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ABSTRACT

Adrenomedullin2 (ADM2) is reported to facilitate embryo
implantation and placental development. Therefore, the current
study was undertaken to identify if ADM2 has a functional role
in ovary to facilitate its reproductive actions. This study shows
that the expression of ADM2 is differentially regulated in rat
estrous cycle and that ADM2 increases the synthesis and
secretion of 17beta-estradiol accompanied with an increase in
the expression of steroidogenic factor 1 (Sf1), estrogen receptor
Esr1, and enzymes involved in steroidogenesis in equine
chorionic gonadotropin (eCG)-treated rat ovaries. In addition,
inhibition of endogenous ADM2 function in eCG-treated
immature rats caused impaired ovulation. Furthermore, the
mRNA expression of Adm2 and receptor activity modifying
protein 3 is higher in the ovary on Day 18 compared to
nonpregnant and pregnant rats on Day 22. ADM2-like immu-
noreactivity is localized in granulosa cells, blood vessels,
oocytes, cumulous oophorus, and corpus luteum of pregnant
ovaries, suggesting a potential role for ADM2 in the ovary. This
is supported by the presence of ADM2-like immunoreactivity in
the corpus luteum during pregnancy and a decline in aromatase
immunoreactivity in corpus luteum on Day 9 of gestation in rats
infused with ADM2 antagonist during implantation and decidu-
alization phase. Taken together, this study suggests a potential
involvement of ADM2 in the rat ovary in regulating synthesis of
estradiol to support ovulation and facilitate efficient implanta-
tion and placental development for a successful pregnancy.

ADM2/IMD, ovary, ovulation, pregnancy, steroidogenesis

INTRODUCTION

Adremedullin2 (ADM2)/Intermedin is a novel peptide that
belongs to the calcitonin (CALCA)/calcitonin gene-related
peptide (CALCB) family of peptides that has ;28% structural
homology to adrenomedullin (ADM) and ,20% to CALCB.
ADM2 exerts its effects through 7-transmembrane (7-TM)
domain G-protein coupled receptor (GPCR), calcitonin recep-
tor-like receptor (CALCRL) in combination with one of the
receptor activity-modifying proteins (RAMPs), that is,
RAMP1, RAMP2, or RAMP3 [1]. Unlike ADM and CALCB,
ADM2 is shown to be a nonselective agonist for RAMPs but

exhibits greater potency with CALCRL/RAMP1 and
CALCRL/RAMP3 [1].

Adm2 mRNA is abundantly expressed in the rat ovary,
uterus, stomach, kidney, brain, and pituitary gland [1, 2].
Previous studies showed that ADM2 has vasodilatory and
hypotensive actions that were similar to or more potent than
those of ADM and CALCB [1, 3]. Adm2 mRNA has been
shown to be an estrogen-dependent regulator of prolactin release
in pituitary [4] and possesses an estrogen response element in its
sequence, suggesting functional endocrine or a paracrine role for
ADM2 in regulating pituitary hormone secretion.

Recently we reported that plasma levels of immunoreactive
ADM2 are elevated during pregnancy and that ADM2-induced
vasodilation is greater during pregnancy in rats [5]. Further, we
demonstrated that ADM2 is secreted by Day 6 human
blastocyst and that blocking endogenous effects of ADM2 in
early pregnant rat causes a decline in serum estradiol levels
along with impaired embryo implantation rate and placental
development [6–8]. Thus, a series of evidence suggest a
potential role for this novel peptide in mediating early
placentation to facilitate a successful pregnancy [5–7, 9, 10].
ADM2, CALCRL, and all three RAMPs are expressed in the
rat ovary [11, 12]. A recent report shows that ADM2 is
important for regulation of cumulus cells survival and
maintenance of the tertiary structure of the cumulus oocyte
complex [11, 12]. However, it is not known if ADM2 has a role
in regulating ovarian functions to support the establishment and
maintenance of pregnancy. Therefore, the objectives of this
study were to 1) assess if mRNA expression of Adm2 varies
with changes in the rat estrus cycle, 2) assess the effect of
ADM2 on ovarian function as it relates to the rate of ovulation
and steroidogenesis in the rat ovary, 3) identify changes in
Adm2 expression and localize ADM2 immunoreactivity in
pregnant rat ovary, and 4) assess the effects of inhibition of
endogenous ADM2 activity on the expression of enzyme p450
aromatase protein in the corpus luteum that plays an important
role in estradiol biosynthesis during pregnancy.

