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cAMP controls the balance between dormancy and
activation of primordial follicles in mouse ovaries
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Abstract

In mammalian ovaries, the balance between dormancy and activation of primordial follicles determines the female fecundity and
endocrine homeostasis. Recently, several functional molecules and pathways have been reported to be involved in the activation of
primordial follicles. However, the homeostasis regulatory mechanisms of primordial follicle activation are still scant. Our previous
study has proved that a relatively higher concentration of cyclic AMP (cAMP) is required for primordial follicle formation. Here, we
identified that cAMP also plays a vital role in the balance between dormancy and activation of primordial follicles. Our results showed
that the concentration of cAMP remained stable in neonatal mouse ovaries, which is due to ADCY3, the synthetase of cAMP, and
PDE3A, the hydrolytic enzyme of cAMP, were synchronously increased during the activation of primordial follicles in mouse ovaries.
Once the concentration of cCAMP in neonatal ovaries was either elevated or reduced in vitro, the activation of primordial follicles was
either accelerated or decelerated accordingly. In addition, a higher concentration of cAMP in the ovaries of puberty mice improved
primordial follicle activation in vivo. Finally, cAMP promoted primordial follicle activation via canonical mTORC1-PI3K signaling
cascades and PKA signaling. In conclusion, our findings reveal that the concentration of cCAMP acts as a key regulator in balancing the
dormancy and activation of primordial follicles in the mouse ovary.
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Significance Statement

In mammal, primordial follicles need to maintain the balance between dormancy and activation for sustaining physiological repro-
ductive lifespan. However, the cellular and molecular mechanisms of this are not well elucidated. In this study, we report that cAMP, a
well-characterized second messenger, contributes to the homeostasis of primordial follicle activation. Changing the concentration of
cAMP either in the ovaries of neonatal mice in vitro or in the ovary cortex of puberty mice in vivo result in the activation of primordial
follicles is elevated or inhibited, accordingly. These findings shed new lights on the physiology of sustaining female reproduction.

Introduction disrupted, it will inevitably lead to a series of problems such as ab-
normal follicular development and ovulation disorders (5). Thus,
uncovering the mechanism of the balance between dormancy
and activation of primordial follicles is vital for improving the lon-
gevity and health of female reproduction.

Studies, including ours, have shown that several intracellular/
extracellular factors are involved in regulating the activation of
primordial follicles. Several signaling pathways have been re-

The ovarian follicle is the basic functional unit for female repro-
duction. Most follicles in the ovary are dormant primordial fol-
licles, which are the initial stage of follicular development and
are nonrenewable sources of reproduction (1, 2). In adults, only
a limited portion of primordial follicles are gradually recruited
into the growing pool through the activation of primordial follicles

(3), which is beneficial for the production of mature oocytes to vealed to activation or maintenance the primordial follicles,
support the long-term reproductive lifespan of female mammals such as mechanistic target of rapamycin complex 1 (mTORC1)
(4). Once the homeostasis of primordial follicle activation is in granulosa cells and phosphoinositide 3-kinase (PI3K) in oocytes,
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respectively (6-8). Depending on these signaling pathways, lim
homeobox 8 (LHXS), cell division cycle 42 (CDC42), sirtuin 1
(SIRT1), as well as E-cadherin/N-cadherin (E-cad/N-cad) and his-
tone deacetylase 6 (HDACS6) are pivotal for regulating primordial
follicle activation (9-13). In addition, nutritional and paracrine
factors in the ovarian microenvironment are involved in this pro-
cess (14, 15). Despite these, the understanding of the mechanisms
thatbalance the activation and dormancy of primordial follicles is
still in its infancy.

As a well-characterized second messenger, cyclic AMP (cAMP)
responds to extracellular signals by changing the concentration
within the cell, which in turn regulates intracellular signal trans-
duction pathways, and thus alters the physiological processes
such as cell proliferation, migration, and apoptosis (16, 17).
Importantly, the meiosis process of oocytes during follicular de-
velopment is closely linked to the concentration of cAMP as
well. A higher cAMP concentration in the cytoplasm of oocytes
of growing follicles is the key point to the arrest of meiosis (18-
20). Only when the concentration of the cAMP in oocyte is reduced
in the antral follicles, the oocyte resumes meiosis and matures
(21). Recently, we found that the concentration of cAMP in fetal
ovaries increases as oocytes enter the early meiosis, which deeply
affects the establishment of the primordial follicle pool in mice
(22). However, the role of cAMP during primordial follicle activa-
tion is unknown to date.

