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Background: Oocytes are known to secrete factors that regulate the tertiary structure of cumulus cell-enclosed oocyte

complexes (COCs).

Results: Intermedin (IMD) signaling promotes cumulus cell survival and cell contacts in COCs.
Conclusion: Endogenous IMD plays a critical role in coordinating COC development.
Significance: The study provided new insight into how the tertiary structure of COCs is maintained during folliculogenesis.

Ovarian folliculogenesis has been studied as a model of hor-
monal regulation of development and differentiation, cell death,
and cell-cell communication. In addition to gonadotropins from
the pituitary and follicular paracrine factors, oocyte secreted
factors have been shown to play critical roles in the regulation of
follicular cell functions. Except for the well characterized BMP
family proteins, including GDF9 and BMP15, oocytes are known
to secrete oocyte secreted factors that are important for the reg-
ulation of cumulus cell survival and the maintenance of tertiary
structure of cumulus cell-enclosed oocyte complexes (COCs).
Based on genomic screening and studies of COCs cultured in
vitro, we showed that intermedin (IMD)/adrenomedullin 2
(ADM2) is a novel oocyte-derived ligand important for the reg-
ulation of cell interactions in COCs that functions, in part, by
suppressing cumulus cell apoptosis. Consistently, we showed
that suppression of IMD/ADM2 signaling in growing rat ovaries
invivo leads to oocyte atresia and aberrant cell cycle progression
in follicular cells. Together, our studies indicated that mamma-
lian oocytes deploy a G protein-coupled receptor ligand to coor-
dinate normal interactions of oocytes and cumulus cells and
provided a better understanding of how the tertiary structure of
a COC is maintained as follicles undergo exponential growth
during the late stages of folliculogenesis.

In mammals, ovarian folliculogenesis is regulated by gonad-
otropins from the anterior pituitary and a myriad of intraovar-
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ian factors that include BMP? family factors, EGF family pro-
teins, insulin-like growth factor family proteins, interleukins,
and TNF family proteins among others (1-8). Under the con-
trol of gonadotropins and ovarian factors, subsets of primordial
follicles periodically progress from primary to secondary to ter-
tiary follicles. This process eventually leads to follicle rupture,
cumulus expansion, and oocyte maturation (9-17). In addition,
earlier work on cultured follicles has established that oocytes
actively participate in the regulation of the surrounding cumu-
lus cells, which are distinguished from steroid-producing mural
granulosa cells in gene expression, protein synthesis, and phys-
ical interactions (16, 18 —28).

The importance of oocytes in cumulus-cell-function regula-
tion was first identified by studies showing that the removal of
oocytes from cumulus cell-enclosed oocyte complexes (COCs)
impairs various cumulus cell functions (8, 19, 24,29 -31). It was
subsequently demonstrated that oocytes communicate with
cumulus cells via both contact communication and paracrine
oocyte-secreted factors (OSFs) (18, 19, 32-35). The actions of
OSFs encompass many aspects of follicular cell functions,
including the expression of cumulus cell markers, proliferation,
apoptosis, luteinization, and cumulus expansion (18, 19,
36 —43). Because oocyte-derived BMP family proteins, includ-
ing growth differentiation factor 9 (GDF9) and bone morpho-
genetic factor 15 (BMP15), are capable of substituting OSFs in a
variety of bioassays for evaluating OSF functions and because
BMP family proteins (i.e. decapentaplegic family proteins in
invertebrates) play important roles in ovarian follicle cell com-
munications in various invertebrates (44, 45), these factors
were considered de facto OSFs (19, 36-38, 41, 42, 46, 47).
Despite this progress, the identities of the factors that are
responsible for a number of OSF functions, including the reg-
ulation of cumulus cell survival, oocyte quality, and three-di-
mensional organization, have evaded researchers (19, 27, 48).

3 The abbreviations used are: BMP, bone morphogenetic protein; COC, cumu-
lus cell-enclosed oocyte complex; OSF, oocyte-secreted factor; EST,
expressed sequence tag; IMD, intermedin; ADM, adrenomedullin; CLR, cal-
citonin receptor-like receptor; PMSG, pregnant mare serum gonadotropin;
RAMP, receptor activity-modifying protein.
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Likewise, there is a complete lack of understanding about how
continual association between oocytes and cumulus cells is
maintained in the presence of stimulatory OSFs (i.e. GDF9 and
BMP15) that mainly promote cell proliferation and cumulus
expansion.

To explore oocyte-secreted ligands that contribute to the
coordinated oocyte-cumulus cell communications, we used
two intersecting criteria to identify candidate polypeptides.
First, we generated a set of a priori candidate genes including
known and novel secreted polypeptides (i.e. those that possess a
signal peptide for secretion but lack a transmembrane domain)
(49 -52). Second, we conducted scans using the EST data base
and the Gene Expression Omnibus data repository (51) to iden-
tify transcripts that show evidence of high representation in
female gametes.

