mg) was obtained
from the National Hormone and Pituitary Distri-
bution Program, NIDDK, NIH (Baltimore, MD).
Pregnant mares' serum gonadotropin (PMSG),
human chorionic gonadotropin (hCG), forskolin,
and 2-0-tetradecanol phorbol-13-acetate (TPA) were
purchased from Sigma Chemical Co. (St. Louis,
MO). PACAP 38 was obtained from Bachem (To-
rrance, CA). MDL-12330A and Chelerythrine (CE)
Chloride were purchased from Calbiochem (San-
Diego, CA). Indomethacin, nordihydroguaiaretic
acid (NDGA) and MK-886 were purchased from
BIOMOL Research Laboratories (Berlin, Ger-

many).
2. Animals

Immature female rats of the Sprague Dawley
strain were purchased from Daehan Laboratories
(Chungpuk, Korea). They were housed in groups
in a room with controlled temperature and pho-
toperiod (10-h dark, 14-h light, with lights on from
0600~2000 h). The animals had ad libitum access
to food and water. Ovaries were collection from
26-day-old immature rats at various times after
treatment with 10 [U PMSG to induce multiple
follicle growth. Some rats received a single ip (in-
traperitoneal) injection of 10 IU hCG to induce
ovulation, and ovaries were obtained at different

time intervals.

3. Invitro culture of preovulatory follicle

Preovulatony follicles (>800 pum in diameter)
were dissected by fine forceps from ovaries collec-
ted at 48~52 h after PMSG injection for follicle
culture. Fifteen to twenty follicles were cultured in
glass vials containing 800 ul MEM (Life Techno-
logies, Inc, Grand Island, NY) supplemented with
penicillin, streptomycin, L-glutamine, and 0.1%
BSA (wt/vol, Fraction V, Sigma) in the absence or
presence of LH. Cultures were maintained for up
to 24 h at 37°C under 5% CO,~95% O,. Follo-
wing incubation, follicles were snap-frozen for
RNA isolation, or were fixed for in situ hybridiza-

tion analysis.
4. Northern blot analysis

Total RNA from ovaries or cultured follicles
was isolated using Tri-Reagent solution (Sigma).
Twenty micrograms of total RNA were fractiona-
ted by electrophoresis on a 1% agarose gel conta-
ining formaldehyde and transferred to nylon mem-
branes by capillary blotting with 10 >< sodium
citrate-sodium chloride (SSC). After an UV cross-
linking and prehybridization, membranes were
hybridized overnight at 42C in a solution con-
taining 50% formamide, 5 X SSC, 1 mM EDTA,
250 pg/ml denatured salmon sperm DNA, 500
pg/ml yeast transfer RNA, and a total of 1><10°
cpm of a **P-labeled rat PACAP and PACAP re-
ceptor (PACAPR) complementary DNA (cDNA)
probe.'® After hybridization, membranes were wa-
shed twice for 5 min at room temperature in 2 <
SSC and 0.1% SDS, followed by 1 h at 65C in
0.5 X SSC and 0.1% SDS. Membranes were then
exposed using Kodak RX films (Eastman Kodak
Co., Rochester, NY) for 1 days at -80°C. The band
intensities were subsequently measured using a
phosphorimager (Bio-Rad Laboratories, Inc. Her-
cules, CA), and the signals were normailized to
the rat glyceraldehyde-3-phosphate-dehydrogenase
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(GAPDH) as an internal control.
5. Enzyme-linked immunosorbent assay

Ninety-six-well polyvinyl microtiter plates were
coated with mouse monoclonal antibody anti-
PACAP at a concentration of 250 ng/ml in car-
bonate-coating buffer. After adding 100 pl of the
monoclonal antibody to each well, plates were
sealed with parafilm and incubated overnight at
37°C. Plates were rinsed 3 times with PBS-Tween.
Two hundred fifty microliter of PBS-BSA were
added to each well and then plates were incubated
overnight at 4C and either used immediately or
stored for no more than 2 weeks with PBS-BSA
containing 0.02% sodium azide at 4°C until used.
The coating of mouse monoclonal antibody anti-
PACAP at the solid phase was monitored with
anti-mouse IgG linked to peroxidase in wells taken
at random.