This study aims to uncover the functional role of cAMP in the
primordial follicle activation. We found that an elevation of the
concentration of cAMP either in the ovaries of neonatal mouse
in vitro or in the ovary cortex of puberty mouse in vivo increased
the activation of primordial follicles. The effect of CAMP in prim-
ordial follicle activation is implemented via the activity of
mTORC1/PI3K and PKA signaling pathways. Hence, the concen-
tration of cAMP is pivotal for balancing the dormancy and activa-
tion of primordial follicles in the mouse ovary.

Results

The concentration of cAMP is stable after the
formation of primordial follicles in neonatal
ovaries

To investigate the function of cAMP in primordial follicle activa-
tion, ELISA assay was employed to detect the concentration of
cAMP in the whole mouse ovaries from 1 day post partum (dpp)
to 14 dpp. The results showed that the concentration of cAMP in
neonatal ovaries remained stable, during the primordial follicle
activation was initiated (1-7 dpp). In 14 dpp ovaries, the concen-
tration of cAMP increased significantly (Fig. 1A). These results sug-
gest that cAMP is not only required for follicle formation in mice,
as had been approved by our previous work (22) but also may be
for follicle growth.

Since the intracellular cAMP concentration is regulated by ad-
enylate cyclases (ADCYs) and phosphodiesterases (PDEs), the two
enzymes were then examined in mouse ovaries. Real-time PCR
showed that the Adcy3 was the dominant subtype in neonatal
mouse ovaries (Fig. 1B). We further examined the dynamic
changes of the ADCY3 protein in neonatal ovaries. It showed
that the level of ADCY3 was significantly increased from 1 to
7 dpp, during which time the first wave of primordial follicles ac-
tivation was initiated (Fig. 1C). Immunofluorescence indicated
that the ADCY3 was located in oocytes more than in granulosa
cells of primordial and primary follicles (Fig. 1D). These results
are broadly in line with the single-cell sequencing data of human

ovaries [GSE107746] (23), which revealed the expressions of
ADCY3, ADCY5, and ADCY9 were relatively higher than other sub-
types in human primordial and primary follicles, and the expres-
sions of the three enzymes were mainly found in the oocytes
(Fig. S1A). We next collected and separated the oocytes and som-
atic cells in 5 dpp mouse ovaries, which contain both primordial
follicles and primary follicles (Fig. S1C). The results further
proofed that the expression of ADCY3 was higher in oocytes
than in granulosa cells (Fig. S1D).

To further uncover the reasons why cAMP remains stable when
ADCY3 has such a significant up-regulation in neonatal mouse
ovaries, we detected the expression of PDEs in ovaries, which
are responsible for the degradation of cAMP. The results showed
that the Pde3a was the dominant subtype in neonatal mouse ovar-
les (Fig. S1B). We further noticed that the protein level of PDE3A
was up-regulated during the activation of primordial follicles in
mouse ovaries (Fig. 1E). Meanwhile, we found that PDE3A was
only expressed in the cytoplasm of oocytes of primordial and pri-
mary follicles (Fig. 1F, Fig. S1E). Collectively, the expression of
ADCY3 and PDE3A contributes to stabilizing the concentration
of cAMP harmoniously in neonatal mouse ovaries.

In order to further explore the relationship between ADCY3,
PDE3A, and primordial follicle development, we used synapto-
nemal complex protein 3 (SYCP3) to mark the meiosis process of
the oocytes at different time points (Fig. 2A-D), as the develop-
ment of primordial follicles could be tracked. Then, we performed
immunofluorescence co-staining and re-staining to further deter-
mine the expression patterns of the ADCY3 and PDE3A in oocytes
before and after the formation of primordial follicles. The results
showed that ADCY3 was expressed from the prediploid stage
(Fig. 2A, arrowheads) to the dictyate stage (Fig. 2A, arrows).
However, PDE3A was only expressed in the oocytes arrested at
the dictyate stage after primordial follicles were formed (Fig. 2A,
arrows). Statistical analysis further confirmed this expression pat-
tern of the ADCY3 and PDE3A (Fig. 2E-G). Taken together, ADCY3
is responsible for the synthesis of cAMP and thus promotes the
formation of primordial follicles, whereas the expression of
PDE3A becomes necessary only when the primordial follicles
were formed in perinatal mouse ovaries. After that, ADCY3 and
PDE3A jointly contribute to maintaining the concentration of
cAMP at a relatively stable in neonatal mouse ovaries.