Based on genomic and biochemical analyses, herein we iden-
tified intermedin (IMD), also known as adrenomedullin 2
(ADM2), as an oocyte-derived ligand. IMD/ADM2 is a newly
discovered hormone that belongs to a peptide family that
includes calcitonin, calcitonin gene-related peptides (CGRP«
and CGRP), amylin, and adrenomedullin (ADM) (53, 54).
IMD/ADM2 has been shown to be expressed in the vasculature
and a variety of tissues and signal through receptor complexes
consisting of calcitonin receptor-like receptor (CLR) and one of
the three receptor activity-modifying proteins (RAMP1, -2, and
-3) (53-56). Reports have indicated that IMD/ADM2 acts as a
pleiotropic hormone exhibiting anti-apoptosis and angiogenic
effects in a variety of tissues, and the expression of IMD/ADM?2
is regulated by estrogens and oxygen tension in select tissues
(56—59). Based on these earlier studies, we hypothesized that
oocytes may deploy IMD/ADM2 to regulate cumulus cell sur-
vival and oocyte-cumulus cell interactions. Based on studies of
in vitro-cultured COCs and animal models in vivo, we report
that IMD/ADM2 plays a direct role in regulating cumulus cell
survival, cell-cell contacts in COCs, and the expression of cyclin
D2 in companion somatic cells. Taken together, our studies
suggest that oocytes deploy a G protein-coupled receptor
ligand, in addition to BMP and FGF family proteins, to coordi-
nate the interactions between oocytes and nursing cumulus
cells during folliculogenesis.

EXPERIMENTAL PROCEDURES

Peptide Synthesis—Analogs of the IMD peptide (IMD,
Ac-IMD(17-47), and Ac-IMD(17-47)/p-Arg-33 (Ac-VQN-
LSHRLWQLMGPAG (p-Arg) GQDSAPVDPSSPHSY-NH,))
were synthesized by the Stanford University Protein and Nu-
cleic Acid Biotechnology Facility based on the solid-phase fluo-
renylmethoxycarbonyl protocol. The Ac-IMD(17-47)/p-
Arg-33 peptide was acetylated at the N terminus and contained
a D-amino acid substitution at Arg-33 (53). Peptides were ana-
lyzed by reverse-phase HPLC with Vydac C18 analytical col-
umns and mass spectrometry using a MALDI-TOF Voyager-
DE RP Workstation. Synthetic adrenomedullin, CGRPf3, and
related peptides were obtained from AnaSpec, Inc. (San Jose,
CA), Sigma-Aldrich, and American Peptide Company. Radio-
labeled [***I]CGRP (2000 Ci/mmol) was purchased from Am-
ersham Biosciences. Stocks of different hormones were pre-
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pared in phosphate-buffered saline (PBS) and diluted in culture
medium.

Quantification of Gene Transcripts—To analyze transcript
expression, total RNA was extracted from germinal vesicle
oocytes and cumulus cells using an RNeasy Mini kit (Qiagen,
Valencia, CA). Aliquots of RNA were transcribed into first-
strand ¢cDNAs using Omniscript reverse transcriptase (Qia-
gen). TagMan primers that were used for amplification of the rat
IMD cDNAs included forward primer rIMDFW (5'-ATCACA-
GACCACAGAGTACTCGA-3') and reverse primer rIMDRW
(5'-TCCTGCTTGCTCACAAGTGGAG-3'). For the analysis of
rat CLR and RAMP transcripts, TagMan primers were designed
based on NP 113833 (RAMPI1), NM 031646 (RAMP2),
NP_064485 (RAMP3), and NP_036849 (CLR). In all experiments,
subcloned rat cDNAs were used as the copy number standard. The
probes were labeled with the reporter fluorochrome 6-carboxy-
fluorescein at the 5'-end and the quencher fluorochrome 6-car-
boxy-tetramethyl-rhodamine at the 3’-end. Forward TagMan
primers used for amplification of the rat RAMP1, RAMP2,
RAMP3, CLR, connexin 43, and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) cDNAs were -IRAMPIFW (5 -CATC-
CTGCTCTAGCCTAGTTAG-3'), (IRAMP2FW (5'-TCATCCT-
TGAGGCTCACCTGAT-3'), IRAMP3FW (5'-GCAGGCAAG-
GTCATCTGGAAG-3'), rCLRFW (5'-GCTCAGTCTTACAG-
ACATGAAA-3'), rtCX43FW (5'-TCTGAGTTTAACAGTCTT-
TTAGATTG-3'), and rGAPDHFW (5'-CCCATTCTTCCACC-
TTTGATGCTGG-3'), respectively. Reverse TaqgMan primers
included rRAMPIRW (5'-AGACCTGGCGCTTAGCGCTC-
TTT-3'), IRAMP2FW (5'-TTGGTGCAGCCTACCTTCTCCG-
ATC-3"), IRAMP3RW (5'-TCATGGCAGATCGCCTAGAAGA-
3"), ”CLRRW (5'-TTCTTAAAGAAAGGAACACGAGG-3'),
rCX43RW (5'-ACTGGTGTCTTTAGCATACAGTTCA-3'),
and rGAPDHRW (5'-CATGTAGGCCATGAGGTCCACC-
ACC-3"). The probes for IMD, RAMP1, RAMP2, RAMP3,
CLR, connexin 43, and GAPDH were 5'-TGTGCCTAAAGA-
AAATCGGCAAAAG-3', 5'-TGAAAGCAGATCTGCATTA-
CACTAA-3", 5'-CACAAGCGTAACGAGGAAAGGGATG-
3’, 5'-AGCACATTCTCTGTTGGACATGAAG-3', 5'-ACG-
GTTTGTCCAGAAACACTTTAAC-3', 5'-CACTAAGACT-
TTGTTTGAAACACTA-3',and 5'-ACAACTTTGTGAAGC-
TCATTTCCTG-3', respectively. All quantitative PCR
analyses were performed using the QuantiTect TagMan probe
PCR kit (Qiagen) with a Smart Cycler® system (Cepheid Inc.,
Sunnyvale, CA) or a LightCycler 2.0 system (Roche Applied
Science). All experiments were repeated three or four times
using independent samples and were normalized based on
GAPDH expression as described earlier (58).