MATERIALS AND METHODS

Nonpregnant and timed pregnant rats (six in each group with a body weight
of 250–300 gm) and 25-day-old immature female rats (10�12 rats in each
group) were purchased from Harlan-Sprague Dawley. All the animals were
given free access to food and water. The Animal Care and Use Committee at
University of Texas Medical Branch approved all the procedures for our study.
Nonpregnant rats were euthanized on the diestrous, proestrous, and estrous
stages, and pregnant rats were euthanized on Days 9, 18, and 22 of gestation.
Ovaries were collected, and total RNA was extracted using TRIzol method.
RNA was treated with DNase1 before performing the reverse transcriptase
polymerase chain reaction (RT-PCR). Immunohistolocalization of ADM2
protein were assessed in tissue sections of ovaries from pregnant rats
euthanized on Day 18.

Inhibition of Ovulation

The peptide ADM2
17–47

is the only reported antagonist specific for ADM2
action in several tissues and cell lines, but the action of ADM2 via an unknown
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receptor cannot be ruled out [1–5]. In this study, we used ADM2
17–47

to study
the effect of ADM2 on the rate of ovulation and the growth of ovaries.
Prepubertal rats (28-days-old) were injected with 10 international units
(subcutaneous) equine chorionic gonadotropin (eCG; Sigma-Aldrich) between
0930 and 1000 h. These rats typically have a luteinizing hormone (LH) surge
around 56 h after the eCG injection that is followed by ovulation of about 10–
15 oocytes/rat around 72 h [13, 14]. Rats were infused with either saline or
ADM2

17–47
(200 lg/day; n ¼ 10/group) 48 h after eCG treatment that was

delivered at 10 ll/h through osmotic minipumps (Alza) inserted (subcutaneous)
into the dorsum of the rats while animals were under anesthesia. Anesthesia
consisted of a combination of 45 mg/kg of body weight ketamine (Fort Dodge
Laboratories) and 5 mg/kg of body weight xylazine (Burns Veterinary Supply).
The dose of antagonist chosen was based on our previously published study
[15], and the antagonist effects were similar in the dose range of 125–750 lg/
rat/day. The rats were euthanized in the morning of the next day, and the
ovaries were dissected out, weighed, and analyzed for the number of corpora
lutea as a measure of ovulation.

Ovary Explant Culture

Immature female rats were injected with 10 international units equine
chorionic gonadotropin (eCG) to induce follicular growth. After 36 h, the rats
were euthanized, ovaries removed, cut into fragments, and maintained as
explants for 24 h in the presence or absence of ADM2 (10�8–10�9 M). Ovarian
tissues were used either for RNA extraction or for steroid hormone extractions.
Culture medium was also collected for measuring the steroid hormone secreted
in the medium. The steroid contents in the ovarian tissues were expressed as pg/
mg tissue or ng/mg tissue, and the total amount of steroids secreted into the
medium was normalized to the weight of the tissue used for explant and
expressed as total secretion (pg/mg and ng/mg tissue for estradiol and
progesterone, respectively).

Radioimmunoassay

Radioimmunoassay for 17b-estradiol and progesterone was performed using a
kit in accordance with manufacturer’s instructions (DSL). Briefly, steroids were

extracted with hexane:ethyl acetate (3:2 by volume). The organic extract was dried
completely in a vacuum centrifuge (Savant SpeedVac; Savant Instruments Inc.)
and reconstituted in assay buffer. For estradiol, the intraassay variation was 6% for
both medium and extract, and the interassay variation was 10% in the medium and
extract. For progesterone, the intraassay variation was 7% for both medium and
extract, and the interassay variation was 12% in the medium and extract. The
ranges of both the assays were 15–3000 pg/ml, and the assays were 100% specific
for the respective steroid with 0% cross-reactivity to the other steroid hormone.