The stable concentration of cAMP plays a
regulatory role in the dormancy and activation of
primordial follicles in neonatal ovaries

Primordial follicles are gradually formed around birth in mice,
and then the first wave of follicles in the medulla area is activated
and recruited into the growing follicle pool immediately.
Therefore, the neonatal ovaries are ideal models to study the de-
velopment of the primordial follicle (10, 24). To investigate
whether the stability of cAMP would function at the homeostasis
of primordial follicle activation in mouse ovaries, we established
anin vitroneonatal ovarian culture system to mimic physiological
mouse ovarian early development. The histological and statistical
analysis results implied that the ovaries cultured in the in vitro
system developed normally as they were similar to those in vivo
(Fig. s2).

Based on this system, we cultured 2 dpp ovaries with dibutyryl
cAMP (dbcAMP), an analog of cAMP, for 5 days. The results showed
that the activation of primordial follicles was accelerated with
more growing follicles available in response to dbcAMP induction,
while the total number of follicles was comparable to those of the
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Fig. 1. The stable concentration of cAMP is controlled by ADCY3 and PDE3A in neonatal mouse ovaries. (A) CAMP concentration in mouse ovaries was
measured from 1 to 14 dpp by ELISA. The concentration of cAMP remained stable from 1 to 7 dpp and then had a significant increase at 14 dpp. (B) The
mRNA expressions of all 10 subtypes of Adcys in mouse ovaries were assessed by Real-time PCR. Adcy3 was the dominant subtype during primordial
follicle activation, and the mRNA expression level of Adcy3 was increased from 3 to 5 dpp. (C) The total protein level of ADCY3 in neonatal ovaries.
Western blotting showed that ADCY3 protein expression significantly increased at 5 dpp. (D) Cellular localization of ADCY3 in mouse ovaries. Neonatal
mouse ovaries were stained for ADCY3 and the oocyte marker DDX4 at 1 and 5 dpp. The nuclei were dyed with Hoechst. ADCY3 was localized at the
cytoplasm of both oocytes and granulosa cells in either primordial follicles or growing follicles. (E) The total protein level of PDE3A in neonatal ovaries.
Western blotting showed that PDE3A protein expression significantly increased at 3 dpp. (F) Cellular localization of PDE3A in mouse ovaries. Neonatal
mouse ovaries were stained for PDE3A and DDX4 at 1 and 5 dpp. The nuclei were counter-stained by Hoechst. PDE3A was localized at the cytoplasm of
oocytes in follicles. The experiments were repeated at least three times, and representative images were shown. Scale bars: 50 pm.

control (Fig. 3A and B). Contrarily, when 2 dpp ovaries were cul-
tured for 5days with MDL-12,330, an irreversible inhibitor of
ADCYs, a remarkable suppression of primordial follicle activation
was noticed (Fig. 3C and D). In addition, the number of the total
follicles and the growing follicles in ovaries cultured for 3 days
and 7 days in either dbcAMP or MDL-12,330 were in line with the
5 days’ results, respectively (Fig. 3E and F). Therefore, the stable
concentration of cAMP in neonatal mouse ovaries correlates to
the fate of the primordial follicles. This hypothesis was further
confirmed by the inhibition of PDE3A in 2dpp ovaries with
Milrinone, which resulted in significant activation of primordial
follicles (Fig. S3A and B). Together, the concentration of cAMP

plays a regulatory role in the primordial follicle development in
neonatal ovaries.

cAMP is involved in conducting primordial follicle
development after puberty

According to the existed report, the second wave of primordial fol-
licles in the cortical area of the mouse ovary starts to be activated
at 23 dpp when mouse at the onset of puberty (24).