Collection of Granulosa Cells, Cumulus Cells, Oocytes, COCs,
and Follicles—For the analysis of gene transcripts, immature
25-day-old female Sprague-Dawley rats were injected intra-
peritoneally with 15 IU of pregnant mare serum gonadotropin
(PMSG) and human chorionic gonadotropin 48 h later. Batches
of animals were sacrificed at 24 h after PMSG, 48 h after PMSG,
or 3 h after human chorionic gonadotropin injection. After sac-
rifice, ovaries were removed, immediately placed in a warmed
culture medium, and dissected under a dissecting microscope
using fine needles. To obtain follicles of similar developmental
stages, care was taken to select follicles with a size range. Tis-
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sues were snap-frozen and stored at —80 °C before transcript
analysis. For protein expression analysis, tissues were routinely
fixed in Bouin’s solution.

To obtain oocytes, cumulus cells, granulosa cells, and COCs,
animals were sacrificed at 42—44 h after the PMSG treatment.
Tertiary follicles were punctured with syringe needles to release
COCs and granulosa cells. Intact COCs with at least three lay-
ers of cumulus cells were collected for the separation of cumu-
lus cells and denuded oocytes. All oocyte samples were exam-
ined under the microscope to ensure that all oocytes had been
stripped of somatic cells.

Receptor-binding Assay, cAMP, and Estradiol Production by
Cultured Granulosa/Cumulus Cells—Granulosa/cumulus cells
were obtained from ovaries of immature 21-day-old rats that
had been implanted with diethylstilbestrol for 4 days by punc-
turing antral follicles with fine gauge needles; these cells were
cultured in L15 medium with 0.1% BSA as described previously
(60). For the receptor-binding assay, cells were resuspended in
ice-cold binding buffer (20 mm Tris-HCI (pH 7.4), 2 mm MgCl,,
and 0.1% BSA) in siliconized microcentrifuge tubes with 0.06
g of ['**IJCGRP and various concentrations of nonradioactive
peptides. After a 1-h incubation at 37 °C, the cell-associated
radioactivity was determined using a y-counter. To assess the
effect of hormones on adenylate cyclase activation and estradiol
production, aliquots of dispersed granulosa/cumulus cells were
cultured in 24-well culture dishes (2 X 10° cells/well) in serum-
free Macoy’s 5A medium supplemented with 0.3% BSA, 100
mg/ml penicillin, and streptomycin and treated with IMD or
FSH. In studies of cAMP production, media were supple-
mented with 250 um 3-isobutyl-1-methylxanthine (Sigma-Al-
drich) to inhibit phosphodiesterase activities. Following incu-
bation, total cAMP production and estradiol contents in
cultures were measured by specific radioimmunoassays (53).

Analysis of Cell Viability and Apoptosis—The viability of
cells was determined using a tetrazolium salt-based cell prolif-
eration kit (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide assay; Invitrogen) based on the ability of living
cells to metabolize yellow tetrazolium salt to blue formazan
crystals. Granulosa/cumulus cells were cultured for 24 h with
different hormones before the addition of aliquots of tetrazo-
lium salt solution. After overnight incubation, the absorption at
560 nm was determined. The Caspase-Glo® 3/7 luminescent
assay (Promega Corp.) was used to measure caspase-3/7 activ-
ities. After incubation with the proluminescent caspase-3/7
DEVD-aminoluciferin substrate for 1 h, aliquots of cells were
transferred to white wall 96-well culture plates, and the lumi-
nescence was measured with a luminometer.

To detect changes in mitochondrial membrane potential of
cultured cumulus cells, COCs were cultured in serum-free M16
medium containing 0.3% BSA with or without hormones for
2 h. The JC-9 mitochondrial potential sensor (2.5 pg/ml;
Molecular Probes) was added to the cultures and incubated for
10 min at 37 °C in the dark. After washing twice with PBS, the
staining was visualized with a fluorescence microscope. Emis-
sion filters of 485 and 535 nm were used to detect the green
(JC-9 monomer) and orange (JC-9 aggregates) fluorescence,
respectively.
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Determination of Cell-Cell Contacts within COCs—Groups
of 20 COCs were cultured in 4-well cell culture plates with 500
wl of M16 medium in the absence or presence of different hor-
mones for 50 h at 37C under 5% CO,, 95% O,. All cultures were
overlaid with mineral oil to avoid osmotic changes. The num-
ber of COCs that remain intact was scored at select time inter-
vals, and select cultures were recorded using a Leica DFC300
FX digital camera and Image-Pro PLUS 5.0 software (Media
Cybernetics, Inc., Silver Spring, MD) (58).