Coated plates were washed twice with PBS-
Tween and 100 pl of sample or standard PACAP
diluted in PBS assay were added to each well.
Plates were covered, incubated 16~24 h at 4C
with gentle agitation and then washed 3 times
with PBS-Tween. One hundred microliter of rat
PACAP antibody was added to each well at a final
dilution of 1:10,000 in PBS assay and the plates
were rinsed 4 times with PBS-Tween. One hun-
dred microliter of anti-rabbit IgG peroxidase con-
jugate diluted in PBS assay were added to each
well. Plates were incubated 4 h at room tempera-
ture and washed 4 times with PBS-Tween. Sub-
strates were then added to each well. After 30 min
of incubation in the dark at room temperature, the
reaction was stopped with 50 pl of stop solution.
Optical density was then measured at 495 nm in a
Boot-Celltech EL 310 microplate autoreader.

6. In situ hybridization analysis

Cryostat sections (14-pm thick) were mounted
on poly-L-lysine (Sigma) coated microscope slides,

fixed in 4% paraformaldehyde in PBS, and stroed
at -80°C until analyzed. Sections were pretreated
serially with 0.2 M HCI, 2 <X SSC, pronase (0.125
mg/ml), 4% paraformaldehyde, and acetic anhy-
dride in triethanolamine. Hybridization was carried
out at 52~55C overnight in the mixture conta-
ining *°S-labeled rat PACAP and PACAPR com-
plementary RNA (cRNA) probe (2<107 cpm/ml),
50% formamide, 0.3 M NaCl, 10 mM Tris-HCI, 5
mM EDTA, 1 X denhardt's solution, 10% dextran
sulfate, 1 pg/ml carrier transfer RNA, and 10 mM
dithiothreitol. Posthybridization washing was per-
formed under stringent conditions that included
ribonuclease A (25 pg/ml) treatment at 37C for
30 min and a final stringency of 0.1 X SSC. Slides
were dipped into NTB-2 emulsion (Eastman Ko-
dak Co.) and exposed at 4°C and developed after
3~4 weeks. The slides were stained with hema-
toxylin and eosin and examined under the light
microscope with bright- and dark-field illumina-

tion.

RESULTS

1. Expression and regulation of PACAP and
its receptor

To study the hormonal regulation of PACAP
mRNA expression, preovulatory follicles obtained
from ovaries of rats primed for 2 days with PMSG
were incubated in serum-free condition. Northern
blot analysis revealed that gonadotropin treatment
resulted in a transient induction of PACAP mRNA
(Figure 1A). Three different sizes of PACAP tran-
scripts, 3.0, 2.4 and 1.2 kb, were detected in pre-
ovulatory follicles. PACAP expression was detec-
ted at 3 h and reached a peak at 6 h. The effect of
LH on PACAP transcripts remained elevated at
12 h after LH treatment. PACAP transcripts were
not detectable in follicles before culture and 24 h
after gonadotropin addition. Cell types expressing
PACAP mRNA were also determined by in situ
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Figure 1. Stimulation of PACAP expression by gona-
dotropins in preovulatory follicles cultured in vitro. Preo-
vultory follicles, obtained from ovaries of PMSG-primed
immature rats, were cultured in serum-free conditions
under 5% CO,~95% O, at 37 C, in the presence of LH
(200 ng/ml). A, Northern analysis showing the stimula-
tion of PACAP expression by LH. B, In situ localization
of PACAP mRNA in LH-treated cultured preovulatory
follicles. PoF, Preovulatory follicles; Oo, oocyte.

hybridization. In follicle sections obtained from
preovulatory follicles cultured in serum-free me-
dium in the presence of LH for 6 h, high levels of
PACAP mRNA were detected in mural granulosa
cells (Figure 1B).

To determine PACAP immunoactivity in cul-
tured preovulatory follicle, ELISA was performed.
Consistent with results of Northern analysis, high
levels of PACAP production were seen between 6
and 12 h after LH treatment in follicles (Table 1).
However, PACAP production in medium was not
highly stimulated.