To validate whether cAMP is involved in the primordial follicle
development after puberty, the level of cAMP and the expression
of ADCY3 and PDE3A were examined ovaries older than 7 dpp and
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Fig. 2. ADCY3 and PDE3A contribute to stabilize the concentration of cCAMP in neonatal ovaries. (A) The location of ADCY3 and PDE3A in ovaries at
different time points. The nuclei were counter-stained by Hoechst. SYCP3 represented the oocyte meiosis process. ADCY3 was expressed from the
prediploid stage (arrowheads) to the dictyate stage (arrows). PDE3A was expressed at dictyate stage (arrows) of primordial follicles. (B-D) Proportion of
oocytes in different meiosis stages. Most oocytes have developed to the pachytene stage at 17.5 dpc (B). Most oocytes were undergoing diplotene at 1 dpp
(C). Most oocytes were arrested at the dictyate stage at 3 dpp (D). (E-G) The proportion of ADCY3 and PDE3A in oocytes at different time points. Only part
of oocytes in prediplotene expressed ADCY3, but almost all diploid oocytes expressed ADCY3 at 17.5 dpc. PDE3A was hardly expressed in oocytes of
17.5 dpc (E). Almost all diploid and dictyate oocytes expressed ADCY3 at 1 and 3 dpp, PDE3A only expressed in dictyate oocytes at 1 and 3 dpp (F, G). The
experiments were repeated at least three times, and representative images were shown. Scale bars: 50 pm.
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after puberty. The results suggested that cAMP may play a regula-
tory role in primordial follicles development after puberty (Fig. S4).
After that, the liquid Matrigel containing dbcAMP was injected into
the ovarian bursa of 23 dpp mice, which is beneficial for dbcAMP to
cover the ovarian surface for a long time and further observe the ef-
fect on the follicle development of the ovarian cortex.
Beforehand, the safety and effectiveness of the Matrigel were
verified. We performed ovarian topical administration with
Matrigel on 23 dpp mice and measured follicle development after
2 weeks, the results showed that the ovary after the Matrigel
treatment was unaffected compared with the contralateral side
(Fig. 4A-C). Firstly, the state of the primordial follicles was exam-
ined after 2 days of the surgery. Plenty of studies have approved
that the un-phosphorylated FOX0O3a acts to prevent oocytes
from premature activation in primordial follicles. Otherwise,
when FOXO3a is phosphorylated (p-FOXO3a) and transferred
from the nuclei to the cytoplasm of the oocyte in primordial fol-
licles, the activation of the follicle will be initiated (25-27). The re-
sults showed that more oocytes had cytoplasmic localization of
FOXO03a (CL-FOX03a) in the primordial follicles at the ovary cor-
tex in response to dbcAMP induction, as compared to the contra-
lateral control (Fig. S5). Two weeks after the surgery, more
growing follicles were observed in the cortical area of the ovary in-
jected with dbcAMP (Fig. 4D, arrows), while most of the primordial
follicles remained dormancy in the cortical area of the control

group (Fig. 4D, arrowheads). Additionally, the ratio of the growing
follicles to the whole follicles in the dbcAMP treatment group was
significantly higher than thatin the control (Fig. 4F), although there
was no difference in total follicle numbers (Fig. 4E). To further con-
firm the in vivo stimulating effect of cAMP, Milrinone was also dis-
solved in liquid Matrigel and injected into the ovarian bursas of
23 dpp mice accordingly. The results showed that the activation
of primordial follicles in the cortical area of the ovary was signifi-
cantly accelerated after Milrinone treatment in vivo (Fig. 4G-I).
Together, increasing the concentration of cCAMP in the ovaries of
puberty mice contributes to inducing primordial follicle activation.

cAMP regulates primordial follicle development
by controlling the PI3K and the mTORC1 signaling
pathways