Ablation of Ovarian IMD Signaling by Intrabursal Injection
of a Specific IMD Antagonist in Vivo—To block ovarian IMD
signaling in vivo, a specific IMD antagonist, Ac-IMD(17-47)/
D-Arg-33, was injected into the periovarian sac (intrabursal)
unilaterally (175 ug/bursa) as described previously (61). The
reagent was administered under the bursa with a 29-gauge nee-
dle via the adjoining fat pad. The contralateral ovary in each
animal was injected with PBS and served as the control. Ani-
mals were also injected with 12 [U of PMSQG after surgery to
stimulate ovarian follicle growth. Both ovaries were collected
for analyses of histology and marker gene expression at 44 h
after the PMSG injection. Five-micron-thick paraffin sections
of fixed ovaries were immunostained with mouse monoclonal
antibodies against cyclin D2 (Abcam Plc., AB3087). Antigen
retrieval was performed in 0.01 M sodium citrate (Sigma-Al-
drich) in a microwave for 10 min. After quenching with 3%
H,0,, sections were washed in TBS and incubated with cyclin
D2 antibodies at 4 °C overnight. Nonspecific binding was
blocked by incubating slides in TBS containing 0.1% Triton
X-100 and 10% goat serum. An avidin-biotin peroxidase com-
plex method was used to visualize the antigen antibody com-
plex using Dako Liquid DAB Chromogen System. The signal
intensity for cyclin D2 was captured with a Zeiss microscope
system and quantified using HistoQuest Cell Analysis software
(TissueGnostics GmbH; available on the World Wide Web).

Follicles were classified according to size and tertiary
topology: primordial, with oocytes less than 25 um in diam-
eter and with few squamous granulosa cells; primary,
oocytes covered with a single layer of cuboidal granulosa
cells; secondary, oocytes with multiple layers of granulosa
cells but without an antrum (100-140 wm); early antral,
140 -200-pum follicles with an antrum; large antral, >200
pm in diameter and with a distinct cumulus cell layer sur-
rounding the oocyte.

Statistical Analysis—Receptor activation and receptor-bind-
ing activity curves generated in nonlinear regression analyses
(Prism 6.0; GraphPad Software) were evaluated relative to the
samples without hormone treatment. In all cases, data are
reported as the mean * S.E. of assays in triplicate or quadruplicate.
Statistically significant responses (p << 0.05) were determined for
each stimulated response to the average nonspecific response
from controls using analysis of variance or Student’s ¢ test. Corre-
lation analysis was performed with the Spearman test.

RESULTS

Expression of IMD/ADM?2 Transcripts in Rodent and Human
Oocytes—Following the analysis of >1,000 genes known to
encode ligands for human cell surface membrane receptors and
secreted polypeptides without a described function (50-52,
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TABLE 1

List of microarray studies of IMD/ADM2 expression in mouse oocytes and embryos as well as in human oocytes

References

Developmental stages of oocytes®

Su et al. (63) Immature GV

Mature metaphase II

+++ +
Potireddy et al. (64) Oocyte One-cell embryo
+ ++
Zeng et al. (65) Oocyte One-cell embryo Two-cell embryo  Eight-cell embryo  Blastocyst
+++ +++ + - -
Pan et al. (66) Primordial follicle Primary follicle Secondary follicle Small antral follicle Large antral follicle
- ++ ++ ++ ++
Ma et al. (67) Control oocyte Basonuclin knockdown oocyte
++ +
Hernandez-Gonzalez et al. (68) Control COCs hCG-treated COCs
++ -
Pan et al. (69) Immature GV Metaphase II
+++ ++
Wan et al. (70) Immature GV
++
Kocabas et al. (71) Human metaphase II oocytes
++
“ + to +++, present; —, absent or minimal.
A P<0.05
o 0-006 - P<0.01 I
T =
o5 o0.005 T
L >
&5 0.004 -
<2 0003 |
s "
Eg 0.002 A
% E 0.001
— E - l;\
Day 26 PMSG PMSG hCG
24 hr 48 hr 3hr
B O Day 26
I PMSG 24 hr
8. o004 - PMsG 43hr P35
= c r
&5 o0.0035 - N
L2 0.003 -
E S 0.0025 -
Eo ) P<0.05
° 8 0.002 -
S< 00015 -
o Z
w 0.001 - |
©E  o0.0005 - -
= o i

CLR

RAMP1

RAMP2 RAMP3

FIGURE 1. Expression of IMD/ADM2, CLR, and RAMP transcripts in follicle compartments. A, expression of IMD/ADM2 transcripts in oocytes of secondary
and tertiary follicles from immature 26-day-old rats and those primed with PMSG for 1 or 2 days or PMSG for 2 days followed by a 3-h human chorionic
gonadotropin treatment. B, expression of CLR, RAMP1, RAMP2, and RAMP3 transcripts in cumulus cells of immature female rats with or without gonadotropin
treatments. Similar results were obtained in three separate experiments. Error bars, S.E.