Similar to the PACAP expression, Northern blot

Table 1. Measurement of PACAP immureactive pro-
duction in cultured preovulatory follicles by enzyme-
linked immunosorbent assay (ELISA)

PACAP immunoreactive production

LH treatment (pg/follicle)
(hrs)
Follicle extract Media

0 0.74%0.05 ND

3 2.50£0.08 0.15+0.02

6 21.59+5.95 0.60+0.12°
12 20.74+6.40° 0.74%0.15°
18 9.46+2.32° 0.2610.05°
24 5.36+0.86" 0.15+0.01

Preovulatory follicles, obtained from ovaries of PMSG-
primed immature rats, were cultured in serum-free con-
ditions under 5% C0,~95% O, at 37C, in the pre-
sence of LH (200 ng/ml). Enzyme-linked immunosor-
bent assay (ELISA) was performed to detect PACAP
immunoactive products in culture media or follicles.
Date points represent the mean £ SEM of triplicate cul-
tures. ND, Not determined.
p<0.05, vs. 0 h.p, "p<0.05,vs. 3 h.

e LH treatment (hrs)
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Figure 2. Northern blot analysis (A) and in situ loca-
lization (B) showing the stimulation of PACAPR expre-
ssion by LH in preovulatory follicles cultured in vitro.
Preovultory follicles, obtained from ovaries of PMSG-
primed immature rats, were cultured in serum-free con-
ditions under 5% C0O,~95% O, at 37 C, in the presence
of LH (200 ng/ml). PoF, Preovulatory follicle.
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analysis revealed that LH treatment resulted in the
stimulation of PACAPR mRNA within 6 h which
persisted at 9 h after the treatment and declined at
12 h in cultured preovulatory follicles (Figure 2A).
Cell types expressing PACAPR mRNA were also
determined by in situ hybridization. In ovarian sec-
tions obtained from 2 days after PMSG treatment
injected at 26 days of age, high levels of PACAPR
mRNA were mainly detected in large preovulatory
follicles, but not in small growing follicles (Figure
2B).

2. Signaling pathways for LH-stimulated
PACAP expression

In addition to the stimulation of cAMP-PKA
pathway, the actions of LH are additionally medi-
cated by other intracellular messengers, such as
those derived from the phospholipase C pathway.
To determine the signaling pathway for PACAP
mRNA induction by LH, preovulatory follicles
were incubated for 6 h in the presence of 10 uM
MDL, an inhibitor of adenylate cyclase, or 10 uM

(A
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Figure 3. Effects of adenylate cyclase activation on
LH-stimulated PACAP mRNA expression. Preovulatory
follicles were incubated, under serum-free conditions, in
the absence (control; C) or presence of MDL (10 uM),
forskolin (FSK; 10 uM), CE (10 uM) and TPA (200
uM), with or without LH (200 ng/ml) for 6 h. Twenty
micrograms of follicular total RNA were analyzed by
Northern blotting using a cDNA probe for rat PACAP.
The estimated sizes of PACAP transcripts are indicated
to the right. The expression of GAPDH was used as an
internal standard. Data are representative of two sepa-
rate experiments.
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Figure 4. Involvement of lipoxygenase pathway in LH-induced PACAP gene expression in cultured preovulatory
follicles. Preovulatory follicles were cultured in the absence (control; C) or presence of LH with or without lipoxy-
genase inhibitor, MK886 or NDGA, or cyclooxygenase inhibitor, indomethacin. Total RNA (20 pg/lane) was analyzed
for PACAP mRNA levels by Northern blotting using a rat PACAP cDNA probe. The estimated sizes of PACAP tran-
scripts are indicated. The expression of GAPDH was used as an internal standard. Data are representative of two

separate experiments.

- 106 -



(A) LH

+
PD98059

c LH 10% 107 10° PD

3.0kb —»
24 kb —>»

12kb —»

GAPDH

SB203580

C lH 3 10 30 sB

Munwo-

Figure 5. Inhibition of LH-stimulated PACAP expression by ERK (A) or p38 kinase inhibitor (B). Preovulatory
follicles, obtained from ovaries of PMSG-primed immature rats, were preincubated in serum-free conditions under 5%
C0,~95% 0O, at 37C with an increasing dose of PD98059 or SB203580 for 30 min. Follicles were then cultured in the
absence (Control; C) or presence of LH (200 ng/ml) for 6 h. Twenty micrograms of follicular total RNA were analyzed
for PACAP mRNA levels by Northern blotting using a rat PACAP ¢cDNA probe. The estimated sizes of PACAP tran-
scripts are indicated. The expression of GAPDH was used as an internal standard. Data are representative of three sepa-

rate experiments.