To evaluate the underlying mechanisms of how cAMP involves in
primordial follicle development, the classic signaling cascade,
namely the PI3K and mTORC1, were detected. The results showed
that the total levels of key proteins in these two signaling path-
ways were unchanged compared to the controls, whereas the lev-
els of their respective phosphorylation form were all up-regulated
by dbcAMP treatment steadily (Fig. SA). Besides, the number of oo-
cytes with positive signals of phospho-rpSé6 (p-rpSé) (Fig. 5B, ar-
row) was significantly more than the control group after 2 dpp
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ovaries were treated with dbcAMP for 1 day (Fig. 5C). Meanwhile,
after 1day of culture, the CL-FOXO3a (Fig. 5D, arrows) was re-
markably increased (Fig. 5E). In the 2 dpp ovaries, the formation
of the primordial follicle pool has not yet been fully accomplished.
6 dpp ovaries with the established primordial follicle pool are se-
lected to verify the effect of the dbcAMP, so as to exclude the
side effects of the dbcAMP on the formation of the pool. The effect
was repeated by applying dbcAMP on 6 dpp ovaries for 1day
(Fig. SF and G). These results indicated that dbcAMP promotes

primordial follicle activation through the activation of PI3K and
mTORCI1 signaling pathways.

To further approve our hypothesis, we blocked the synthesis of
cAMP in cultured mouse ovaries with MDL-12,330. The results
showed that dramatic reduction of p-FOX03a and p-rpS6 expres-
sion levels, especially p-rpS6 in oocytes, in treated ovaries were
evidenced as compared to the controls (Fig. 6A-C). Besides, fewer
oocytes were found to have CL-FOXO3a after MDL-12,330 treat-
ment in both 2 dpp and 6 dpp ovaries (Fig. 6D-G). Inhibiting the
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degradation of PDE3A by Milrinone increased the CL-FOXO3a as
well (Fig. S3C and D). Therefore, cAMP governs primordial follicle
development by controlling the activity of PI3K and mTORC sig-
naling pathways.

cAMP controls primordial follicle activation is
dependent on protein kinase A

Generally, cCAMP activates protein kinase A (PKA) and phosphory-
lates specific proteins to achieve signal transduction in cells. We

found that phosphorylated PKA (p-PKA) was up-regulated after
1 day of dbcAMP treatment, beginning at 2 dpp, compared to con-
trols (Fig. 7A). In addition, both the results of Milrinone and
MDL-12,330 treatment, together with the results of examined
after puberty provide evidences confirming that PKA may play a
role in follicle activation as the downstream of cAMP (Fig. S6).
Surprisingly, the expression of p-PKA was increased during the
primordial follicle initial activation in neonatal mouse ovaries
(Figs. 7B and S7). To further confirmed that cAMP regulates
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primordial follicle activation and is dependent on PKA, 2 dpp ovar-
ies were cultured for 5 days with or without H 89 2HCL, an effect-
ive inhibitor of PKA, was used to verify if it could reverse the
excessive activation of primordial follicles caused by dbcAMP.
The histological analysis and whole ovary counting results
showed that fewer growing follicles were observed in the
dbcAMP plus H 89 2HCL treatment than those in the dbcAMP
treatment alone (Fig. 7C-E). Interestingly, fewer growing follicles
were observed in H 89 2HCL alone treatment compared to the con-
trol. After that, the activation of the mTORC1/PI3K signaling

pathways was suppressed by H 89 2HCL (Fig. S8). Collectively,
these results confirmed that the cAMP-PKA-mTORC1/PI3K path-
way participates in regulating the development of primordial fol-
licles (Fig. 8).

Discussion

Primordial follicles, as the most abundant fertility resource in fe-
males, can progress further development and contribute to fe-
male fertility only when they have been activated (28). cAMP has
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been proved to regulate the proliferation of mouse primordial
germ cells and the differentiation of granulosa cells more than
20 years ago (29, 30). The most important role of cAMP in oogen-
esis is its relationship with the process of meiosis so far. In fetal
mouse ovaries, the concentration of cAMP is increased when oo-
cyte enters meiosis prophase I (22). More importantly, immature
oocytes in antral follicles are arrested steadily at the dictyate
stage due to the concentration of cAMP being strictly maintained
at a relatively higher concentration (20, 31). However, the role of
cAMP during the development of primordial follicles is not clear
until now. In this study, the important role of cCAMP in the dor-
mancy and activation of mouse primordial follicles is empha-
sized. The concentration of cAMP remains stable in neonatal
mouse ovaries, which may aim to balance the speed of primordial
follicle activation in physiological conditions. The findings not
only re-emphasize the idea that cAMP has an irreplaceable role
in the female reproductive system (Fig. S9) but also supply proofs
to deeper understand the underlined mechanisms of balancing
the activation and dormancy of primordial follicles. The concen-
tration of intracellular cAMP is regulated by the synthetase
ADCYs and the hydrolytic enzyme PDEs (32-34). Horner et al.
pointed out that ADCY3 may further participate in the process
of meiosis by regulating the synthesis of cAMP in rodent oocytes
(35). So far, PDE3A is mainly responsible for the hydrolyzing of
cAMP in oocytes. PDE3A-deficient oocytes exhibit severe cell cycle
arrest, which eventually causes infertility in mice (36). In agree-
ment with these findings, we found that both ADCY3 and PDE3A
are up-regulated in neonatal mouse ovaries during the activation
of primordial follicles, which is responsible for maintaining the
stability of cCAMP concentration. Nevertheless, the possible func-
tions of the rest ADCYs and PDEs in the primordial follicles of
ovaries need further study.