62), we found that the transcript of IMD/ADM2 is highly rep-
resented in rodent oocyte and human germ cell EST libraries
(supplemental Table 1). Among the eight mouse IMD/ADM2
ESTs, five were from either unfertilized oocyte or fertilized egg
libraries. In the human EST data base, three of six IMD/ADM?2
ESTs were derived from a germ cell teratoma cDNA library.
Consistently, we found that IMD/ADM?2 transcripts were
detected in oocytes of nine published microarray studies in the
Gene Expression Omnibus Profile database; seven analyzed
mouse oocytes specifically, one used COC mRNAs, and one
studied human oocytes (supplemental Fig. 1, data sets GDS
2300, 2387, 814, 1266, 1978, 3294, 3295, 3256, and GDS1677)
(63-71). These studies showed that IMD/ADM?2 transcripts
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were expressed in oocytes of follicles at primary, secondary,
small antral, and large antral stages as well as in one-cell and
two-cell embryos, but not in eight-cell embryos or blasto-
cysts (Table 1). In contrast, transcripts of the closely related
ADM and amylin genes were either below the detection limit
or negligible in these microarray studies. In addition, a
microarray study of granulosa cells showed that IMD/ADM?2
transcript is absent in these somatic cells (supplemental Fig.
1, data set GDS3422) (72). The results of in silico analyses
were intriguing because polypeptide hormones signaling
through G protein-coupled receptors have not been shown
to play a major role in the regulation of somatic cell func-
tions by oocytes.
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FIGURE 2. IMD/ADM2 increased survival of granulosa/cumulus cells cultured in vitro. A, competitive receptor-binding analysis using isolated granulosa/
cumulus cells from immature 26-day-old rats primed with diethylstilbestrol (DES) for 4 days. Each data point represents the mean = S.E. of triplicate samples.
Band C, dose-dependent stimulation of cAMP (B) and estradiol (C) production by IMD and FSH in isolated granulosa/cumulus cells. Cell cultures were treated
with different hormones in a serum-free condition for 16 h. Each data point represents the mean = S.E. (error bars) of quadruplicate samples. D, dose-depen-
dent stimulation of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) conversion by IMD and FSH in cultured granulosa/cumulus cells.
E, dose-dependent inhibition of granulosa/cumulus cell caspase-3 and -7 activities by IMD and FSH. The activities of caspases were determined using a
Caspase-Glo 3/7 luminescent assay (Promega) at 24 h after culture. Cultures treated with 10% rat serum were used as positive controls. F, the anti-apoptosis
effect of IMD (represented by an inhibition of caspase-3 and -7 activities) was neutralized by coincubation with an anti-IMD antibody (n = 4). *, significantly

different from controls (p < 0.05). Similar results were obtained in three separate experiments.

IMD/ADM?2 Signaling Pathway Is Present within Individual
Follicles—To support the in silico findings, we first investigated
the expression of IMD in oocytes of follicles at select develop-
mental stages. Quantitative PCR analysis showed that IMD/
ADM2 transcripts are expressed in rat oocytes isolated from
secondary and tertiary follicles and that PMSG treatments lead
to significant increases of expression 24 — 48 h later (Fig. 14, p <
0.05). In addition, quantitative PCR analyses showed that all
components of the IMD/ADM2 receptor, including CLR and
RAMPI, -2, and -3, are expressed in cumulus cells of immature
rats (Fig. 1B), suggesting the presence of a paracrine IMD-CLR/
RAMP signaling pathway in follicles. Consistent with this
hypothesis, receptor-binding assays showed that IMD dose-de-
pendently displaced the binding of an '**I-labeled CGRP tracer,
which overlaps with IMD in receptor specificity, to granulosa/
cumulus cells isolated from immature rats primed with dieth-
ylstilbestrol (Fig. 2A4). In contrast, the distantly related amylin
peptide was without effect on tracer binding. In addition, func-
tional assays showed that IMD increases cAMP and estradiol
production of cultured granulosa/cumulus cells in a dose-de-
pendent manner (Fig. 2, B and C). These analyses collectively
suggested that IMD/ADM?2 represents an oocyte-derived
ligand that could regulate surrounding cumulus cells during
folliculogenesis.
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IMD/ADM?2 Enhances Cumulus Cell Survival—Because
IMD exhibited an anti-apoptosis effect on various tissues (56)
and because cumulus cells partially depend on OSFs for survival
(19), IMD could represent a novel survival factor for cumulus
cells. Indeed, IMD increased the capability of granulosa/cumu-
lus cells to metabolize 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT; Fig. 2D) and to suppress the
activation of executioner caspases (caspase-3 and -7; Fig. 2E,
p < 0.01) in a dose-dependent manner. Compared with con-
trols, IMD treatments led to a >35% reduction of caspase-3/7
activities. The IMD action is specific because co-incubation
with an affinity-purified anti-IMD antibody blunted the anti-
apoptosis effect of IMD (Fig. 2F, p < 0.01). However, the anti-
apoptosis effect of IMD appeared to be much smaller than that
of FSH.

IMD/ADM?2 Plays a Critical Role in the Maintenance of Nor-
mal Oocyte-Cumulus Cell Interactions—Because the effect of
IMD appeared to be less robust as compared with that of FSH in
multiple bioassays using granulosa/cumulus cells, it is possible
that IMD only acts on a select population of follicular cells. To
specifically study the effect of IMD on cells that are most perti-
nent to a regulation by oocytes, we next analyzed the ability of
IMD to maintain the three-dimensional structure of cultured
COCs. In these studies, we scored the total number of COCs
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that retained at least two or three layers of cumulus cells
(referred to as “intact COCs” in the rest of this work) at 20, 30,
40, and 50 h after culture in the absence or presence of different
hormones.