ADM2
17–47

Infusion Studies

Two adult female rats were paired with a male overnight. The next
morning, the males were removed, and the females were assessed for the
presence of sperm in the vaginal flush. Animals with positive sperm in the
flushes are designated as Day 1 of gestation. Five pregnant rats were used in
each experimental group. In our previous work, we showed that ADM2
antagonist (ADM2

17–47
) infusion during peri-implantation period from Day 3

through Day 9 caused a decline in the estrogen levels in serum along with
impaired implantation on Day 9. Therefore, we were interested to know if
ADM2 had an effect on expression of aromatase enzyme, a key regulator in
estradiol synthesis in the corpus luteum during pregnancy. We used rats infused
with ADM2

17–47
from Day 3 to Day 9, covering the peri-implantation and

decidualization period of pregnancy that precede the formation of placenta to
study the effects on aromatase expression. Ovaries were collected and fixed in
buffered formalin for immunohistochemistry.

RNA Extraction and RT-PCR

TRIzol reagent was used to isolate total RNA and protein from
approximately 100 mg of rat ovary according to the manufacturer’s protocol.
The RNA was dissolved in 20 ll of RNase-free water containing DNase I
buffer and 5 units of amplification grade DNase I. The DNase I was removed
by phenol-chloroform extraction. The RNA was stored at �708C until use.
Using total RNA, first-strand complementary DNA (cDNA) was synthesized
by reverse transcription in a 20 ll reaction volume containing 13 PCR buffer, 2
lg RNA, 5 mM MgCl

2
, 1 mM dNTP mixture, and random primers as described

by the supplier (Ambion). For reverse transcription, samples were placed into a
thermal cycler for 1 cycle at 428C for 15 min, 998C for 5 min, and 58C for 5
min. The cDNA was stored at �208C.

Semiquantitative PCR

Adm2, Calcrl, Ramp1, Ramp2, Ramp3, and 18S ribosomal (Rn18s) mRNA
expression was assessed by semiquantitative PCR analysis with gene-specific
primer (Table 1). Amplification of Rn18s was used as an endogenous control.
Briefly, 2 ll of the cDNA was mixed with a PCR mixture containing 2.5 mM
MgCl

2
, 1:10 dilution of 103 PCR buffer, 5 unit/100 ll of 1 mM dNTP mixture,

and 0.2 lM of gene-specific forward and reverse primers as shown in Figure 1
in a total volume of 50 ll (Sigma-Aldrich). PCR reactions were carried out on
GeneAmp PCR system 9700 (Perkin Elmer) with the following conditions: an
initial denaturation step at 948C for 5 min followed by 35 cycles of 30 sec at
948C, 30 sec at 608C, and 45 sec at 728C. Reactions were terminated by a 7 min
elongation step at 728C. Total cycle number is chosen for each from the linear
portions of the curve (data not shown). PCR products were visualized on 1.4%
agarose gel containing 0.5 lg/ml ethidium bromide and run in 0.53 TBE buffer
at 100 V for 1.5 h (Sigma-Aldrich). Gels were placed on an ultraviolet light
box, imaged, and analyzed with the SigmaPlot software gel (SPSS Inc.). The
identity of the amplified sequence was confirmed by sequence analysis of both
DNA strands with gene-specific primers on a Perkin Elmer DNA sequencer.

Real-Time PCR

Quantitative real-time RT-PCR using SYBR Green (Bio-Rad) was
performed on a CFX96 Real-Time PCR Detection System (184-5096; Bio-

TABLE1. Sequences of primer pairs used for semiquantitative PCR analysis.

Gene Forward primer Reverse primer

Adm2 GCTGATGGTCACGGTAAC CGCTGGAAGGAATCTTGG
Calcrl CCAAACAGACTTGGGAGTCACTAGG GCTGTCTTCTCTTTCTCATGCGTGC
Ramp1 CACTCACTGCACCAAACTCGTG CAGTCATGAGCAGTGTGACCGTAA
Ramp2 AGGTATTACAGCAACCTGCGGT ACATCCTCTGGGGGATCGGAGA
Ramp3 ACCTGTCGGAGTTCATCGTG ACTTCATCCGGGGGGTCTTC,
Rn18S AACCCGTTGAACCCCATT CCATCCAATCGGTAGTAGCG