The primordial follicle activation requires complex and orches-
trated adjustment of oocytes and granulosa cells (3). In adult fe-
male ovaries, the levels of mTORC1 signaling activity in
granulosa cells through KITL-KIT control the PI3K signaling in oo-
cytes, thus deciding whether or not a dormant oocyte will be

awaked (8, 14, 37). The most recent findings have shown that
the first wave of primordial follicle activation may be initiated
by oocyte-originated signals (38). According to our findings,
cAMP in oocytes may be pivotal for the first wave of follicles as
ADCY3 and PDE3A are mainly expressed in the oocytes of primor-
dial follicles and primary follicles in neonatal ovaries. On one
hand, cAMP significantly stimulates the expression of KITL in
granulosa cells at the early folliculogenesis (39, 40). On the other
hand, it may directly or indirectly regulate the oocyte-specific
gene expression KIT, NOBOX, GDF9, and BMP15 which are indis-
pensable in the activation of primordial follicles (37, 41, 42).
Therefore, the role of cCAMP in granulosa cells cannot be ruled
out, and more suitable animal models are needed for identifying
its action in the future.

The signals of extracellular bind to G protein-coupled receptors
(GPRs) on the cell membrane and stimulate the concentration of
cAMP of intracellular. So, whether signals in the ovarian micro-
environment depend on GPRs to stimulate cAMP synthesis in oo-
cytes or granulosa cells, and further involve in the development of
primordial follicles is not clear as well. It has been reported that
the concentration of cAMP required to maintain meiosis arrest
of mouse and rat oocytes depends on GPR3 or GPR12, respectively
(43). The resumption of meiosis would be activated after GPR3
knockout and causes premature ovarian failure (44). However,
the role of GPRs in primordial follicle activation is still not clear.
In addition to the endogenous synthesis, the concentration of
cAMP in cells could also be transported from other cells.
Whether the high concentration of cAMP in growing follicles
would participate in regulating the development of the surround-
ing primordial follicles by transporting cAMP needs to be further
explored.

PKA as a direct target of cCAMP participates in regulating various
physiological processes by regulating gene expression (45, 46). The
role of cCAMP as the second messenger of gonadotropin in oocyte
maturation is also mediated by PKA (46). Here, we found that
cAMP controls primordial follicle activation and is dependent on
PKA as well. Some studies have found that the cAMP/PKA pathway
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interacts with PI3K/AKT and mTORC1 signaling pathways in ovar-
ies and other tissues (47-49). However, the relationship between
cAMP/PKA with PI3K/AKT and mTORC1 signaling pathways in
primordial follicle dormancy and activation needs further study.

The dbcAMP or Milrinone might be the safe and efficient candi-
date medicines for the improvement of in vitro activation (IVA) of
primordial follicles. Helping primary ovarian failure patients to
have their own babies through IVA techniques is becoming prac-
ticable since the technique has been established (28, 50). The pre-
sent targets for achieving IVA focus on mTORC1 and PI3K in
present clinic practice, which has certain limitations (51). Our
study, however, provides cAMP as a novel candidate target for
achieving IVA in the future. Milrinone, which could effectively in-
hibit the degradation of cAMP, has been reported clinically for
treating heart failure and other diseases (52-54), which implies
the safety of the chemical has been concerned, supervised, and
approved. We found that Milrinone is effective to activate primor-
dial follicles both in vitro and in vivo, which implies that applying
Milrinone to target cAMP could be effective in clinic. However,
more IVA trials and animal models are needed before Milrinone
could be accepted as one of the alternative choices.