Under the serum-free culture condition, cumulus cells in the
control group started to detach from COCs at 20 h after culture,
and the percentage of intact COCs decreased from >90% at
20 h after culture to 75.2 = 3.4,49.1 = 2.2, and 30.5 *= 2.3% at
30, 40, and 50 h, respectively (Fig. 34, top left and bottom; see
also the movie in supplemental Fig. 2A4). By contrast, at 40 h
after culture, 67.4 = 5.2 and 81.7 = 5.6% of oocytes retained
layers of cumulus cells in the FSH and IMD treatment groups,
respectively (Fig. 34, lower panel, p < 0.05; see also movies in
supplemental Fig. 2, B and C).

Staining of COCs with propidium iodide showed that many
cumulus cells in control COCs had died after 20 h of culture,
whereas cell death was sparse in IMD- or FSH-treated COCs
(Fig. 3B). In IMD- and FSH-treated COCs, dead cells became
prevalent only after 40 h of culture (Fig. 3B). By this time, most
oocytes in the control group had become completely denuded.

In addition, we noted that, unlike with the IMD treatment,
the outer layer of cumulus cells of COCs treated with FSH,
which can stimulate cumulus expansion iz vitro at pharmaco-
logical doses (e.g. >100 ng/ml) (19, 73, 74), tended to become
loose and detached from COCs by 30 — 40 h after culture (Fig. 3,
A (top) and B (bottom right)).

To investigate whether endogenous IMD is critical for nor-
mal cell-cell contacts in COCs, we cultured COCs with or with-
out an affinity-purified anti-IMD antibody. Interestingly, we
found that treatments with the anti-IMD antibody, but not an
affinity-purified control antibody (i.e. an anti-urocortin II anti-
body), significantly reduced the number of intact COCs as com-
pared with the control group (Fig. 3C, p < 0.05, top and middle),
suggesting that the sequestration of endogenous IMD fastens
the disintegration of the tertiary structure of COCs.

Furthermore, we traced early signs of cell death in cultured
COCs with a dual emission mitochondrial potential-sensitive
dye, JC-9 (3,3'-dimethyl-B-naphthoxazolium iodide). As
expected, we found that many cumulus cells that had been
treated with the anti-IMD antibody exhibited intense orange-
red fluorescence, which is indicative of a loss of mitochondrial
membrane potential (Fig. 3C, bottom right). By contrast, most
cumulus cells in control COCs exhibited intense green fluores-
cence, an indication of mitochondria membrane integrity (Fig.
3C, bottom left and middle). To analyze whether the blockage

effect of the anti-IMD antibody was specific to the CLR-RAMP
receptor signaling, we cultured COCs with the anti-IMD anti-
body together with a high dosage of a CLR/RAMP1 receptor
agonist, CGRPS peptide. As shown in Fig. 3D, cotreatment with
CGRPp reversed the action of the anti-IMD antibody, suggest-
ing that the anti-IMD antibody targets endogenous IMD spe-
cifically (Fig. 3D).

Because the action of IMD is pertinent to cell-cell contacts
and because gap junctions play a critical role in cell-cell con-
tacts of mammalian cumulus cells, we also analyzed the expres-
sion of connexin 43, which was tightly regulated by gonadotro-
pins, in cultured cumulus/granulosa cells (25, 26, 75).
Consistent with the hypothesis that IMD could act by promot-
ing the gap junctional network, quantitative PCR analyses
showed that IMD treatments result in a dose-dependent
increase of connexin 43 expression, similar to that found in cells
treated with FSH (Fig. 3E, p < 0.01).

In COCs, IMD/ADM?2 Functions Downstream of FSH Action—
Because FSH plays a central role in ovarian folliculogenesis, it is
possible that IMD represents a downstream effector of the
FSH-mediated follicle development. Consistent with this
hypothesis, we found that co-incubation of an anti-IMD anti-
body, but not a control antibody, significantly reduced the per-
centage of intact COCs in cultures with FSH (Fig. 3F, p < 0.05).
Likewise, cotreatment with an IMD antagonist (Ac-IMD(17-
47), 300 nm) significantly reduced the percentage of intact COC
in the presence of FSH (Fig. 3G, p < 0.05). By contrast, treat-
ments with a CLR/RAMP1-specific antagonist (CGRP(8-37))
had a negligible effect on levels of intact COCs in cultures.
Thus, a most parsimonious explanation for these results is that
IMD acts downstream of FSH to promote oocyte-cumulus cell
interactions.

IMD/ADM?2 Signaling Regulates Cell Cycle Progression in
Granulosa/Cumulus Cells in Vivo—To explore the role of IMD
signaling in vivo, we treated growing rat ovaries with
intrabursal injections of an IMD antagonist (Ac-IMD(17-47)/
D-Arg-33). Whereas the antagonist had a negligible effect on
the ovarian weight at 2 days after a PMSG injection (240.1 £ 4.9
mg in the IMD antagonist group versus 246.2 = 1.7 mg in the
control group; n = 4), we found that many oocytes in secondary
and early tertiary follicles of antagonist-treated ovaries were
fragmented and that many oocytes in large antral follicles were
devoid of surrounding cumulus cells, indicative of oocyte atre-
sia (Fig. 44). By contrast, most oocytes in contralateral ovaries
injected with PBS appeared normal.