FIG. 1. Adm2 mRNA expression in ovary in different stages of the rat
estrous cycle. A) Top panel shows PCR product for Adm2 and Rn18s. B)
Bottom panel shows the mean 6 SEM of the ratios of ADM2 mRNA to
Rn18s. Asterisks indicate significant difference compared to estrous phase
(n ¼ 6, *P , 0.05).
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Rad) for steroidogenic factor 1 (Sf1), 17b-dehydroxygenase 1(Hsd17b1), 3b-
dehydroxygenase 1 (Hsd3b1), and 3b-dehydroxygenase 2 (Hsd3b2) genes
using the specific primers (SABiosciences) listed in Table 2. Primers and
probes for estrogen receptors Esr1 (assay identification no. Rn-00664737-m1)
and Esr2 (assay identification no. Rn-00562610-m1) were from Applied
Biosystems. Amplification of Gapdh served as an endogenous control. PCR
amplification with Taqman probes were performed as per the manufacturer’s
instructions. PCR reactions with SYBR Green were incubated at 958C for 10
min followed by 958C for 30 sec (melt) and 608C for 1 min (anneal/extend) for
a total of 40 cycles. Negative control without cDNA was performed to test
primer specificity. The relative gene expression was calculated by use of the
threshold cycle (C

T
) Gapdh/C

T
target gene.

Polyclonal Antibodies

Antibodies for ADM2 used in this study were raised with the help of Alpha
Diagnostics and have been characterized for their specificity and used in
previous studies [9]. Antibody for p450 aromatase was obtained from Abcam.

Immunohistochemical Staining

Sections of rat ovary were heated for 10 min in sodium citrate buffer (pH
6.0) and then rinsed with PBS (0.1 M, pH 7.4). Endogenous peroxidase was
blocked by 3% hydrogen peroxide for 10 min at room temperature. The slides
were then washed with PBS (0.1 M, pH 7.4) and blocked with avidin-biotin
solutions, each for 1 h at room temperature. The primary antibody for ADM2,
p450 aromatase, or nonimmune serum/antibody diluent (1:100) was added to
the slides and incubated at 48C overnight. The slides were washed three times

TABLE 2. Sequences of primer pairs used for quantitative PCR analysis.

Gene Forward primer Reverse primer

Hsd3b1 AGGGCATCTCTGTTGTCATCCAC TGCCTTCTCGGCCATCCTTT
Hsd3b2 ATCTCTGTTGTCATCCACACGGCTTC CACTGCCTTCTCGGCCATCTT
Sf1 TGTCTGTCTCAAGTTCCTCATCCTC TGGCCTGCAGCATCTCAAT
Hsd17b1 ACTCCGGGCGTGTGCTGGTGA GGCGTGTCTGGATCCCCTGAAACT
Gapdh TGATGACATCAAGAAGGTGGTGAAG TCCTTGGGAGGCCATTGTGGGCCAT

FIG. 2. Effect of ADM2 on estradiol and progesterone levels in ovaries from eCG-treated immature rats. Estradiol levels in ovarian tissue (A) and in
medium (B); progesterone levels in ovarian tissue (C) and in medium (D). The steroid contents in the ovarian tissues are expressed as pg/mg tissue, and the
total amount of steroids secreted into the medium are expressed as total secretion (pg/mg tissue). Asterisks indicate significant difference compared to
control (*P , 0.05, n¼ 6).
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with 1% NGS-Triton for 10 min each on a shaker (300 rpm), and then the
secondary anti-rabbit biotinylated antibody in a 1:1000 dilution was added and
incubated for 45 min at room temperature. The slides were washed three times
with 1% NGS-Triton and then PBS (0.1 M, pH 7.4) for 10 min each. The
avidin-biotin reagent solution was added to the slides and incubated for 1.5 h at
room temperature. After the slides were washed with 0.1 M PBS (three times
for 10 min each), the 3,30-diaminobenzidine solution was added and incubated
for 3 min or until visible staining was attained. Then the slides were washed
with 0.1 M PBS (three times for 3 min each), counterstained with hematoxylin
for 1 min, and rinsed with deionized water (three times for 2 min each). The
slides were dehydrated and viewed with an Olympus microscope with image
ProPlus software.

Statistics

The experimental data were analyzed by Student t-test or one-way
ANOVA. Bonferroni post hoc tests were used for comparisons made between
multiple groups. Each RT-PCR experiment was done in triplicate. All the
values are expressed as means 6 SEM; P , 0.05 (*) were considered
statistically significant.