CE, an inhibitor of protein kinase C, with or with-
out LH (200 ng/ml). Some follicles were treated
with 10 uM forskolin or 200 uM TPA alone for 6 h.
The addition of CE did not affect the LH action on
stimulation of PACAP mRNA. Moreover, forsk-
olin treatment stimulated the induction of PACAP
transcripts, whereas treatment with the phorbol
eater TPA had no effect. Inclusion of MDL mar-
kedly decreased LH-induced PACAP transcrips
(Figure 3), indicating a role of cAMP-PKA path-
way in LH-stimulated PACAP expression.

The present study was also designed to test the
role of signal pathway of PLA, activation in LH-
induced PACAP gene expression in cultured pre-
ovulatory follicles. Treatment with MK886, a sele-
ctive inhibitor of 5-lipoxygenase, suppressed LH-
induced PACAP gene expression whereas indome-
thacin, an inhibitor of cyclooxygenase, did not have
an effect (Figure 4). Another general lipoxygenase
inhibitor, NDGA, also suppressed PACAP expre-
ssion. This result suggests that 5-lipoxygenase, but

not cyclooxygenase, play a crucial role in media-
ting LH-induced PACAP expression.

To study the role of MAP kinase in gonadotro-
pin-induced PACAP gene expression, total RNA
extracted from preovulatory follicle was analyzed
by Northern blotting. Pretreatment of cultured pre-
ovulatory follicles with PD98059, an inhibitor of
MEK, decreased the LH-induced PACAP gene
expression in a dose-dependent manner (Figure
5A). Similarly, treatment with SB203580, an inhi-
bitor of p38 kinase, also caused the inhibition of
the LH-stimulated PACAP gene expression (Fi-
gure 5B).

DISCUSSION

In the present study, an in vitro follicle culture
model was established to study the hormonal regu-
lation of PACAP gene expression in the rat ovary.
The present study demonstrates that gonadotropins
cause the transient induction of PACAP mRNA in
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Figure 6. Signaling pathways for LH-stimulated
PACAP expression in granulosa cells of preovulatory
follicles. Activation of cAMP-PKA pathway by LH is
known to activate progesterone receptor and in turn it
promotes PACAP gene expression. Other signal path-
ways including PLA2-LTB4 and ERK activation also
play a role in LH-stimulated PACAP expression.

granulosa cells of preovulatory follicles through
multiple signal pathways, including progesterone
receptor via cAMP-PKA pathway, PLA,-LTB, acti-
vation, and ERK activation (Figure 6).

Treatment with exogenous LH or FSH in cultu-
red follicles could induce a transient expression of
PACAP mRNA in a dose-dependent manner, mi-
micking the expression pattern of PACAP mRNA
after hCG injection in vivo. Northern blot analysis
revealed three different PACAP transcripts. One
transcript, 1.2 kb in size, has been reported to be
expressed in the rat testis.”> The other two tran-
scripts (2.4 and 3.0 kb in size) were similar to
those observed in nervous tissue.® The major cell
type expressing PACAP mRNA in cultured pre-
ovulatory follicles was granulosa cells. However,
unlike in vivo hCG-treated ovaries, theca cells were
devoid of PACAP-specific signal in response to
LH. Furthermore, PACAP mRNA remained eleva-
ted for up to 12 h in preovulatory follicles cultured

in vitro with LH, compared with ovaries treated
with hCG in vivo, indicating that the mechanism
mediating the rapid decline in PACAP mRNA
after hCG treatment in vivo is reduced in vitro
after LH treatment. A similar observation has been
reported in the induction of PG endoperoxide syn-
thase.” Accordingly, one possible explanation for
the difference is that cAMP production seems to
be sustained longer in vitro after LH treatment.*

PACAP can interact with specific receptors. The
type I receptor binds preferentially to PACAP, and
the type II binds PACAP and VIP with similar
affinity. Of further interest are the present find-
ings demonstrating the stimulation of PACAPR
mRNA in granulosa cells of preovulatory follicles
by LH/hCG. Thus, the present findings suggest that
the direct PACAPR-mediated actions of PACAP
on ovarian function may be restricted to specific
developmental windows. Transient appearance of
PACAP may therefore play a role as a novel intra-
cellular factors and the regulatory processes during
the periovulatory period. It has been demonstrated
that PACAPR gene is expressed in the rat ovary in
a stage- and cell-specific manner during follicle de-
velopment. The increased expression of PACAPR
is restricted to granulosa cells of preovulatory folli-
cles after gonadotropin stimulation. Further studies
are needed to determine whether PACAP is invol-
ved in the regulation of ovulation.