In summary, sustaining the concentration of cAMP in the ovary
at an appropriate concentration is vital for the balance between
dormancy and activation of mouse primordial follicles.
Targeting cAMP as one of the candidate molecules to perform
IVA in clinic could be one of the plausible choices.

Materials and methods
Animals

All CD-1 mice were obtained from Beijing Vital River Laboratory
Animal Technology Co., Ltd. and housed in China Agricultural
University with 12 h light/12 h dark cycles, the temperature at
24-26 °C, with free access to food and water. We always consider
that mice with a vaginal plugin the next morning of mated as 0.5
day post coitus (dpc). The day after birth was considered as 1 dpp.
All procedures and facilities were conducted in accordance with
the guidelines of and approved by the Animal Research
Committee of the China Agricultural University (Beijing, China).

In vitro culture of mouse ovaries

A safe and effective in vitro ovarian culture system has been es-
tablished in our lab (10, 11). Neonatal mice were sacrificed by cer-
vical dislocation at the designated times. The ovaries were
separated in cold phosphate-buffered saline (PBS) under the
microscope. The isolated ovaries were incubated in 6-well culture
dishes (NEST, China), and an insert (PICMORG50, Millipore, USA)
was placed in every well with 3 mL Dulbecco Modified Eagle
Medium/Ham F12 nutrient mixture (DMEM/F12) (Gibco, Life
Technologies, CA) supplemented with insulin-transferrin-sodium
selenite (1:100, Sigma, USA) and penicillin-streptomycin solution
at 37 °C, 5% CO, and saturated humidity. Ovaries were randomly
assigned, and cultured for 1-7 days in basal medium alone or
basal medium supplemented with either dbcAMP (10 uM, D0627,
Sigma, USA), MDL-12,330 (5 uM, M182, Sigma, USA), Milrinone
(10 uM, 78415-72-2, J&K, China) or H 89 2HCL (5uM, S1582,
Selleck, China), respectively.

Ovarian topical administration in vivo

According to Zhang's protocol (55), female mice were anesthe-
tized with avertin (300 mg/kg, T48402, Sigma, USA) before surgery.
In the control group, the precooled growth factor reduced Matrigel

(354230, BD, USA) was injected into the unilateral ovarian bursa
using an insulin syringe. The contralateral ovary was injected
with the Matrigel containing either dbcAMP or Milrinone, accord-
ingly. After the temperature-sensitive Matrigel was solidified, the
incisions were sutured.

Enzyme-linked immunosorbent assay (ELISA)

The concentration of cCAMP present in mouse ovaries was meas-
ured with the Cyclic AMP Direct Chemiluminescent ELISA Kit
(K019-C1, Arbor Assays, USA). 5mg ovaries were collected at
each time point in a 1.5 mL centrifuge tube, the ovaries should
be frozen in liquid nitrogen and stored at —80 °C, if the analysis
isnot to be carried out immediately. Before analysis, grind the fro-
zen tissue under a low temperature until it is a fine powder. Add
100 pL of Sample Diluent to every tube. Incubate in the Sample
Diluent for 10min on ice, and then centrifuge at 800g for
15 min. The supernatant was collected, and cAMP concentration
was measured based on the manufacturer’s instructions and ex-
pressed as picomoles per milligram of tissue. The protein concen-
tration was measured using the BCA protein assay kit (P0010,
Beyotime Biotechnology, China) using bovine serum albumin
(BSA) as the standard. The values were further quantified as pro-
tein (mg) present in the sample.

Histological analysis and follicle counting

Samples of mouse ovaries were collected and fixed with 4% PFA at
4 °C overnight, dehydrated in gradient alcohol, embedded in par-
affin, and performed to 5 pm serial sections. The ovarian sections
after deparaffinized were stained with hematoxylin. Based on the
well-accepted standards established by Pedersen and Peters,
every section was counted for the presence of primordial (type
2), primary (type 3), secondary (type 4 and 5), and antral (types 6
and 7) follicles (56). Only when follicles with the clearly visible nu-
cleus of oocytes were counted on each slide. We recorded the pri-
mary, secondary, and antral follicles as growing follicles in
statistical analysis.