RESULTS

Changes in the Expression of Adm2 mRNA in Cycling Rat
Ovary

Figure 1 demonstrates that Adm2 mRNA expression
varied with changes in estrous cycle in the rat ovary.
Expression of Adm2 is significantly higher in proestrous
compared to the estrous phase (n ¼ 6, P , 0.05) whereas
expression of Adm2 mRNA in proestrous shows a similar
trend of increase, it does not reach significance compared to
diestrous (P ¼ 0.065).

Effect of ADM2 on 17b-Estradiol and Progesterone
Production in eCG-Treated Ovary Explants

As shown, ADM2 increases the content (mean 6 SEM)
of 17b-estradiol in ovarian explant tissues (19.6 6 0.68 pg/
ml in control vs. 26.3 6 2.27 pg/ml in treated; Fig. 2A) and
its secretion in the conditioned medium (97.82 6 19.08 pg/
ml in control vs. 165 6 30.5 pg/ml in treated; Fig. 2B) in
the eCG-treated immature rats (P , 0.05), suggesting that
ADM2 may enhance availability of estradiol for follicular
growth in the rat ovary. However, although the progesterone
content (mean 6 SEM) is also increased by ADM2
treatment in these tissues (19.85 6 0.68 ng/ml in control
vs. 27.6 6 3.007 ng/ml in treated, P , 0.05; Fig. 2C) no
effect was observed in response to ADM2 on the
progesterone levels in the conditioned medium of these
ovary explants (Fig. 2D).

Effect of ADM2 on Expression of Genes Involved in the
Regulation of Estradiol Production in the Ovary

Figure 3 demonstrates that ADM2 treatment significantly
increased the mRNA expression of Sf1, estrogen receptor alpha
(Esr1), Hsd17b1, Hsd3b1, and Hsd3b2 during follicular
growth in ovaries isolated from eCG treated rats (n¼ 5, P ,
0.05).

Effect of ADM2 Antagonist (ADM2
17–47

) on the Number of
Corpora Lutea and Weight of the Ovary

Involvement of ADM2 on the ovulatory function was
assessed in eCG-treated immature rats. As shown in Figure 4A,
infusion of the ADM2 antagonist (ADM2

17–47
) to these rats

caused a significant decline in the number of corpora lutea,
suggesting that inhibition of endogenous ADM2 function

FIG. 3. Effect of ADM2 on expression of genes involved in the regulation of estrogen levels in ovary. Real-time PCR data on the ovary explants treated for
24 h in the presence or absence of 10�8 M ADM2. Ovaries were obtained from prepubertal rats at 48 h after eCG injection. Asterisks indicate significant
difference compared to control (*P , 0.05, n¼ 6).
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results in impaired ovulation (P , 0.05). In these animals, the

weight of the ovaries was also assessed as an additional

measure for the ovulatory response. As shown in Figure 4B,
inhibition of endogenous ADM2 function caused a significant
decline in the weights of ovaries in the antagonist-treated group
(P , 0.05).

Changes in Expression of Adm2, Calcrl, and Ramp mRNA
with Gestational Age in Rat Ovary

Figure 5 shows that expression of Adm2 mRNA in the rat
ovary was highest on Day 18 of pregnancy compared to the
nonpregnant rat and on Day 22 of pregnancy (P , 0.005).
With advancing gestation, Adm2 levels in the ovary declined
on Day 22 but still remained significantly higher compared to
the nonpregnant rat (P , 0.05). Because ADM2 can function
through the 7-TM GPCR CALCRL in the presence of any of
the RAMPs, we further analyzed the expression of Calcrl,
Ramp1, Ramp2, and Ramp3 mRNA in these ovaries. Calcrl
expression remains similar throughout gestation whereas,
Ramp1 mRNA expression significantly decreased on Day 22
compared to nonpregnant and Day 18 rats. Ramp2 mRNA
expression is significantly higher on Day 22 compared to
nonpregnant rat (P , 0.05) whereas the expression of Ramp3
and Adm2 were similar showing an increase on Day 18
followed by a decline on Day 22 in pregnant rat ovary.