It has been indicated that low concentrations
of LH preferentially activate adenylate cyclase,
whereas higher concentrations of the hormone also
increase intracellular calcium and activate protein
kinase C (PKC).*' The present findings, showing
the inhibition of LH action on the induction of
PACAP mRNA by adenylate cyclase inhibitor, but
not by PKC inhibitor, provide evidence to hypo-
thesize a primary role for ;cAMP in PACAP mRNA
expression in preovulatory follicles. Indeed, it has
been reported that the 5'-flanking region of the
hPACAP gene contains sequence motif homolo-
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gous to cAMP response element.”

The present study demonstrating that treatment
of cultured preovulatory follicles with MEK inhi-
bitor decreased the LH-induced PACAP gene ex-
pression suggests the possible role of ERK in LH-
induced PACAP gene expression. Interestingly, the
timing of ERK activation was different between
cell types within preovulatory follicles. It has been
reported that the activation of ERK occurs within
15 min after LH/hCG in cultured granulosa cells.
In oocyte-cumulus complexes, however, ERK is
activated 2~4 h after gonadotropin treatment.*
Therefore, it is likely that mural and cumulus gran-
ulosa cells might have a different machinery to

activate ERK in response to ovulatory dose of LH.

Lastly, the activated ERK by LH was responsible
for PACAP expression. The involvment of p38
kinase in LH-induced PACAP gene expression
supports the possible role of p38 kinase. The phy-
siological function of these two kinases remains
to be investigated.

The results of the present study indicates that
the signal pathway activating phospholipase A,-
leukotriene (LT)B4 also plays an important role in
LH-induced PACAP gene expression in preovu-
latory follicles. The presence of five mammalian
extracellular phospholipase A, (PLA,) enzymes,
cytosolic (cPLA,; type IV), secretory (SPLA;
types ITA, V and IIC), and Ca**-independent PLA,
(iPLA,; type VI) regulate arachidonic acid release.
Previous results demonstrate the correlation among
PLA,-I (type I) gene expression, estrus cycle, and
progesterone secretion in rat ovaries and suggest a
new function of PLA,-I as an intragonadal regula-
tory factor for steroidogenesis. In cultured granu-
losa cells of immature follicles, the present data
showing the inhibition of LH-induced PACAP gene
expression by an inhibitor of phospholipase A,
indicate an importance of PLA, pathway. Indeed,
follicular cPLA, expression is regulated by gona-
dotropins and may involve a cell- and hormone-

dependent mechanism.*

The product of arachidonic acid metabolism for-
med via the lipoxygenase pathway, as well as the
cyclooxygenase pathway, have been shown to play
a role in the regulation of reproductive function.*
Numerous studies suggest a role for the lipoxyge-
nase system in ovulation. Previous results demon-
strate that the products of the lipoxygenase path-
way, especially LTB,, are important in the process
of ovulation in cyclically ovulating species.”” The
intrabursal injection of specific inhibitors of lipo-
xygenase has been shown to block follicle rupture
at ovulation in rat ovaries.” The lipoxygenase acti-
vity in rat preovulatory follicles has been shown
to increase significantly within 6 h of hCG admi-
nistration.”> A number of inhibitors for lipoxyge-
nase pathways of arachidonic acid have been re-
ported.*” Among them, MK886 has been shown
to be the selective inhibitor of 5-lipoxygenase in
human leukocytes and platelets.”’ In the present
study, treatment with MK886, suppressed LH-
induced PACAP gene expression.

In conclusion, LH/hCG induces a rapid and tran-
sient expression of both PACAP and PACAPR in
granulosa cells of preovulatory follicles, implica-
ting a role of PACAP system in the ovulatory pro-
cess. The LH action on the stimulation of PACAP
expression involves multiple signal pathways in-
cluding cAMP-PKA, PLA,-LTB, and MAP kinase

activation.
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