FIGURE 3. IMD/ADM2 signaling is important for cumulus cell survival and normal cell-cell contacts in COCs. A, treatments of FSH or IMD reduced the
detachment of cumulus cells from COCs cultured in vitro. The images were taken at 40 h after culture (top). The percentage of intact COCs was significantly
increased by IMD or FSH at 40-50 h after culture (bottom, n = 4).*, significantly different from controls (p < 0.05). Similar results were obtained in five separate
experiments. B, detection of cumulus-cell apoptosis by staining with propidium iodide (red fluorescence, 562-588 nm) and Hoechst 33342 (blue fluorescence,
461 nm). The staining of dead cells by propidium iodide was extensive in control COCs at 20 h after culture (top left). The staining in IMD-treated (top middle)
or FSH-treated (top right) COCs was sparse at this time. At 40 h after culture, most oocytes in the control group were stripped of cumulus cells (bottom left panels;
DF, dark field; BF, bright field). C, ablation of IMD signaling in COCs by an anti-IMD antibody led to accelerated detachment of cumulus cells from oocytes. The
percentage of intact COCs was significantly reduced by the anti-IMD antibody treatment at 40 h after culture (bottom, n = 4). By contrast, the percentage of
intact COCs in cultures was not affected by a control antibody. Staining with a mitochondria membrane potential sensor, JC-9, verified that COCs treated with
the anti-IMD antibody have a perturbed membrane potential (orange-red fluorescence, top) at 2 h after culture, whereas COCs in the control group or cultures
with 100 nm IMD exhibited normal mitochondrial membrane potentials (green fluorescence, top). D, treatment with a high dose of CGRP (300 nm) prevented
the anti-IMD antibody-induced detachment of cumulus cells from COCs. E, IMD and FSH stimulated connexin 43 transcript expression in cumulus cells at 24 h
after culture (p < 0.01). F, cotreatment with an anti-IMD antibody blocked the protective effect of FSH on the loss of intact COCs in cultures. G, cotreatment with
an IMD antagonist (Ac-IMD(17-47)), but not with a CGRP antagonist (CGRP(8-37)), significantly reduced the protective effect of FSH on the loss of intact COCs
in cultures. *, significantly different from controls (p < 0.05). Similar results were obtained in three separate experiments. Error bars, S.E.
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FIGURE 4. Blockage of IMD/ADM2 signaling in vivo led to aberrant oocyte development and reduced cyclin D2 expression in growing follicles.
A, intrabursal injection of an IMD antagonist led to increased incidences of fragmented or shrunk oocytes in secondary and tertiary follicles (right panels).
By contrast, follicles of contralateral ovaries injected with PBS exhibited normal morphology (left panels). Fragmented oocytes in large antral follicles of
an IMD antagonist-treated ovary are indicated by arrows (bottom right). Similar results were obtained in three separate experiments. B, ovaries that had
received the intrabursal injection of PBS exhibited robust cyclin D2 expression in granulosa and cumulus cells of most growing follicles (brown stain, left).
The intensity of immunoreactive cyclin D2 staining in contralateral ovaries that had received the IMD antagonist was restricted to a fraction of follicles
(right). Images of representative ovaries include original photographs and the digitized versions for HistoQuest analysis (with a light blue background).
C, scattergrams of staining intensity of whole ovaries that had received PBS (top) or the IMD antagonist injection (bottom). Results are displayed in dot
plots, with the intensity of dots on the x axis and the DAB staining area on the y axis. Analyses of time-matched sections based on the HistoQuest
software showed that the IMD antagonist treatment reduced the overall staining by more than 32%. The cut-off values for background staining were
chosen manually using the forward/backward gating tool of the HistoQuest software. D, tissue cytometric analysis of staining in individual follicles of
time-matched sections. Intrabursal injections of an IMD antagonist down-regulated cyclin D2 expression in secondary, small antral, and large antral
follicles (p < 10~ ""). Eleven representative sections from 3—-4 independent ovaries were analyzed in each treatment group. A total of 170 secondary, 151
early antral, and 236 large antral follicles were scanned individually and analyzed. Data are represented as the mean = S.E. (error bars). The number of
follicles analyzed in each data point is shown within or above the bar graph.

Because cyclin D2 is a rate-limiting activator of cell cycle DISCUSSION
progression in growing follicles and inducible by unknown
OSFs (19, 76), we then analyzed the expression of cyclin D2 in
ovaries that had received intrabursal injections. As expected,
we found a robust cyclin D2 expression in granulosa/cumulus
cells of control ovaries (Fig. 4B, left). By contrast, cyclin D2
expression was sparse in contralateral ovaries treated with the
antagonist (Fig. 4B, right). Analysis of staining intensities with
HistoQuest software showed that IMD antagonist treatments
resulted in ~32% reduction of cyclin D2 staining in antagonist-
treated ovaries when compared with contralateral control ova- ~ Structure of COCs.
ries. The difference was reflected in scattergrams of the staining Overall, at least three lines of evidence support the hypothe-
area versus the mean intensity of ovarian sections (Fig. 4C). In sis that oocyte-derived IMD plays a regulatory role in COCs.
addition, quantification of the staining in individual follicles ~ First, IMD was expressed in oocytes, and IMD prevented cumu-
with a diameter over 100 um showed that the IMD antagonist lus cell apoptosis. Second, the blockage of IMD signaling in
reduced cyclin D2 expression by >45% in secondary (100—-140 COCs fastens the disintegration of the tertiary structure of
uMm), early antral (140-200 uMm), and large antral (>200 um) COCs in the presence or absence of FSH in vitro. Third,
follicles (Fig. 4D). intrabursal injections of an IMD antagonist led to oocyte atresia