FIG. 5. Adm2, Calcrl, and Ramp mRNA in rat ovary. Top panel shows the 1.4% agarose gel photograph of RT-PCR product for Adm2, Calcrl, Ramp,
Ram2, and Ramp3 mRNA amplified using rat gene-specific primers in ovaries collected from nonpregnant rats at diestrous (NP) and pregnant rats on Day
18 (D18) and Day 22 (D22) of gestation. Messenger RNA for Rn18s in the respective samples was also analyzed. Bottom panel shows the mean 6 SEM of
the ratios of specific mRNA levels to Rn18s. Asterisks indicate significant differences (*D18 vs. NP, **D22 vs. NP, and ***D22 vs D18; P , 0.005; n¼ 6).

FIG. 4. Effect of ADM2
17–47

infusion on the number of corpora lutea (A)
and the weight of ovaries (B). Bars represent mean 6 SEM values.
Asterisks indicate significant difference compared to control (*P , 0.05, n
¼ 10).
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Immunolocalization of ADM2 in Nonpregnant and

Pregnant Rat Ovary

Immunolocalization of ADM2 immunoreactivity was as-

sessed in nonpregnant and Day 18 pregnant rat ovaries. Figure

6 shows that ADM2-like immunoreactivity is lower in

nonpregnant rat ovary compared to the pregnant ovary and is

localized in granulosa cells, interstitial vasculature, oocytes,

and corpus luteum (n ¼ 3).

Effect of ADM2
17–47

Infusion on Expression of Aromatase-
Like Immunoreactivity in Pregnant Rat Ovary

Figure 7 shows that infusion of ADM2 antagonist
(ADM2

17–47
) caused a decline in the aromatase protein

expression in Day 9 corpus luteum of treated ovaries (n ¼ 3),
suggesting a potential involvement of ADM2 in regulating
ovarian estradiol production in pregnant rats.

FIG. 6. Immunohistochemical localization of ADM2 in nonpregnant and Day 18 pregnant rat ovary: The negative staining in control (A) and ADM2
staining in the ovaries of nonpregnant rat (B) and pregnant rat (C). GC, granulosa cells; OC, oocyte; V, blood vessels; CL, corpus luteum. Bars¼100 lm; n
¼ 3.
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FIG. 7. Immunohistochemical localization of immunoreactive ADM2 and p450 aromatase in Day 9 rat ovary. Pregnant rats were infused with ADM2
17–47

or vehicle (control) from Day 3 and euthanized on Day 9 followed by collection of ovaries for immunohistochemical studies. The negative staining in
control (A) p450 aromatase immunoreactivity in corpora lutea (CL) of saline-treated rat (experimental control; B) and ADM2

17–47
-treated rat (C). Bars¼

100 lm; n ¼ 3.
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DISCUSSION

The current study shows that the expression of ADM2 in the
rat ovary varied according to the stages in the estrous cycle and
suggests a potential steroidogenic role for ADM2 in the rat
ovary to facilitate implantation and early placental develop-
ment for a successful pregnancy. Ovaries play a major role in
pregnancy by synthesizing and secreting estradiol and
progesterone, which are important for a successful ovulation,
implantation, and fetoplacental development [16–20]. Several
growth factors and neuropeptides have been the subject of
increasingly intense investigation for their roles in regulating
the dynamic process of ovarian growth, oocyte maturation, and
ovulation. Recently, the expression of ADM was demonstrated
in the corpus luteum and granulosa cells, suggesting a potential
involvement of ADM in follicular growth and development
and differentiation of corpus luteum. [12, 21, 22]. One study
has shown that Adm2, Calcrl, and Ramp mRNA are expressed
in the rat ovary and that the ADM2-signaling pathway is
present within the individual follicles [11]. Expression of Adm2
has been found to be elevated in oocytes from eCG-treated rats
in parallel with the formation and maintenance of the cumulous
cell oocyte complex as well as increases in the synthesis of
estrogens in granulosa/cumulous cells [11]. These observations
support our previous finding that the infusion of ADM2
antagonist resulted in decreased serum levels of estradiol in
early gestation, suggesting an ADM2-mediated regulation of
sex steroid hormones in rat pregnancy [6, 7]. This is also in line
with the decline in the aromatase immunoreactivity in the
ovaries of Day 9 pregnant rat infused with the ADM2
antagonist (Fig. 7). However, it is not known if ADM2 has a
role in regulating ovarian functions to facilitate ovulation and
early placentation. Higher expression of ADM2 at proestrus
(Fig. 1) and the ADM2-induced increases in the synthesis and
secretion of estradiol (Fig. 2A) observed in this study suggest a
role for ADM2 in follicular maturation. In addition, although
the amount of progesterone secreted into the medium of ovaries
of eCG-treated rats was not affected, ADM2 treatment
increased the content of progesterone in the ovary explants
(Fig. 2C). In an earlier study, ADM had been shown to induce
estradiol and progesterone synthesis in cultured rat ovarian
follicles [23]. However, the involvement of steroidogenic
enzymes in ADM- or ADM2-induced hormone production in
the rat ovary is not known.