Immunofluorescence and
immunohistochemistry

The ovarian paraffin sections were deparaffinized, rehydrated,
and subjected to high temperature (95-98 °C) antigen retrieval
with 0.01% sodium citrate buffer (pH 6.0) for 16 min. After that,
the sections were washed with PBS on a shaker for 5 min, and
then blocked with 1% normal donkey serum in PBS for 1h at
room temperature and incubated with primary antibodies for
12-16h at 4°C. The antibodies used were listed in Table S1.
Subsequently, ovarian sections were rinsed thoroughly with PBS
and incubated with Alexa Fluor 488- or 555-conjugated donkey
secondary antibodies for 1 h at 37 °C. Then slides were rinsed in
PBS, counter-stained with Hoechst 33342 for 5 min. Finally, sealed
the sections in an anti-fade fluorescence mounting medium with
coverslips. Immunohistochemistry was performed using
Histostain™-SP Kits (PV-9001, ZSGB-BIO, China) and DAB peroxid-
ase substrate kits (ZLI-9017, ZSGB-BIO, China) according to the
manufacturer’'s protocols. Sections were examined and photo-
graphed using Nikon 80i or Nikon A1 laser.

Immunofluorescence re-staining

In this study, both anti-ADCY3 and anti-PDE3A are rabbit IgG anti-
bodies, we performed immunofluorescence re-staining to observe
their localization and expression in ovaries (34). After the immuno-
fluorescence staining of ADCY3, the position of the section was
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recorded when taking photos. Subsequently, the original primary
and secondary antibodies on the sections were eluted with strip-
ping buffer (P0025, Beyotime Biotechnology, China), and then
PDE3A was re-stained according to immunofluorescence staining
protocols. Finally, photos were taken at the same location.

Western blotting analysis

The ovarian samples were lysed in WIP lysis solution (8553S, Cell
Signaling Technologies, USA). Sample proteins were separated by
electrophoresis by 7.5% SDS-PAGE and then transferred to PVDF (pol-
yvinylidene fluoride) membranes (IPVH00010, Millipore, USA). The
membranes were blocked with 5% nonfat-dry milk for 1h at room
temperature and incubated at 4 °C overnight with appropriate pri-
mary antibodies. The antibodies used were listed in Table S1. After
that, the membranes were washed thoroughly with tris buffered sa-
line tween (TBST) and incubated with the secondary antibody
(1:4,000, ZSGB-BIO, China) for 1h at 37 °C and rinsed thoroughly
with TBST. The membranes were visualized by the SuperSignal de-
tection system (Prod 34080, Thermo, USA). To quantify the results
of immunoblot, the image was quantified using Image J software.

Real-time PCR analysis

The ovarian samples were extracted by TRIZOL Reagent
(Invitrogen, Life Technologies, USA) according to the manufac-
turer’s protocol. First-strand cDNA was synthesized by reverse
transcription using 1pg of total RNA (Promega Reverse
Transcription System, Promega, USA). Quantitative RT-PCR reac-
tions were operated and analyzed by LightCycler 96 Real-Time
PCR System (Roche, Switzerland). Data were normalized by
p-actin. Primers were listed in Table S2.

Adherent separation of oocytes and somatic cells
in neonatal mouse ovaries

Twenty ovaries were collected in a centrifuge tube, followed
by complete digestion with the addition of 0.125% pancreatin pre-
heated at 37 °C, and the single-cell suspension was transferred to
stop solution of the same volume, then centrifuge at 3,000 rpm
for 5 min. The sediment is the ovarian cells. Resuspend ovarian
cells with 1200 pL DMEM/F12 containing 10% FBS, and cultured
them in a 6-well culture dish (COAST, USA) at 37 °C, 5% CO,,
and saturated humidity for 4-6 h. Until most of the somatic cells
grow adherently (spindle-shaped), while the oocytes are still sus-
pended (round-shaped), collecting the cells in centrifuge tubes,
respectively.

Statistical analysis

All experiments were repeated at least three times, and the data
were presented as the means+SEM, analyzed by t test.
Statistically significant values of P<0.05, P<0.01, and P<0.001
are indicated by asterisks (), (**), and (**), respectively.
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Supplementary material is available at PNAS Nexus online.
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