In mammals, the transition from a secondary follicle to an
antral follicle during ovarian folliculogenesis is signaled by
the differentiation of cumulus cells, the development of a
COC, and the formation of a fluid-filled antrum. In the pres-
ent study, we showed that IMD represents a novel oocyte-
derived ligand that acts downstream of the FSH-stimulated
follicle development and that the action of IMD in COCs is
particularly pertinent to the maintenance of normal tertiary

43200 JOURNAL OF BIOLOGICAL CHEMISTRY YASEW VOLUME 286-NUMBER 50- DECEMBER 16, 2011



IMD/ADM?2 Facilitates Oocyte-Cumulus Cell Interactions

FSH

Follicular
growth and
ifferentiation

Secondary
follicle

Tertiary .,
follicle

0"
K
0

_~"GDF9, BMP15, and other OSFs

Cumulus cell proliferation and
cumulus expansion

IMD/ADM2

., Cumulus cell survival and

. cell-cell interactions

0

FIGURE 5. Schematic representation of the role of IMD/ADM2 signaling in oocyte-cumulus cell interactions. The endocrine FSH from the pituitary
stimulates follicular growth by acting on granulosa and cumulus cells. In parallel, GDF9, BMP15, and other OSFs from oocytes coordinate the folliculogenesis
and final maturation process by stimulating cell proliferation and cumulus expansion. By contrast, the IMD/ADM2 signaling from oocytes may provide a
stationary signal to maintain cumulus cell survival and cell-cell contacts in COCs prior to cumulus cell expansion.

and a reduction of follicular cyclin D2 expression. Because
cumulus cell differentiation and the COC structure are not dec-
imated in animals deficient for GDF9 and/or BMP15 (36), it is
possible that oocyte-derived IMD plays a unique role in the
regulation of oocyte-cumulus cell interaction. In addition, our
study may explain why cumulus cells are characteristically less
susceptible to apoptosis as compared with mural granulosa
cells (19).

Furthermore, our findings have several implications for
how a COC maintains its biochemical and physical identities
during folliculogenesis. First, earlier studies have demon-
strated the presence of OSFs that are specifically important
for the maintenance of the three-dimensional organization
of COCs but without an effect on cumulus expansion (27).
Although the factor(s) responsible for the maintenance of
three-dimensional organization of cumulus cells remains to
be studied, our study suggests that IMD could be part of the
signaling cascade that maintains a cohesive COC during fol-
liculogenesis. Accordingly, we speculate that the develop-
ment of COCs could be regulated by both stimulatory and
counteractive factors (Fig. 5). The BMP family of OSFs (i.e.
GDF9 and BMP15) mainly play stimulatory roles geared
toward follicle growth and final maturation by promoting
proliferation and differentiation of cumulus cells as well as
promoting cumulus expansion or mucification (19, 24, 29).
By contrast, IMD promotes sustained interactions between
the oocyte and companion cells and provides a “magnet-like”
or “stationary” signal to cumulus cells prior to the luteinizing
hormone-mediated cumulus expansion. This model is con-
sistent with the finding that IMD is more effective in main-
taining a “cohered COC structure” as compared with FSH in
vitro (Fig. 3A). It is conceivable that, in the absence of a
factor, such as IMD, the proexpansion BMP family proteins
could trigger premature cumulus expansion and abnormal
oocyte development as found in mice deficient for pentraxin
3 (78). Moreover, we speculate that the reduction of IMD
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expression in oocytes following luteinizing hormone recep-
tor activation (Fig. 14) may provide a signal to reduce gap
junction communication to facilitate cumulus expansion
after the luteinizing hormone surge (25, 26, 28, 29, 75,
79-81).

Second, our in vitro data implied that FSH promotes oocyte-
cumulus cell interactions indirectly by stimulating cumulus
cells, which, in turn, may signal oocytes to secrete IMD.
Although it is not clear how FSH promotes IMD signaling in
COCs, we speculate that estrogens might play a role in this
process because the IMD/ADM?2 gene promoter contains
estrogen response element sequences, and the expression of
IMD is, at least in the pituitary, estrogen-dependent (58). In
addition, it is worth noting that IMD/ADM2 promoter con-
tains multiple hypoxia response elements for interacting with
HIF-1, and the expression of IMD in select tissues increases
under hypoxic conditions (59). Because the follicular oxygen
concentration is inversely correlated with follicle diameter, and
COC microenvironment becomes hypoxic as it becomes more
distant from the vasculature when the follicle grows in size (82),
oxygen tension may play a role in fine-tuning the expression of
IMD in COCs. Likewise, we speculate the antiparallel gradients
of IMD and oxygen tension surrounding oocytes may consti-
tute part of the mechanism that allows cumulus cells to differ-
entiate differently from mural granulosa cells that are distant
from the oocyte.

Finally, it is important to note that future studies of trans-
genic mice with deficiency of IMD/ADM?2 are needed to gain a
better understanding of the exact role of IMD signaling in fol-
liculogenesis. Because mice deficient for CLR (77) or IMD/
ADM2* are embryonically lethal, a conditional knockdown
approach would be necessary to dissect the intricate communi-
cation network between oocyte and cumulus cells as well as for
improving our understanding of human reproduction.

4Y. Takei, personal communication.
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