The orphan nuclear receptor SF1 is known to activate
cytochrome p450 genes [24], and sf1 gene knockout studies
have reported that SF1 regulates the expression of steroido-
genic genes in steroid-producing cells and that ablation of SF1
leads to a loss in cell morphology and cell identity in the ovary
[25]. In addition, Sf1 has also been shown to mediate the
release of estradiol from granulosa cells [16]. The current study
demonstrates a potential involvement of sf1 and steroidogenic
enzymes Hsd17b1, Hsd3b1, and Hsd3b2 in ADM2-induced
steroidogenesis in rat ovary (Fig. 3). The estradiol level peaks
before ovulation and induces LH release from the pituitary to
facilitate ovulation [16, 19, 20, 26, 27]. ADM2 induced
increases in steroidogenic enzymes and factors that regulate
these enzymes, and this suggests a potential endocrine/
paracrine role for ADM2 in the rat ovary. Thus, the higher
expression of ADM2 at proestrus and its involvement in
ovarian steroidogenesis lead us to speculate that ADM2 may
play a role in regulating ovulatory responses in the rat. The
possible role of ADM2 in regulating ovulatory response is
supported by our data presented in Figure 4, where the infusion
of an ADM2 antagonist at proestrus resulted in a reduced rate
of ovulation. Interestingly, there was a recent report that ADM

treatment does not affect follicular growth or ovulation rate
[23]. Haploinsufficiency of ADM in female rats also does not
affect follicular growth or ovulation rate in the rat [28].
Because both ADM and ADM2 increase estradiol secretion,
the effect of ADM2 on ovulation may be mediated by a
mechanism not involving estradiol.

7-TM GPCR CALCRL, a common GPCR shared by
CALCB family peptides, is reported to mediate ADM2 action
in the presence of RAMP1, RAMP2, or RAMP3. ADM2 and
all the receptor components are expressed in the rat ovary [11,
12]. However, it is not known whether the levels of ADM2 and
its receptors in ovary are increased in the ovary during
gestation. The expression levels of Adm2 and Ramp3 mRNA
were significantly higher on Day 18 compared to nonpregnant
and Day 22 pregnant rat ovary (Fig. 5). The simultaneous
increases in Adm2 and Ramp3 mRNA levels suggest that
RAMP3 (and AM2 receptors) may be important for ADM2
function in the ovary. A similar relationship had been shown
earlier for Adm and Ramp3 mRNA levels in the rat ovary [2].
However, although the increase in RAMP3 may increase the
ADM2 effect on steroidogenesis, the ADM2 effect on
ovulation may not be mediated via ADM receptors because
the effects of ADM2 and ADM on the rate of ovulation are
different (as discussed earlier). There are actions of ADM2 not
shared by ADM, for example, the inhibitory effect of ADM2
on growth hormone secretion [29], and there may be specific
receptors for ADM2 other than those formed by CALCR and
RAMPs that are also blocked by ADM2

17–47
. Future studies

are required to identify the specific receptor that mediates the
effect of ADM2 in the ovary.

In summary, this study demonstrates that ADM2 immuno-
reactivity is localized in granulosa cells, oocytes, blood vessels,
and corpus luteum in the rat ovary. Ovarian ADM2 mRNA
expression changes in the estrous cycle and during gestation.
ADM2 treatment stimulates an increase in the synthesis and
secretion of ovarian estradiol with concomitant increases in the
expression of Sf1, known to activate cytochrome p450 genes,
Hsd17b1, Hsd3b1, Hsd3b2, and Esr1 in the ovary. Taken
together, this study suggests that ovarian ADM2 may be
involved in various aspects of ovarian function.
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