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ABSTRACT

The meiotic cell cycle of mammalian oocytes in preovulatory follicles is held in prophase
arrest by diffusion of cGMP from the surrounding granulosa cells into the oocyte. Luteinizing
hormone (LH) then releases meiotic arrest by lowering cGMP in the granulosa cells. The LH-
induced reduction of cGMP is caused in part by a decrease in guanylyl cyclase activity, but the
observation that the cGMP phosphodiesterase PDES is phosphorylated during LH signaling
suggests that an increase in PDES activity could also contribute. To investigate this idea, we
measured cGMP-hydrolytic activity in rat ovarian follicles. Basal activity was due primarily to
PDE1A and PDES, and LH increased PDES activity. The increase in PDES activity was
accompanied by phosphorylation of PDES at serine 92, a protein kinase A/G consensus site.
Both the phosphorylation and the increase in activity were promoted by elevating cAMP and
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opposed by inhibiting protein kinase A, supporting the hypothesis that LH activates PDES by
stimulating its phosphorylation by protein kinase A. Inhibition of PDES activity partially
suppressed LH-induced meiotic resumption as indicated by nuclear envelope breakdown, but
inhibition of both PDES and PDE1 activities was needed to completely inhibit this response.
These results show that activities of both PDES and PDE1 contribute to the LH-induced
resumption of meiosis in rat oocytes, and that phosphorylation and activation of PDES is a
regulatory mechanism.
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INTRODUCTION

Mammalian oocytes become arrested in meiotic prophase during embryonic development.
They remain in this state until puberty, when, during each reproductive cycle, luteinizing
hormone (LH) released from the pituitary gland triggers meiotic resumption. In preovulatory
follicles, meiotic arrest is maintained by cGMP that is produced in the granulosa cells and
diffuses through gap junctions into the oocyte [1-4]. Within the oocyte, cGMP inhibits the cyclic
nucleotide phosphodiesterase PDE3 A, maintaining a high level of cAMP in the oocyte [1, 2],
which acts on cell cycle proteins to prevent the progression of meiosis [5, 6]. LH, which
activates a receptor that is coupled to G and other G-proteins [7-9], induces a rapid reduction in
follicle cGMP, resulting in diffusion of cGMP out of the oocyte [4]. This relieves the inhibition
of PDE3A in the oocyte, lowering cAMP content and allowing meiosis to resume.

In the mural granulosa and cumulus cells, cGMP is produced by the membrane guanylyl
cyclase natriuretic peptide receptor 2 (NPR2, also called guanylyl cyclase-B or GC-B) [3]. NPR2
is activated by the binding of its agonist, C-type natriuretic peptide (CNP, also called natriuretic
peptide C or NPPC), which is produced by the mural granulosa cells [3]. Little or no NPR2 is
present in the surrounding theca cells in rat or mouse follicles [3, 10], and the gap junctions that
connect the mural granulosa, cumulus cells, and oocyte do not form connections with the theca
cells [11]. Correspondingly, cGMP in the theca cells is low and does not change in response to
LH [4]. In preovulatory follicles, LH receptors are found in the outer layers of the mural
granulosa cells [12, 13]. Although LH receptors are also found in the theca cells of preovulatory
follicles of adult rats [12], they are not detectable in the theca cells of preovulatory follicles of
equine chorionic gonadotropin-primed prepubertal rats as used here [13]. LH action on the
granulosa cells is sufficient to stimulate the resumption of meiosis in the oocyte [14].

LH receptor activation could be expected to decrease follicle cGMP levels by changing the
balance between cGMP synthesis and hydrolysis. In addition to activation by CNP, full NPR2
activity requires the phosphorylation of some combination of seven juxtamembrane serines and
threonines [15, 16]. LH signaling rapidly dephosphorylates NPR2, which reduces its guanylyl
cyclase activity by ~50% [17, 18]. However, the decrease in NPR2 activity accounts for only
part of the LH-induced decrease in follicle cGMP [18, 19], suggesting that LH might also
increase cGMP hydrolysis.

Cyclic GMP phosphodiesterase activity in ovarian follicles of rats and mice includes activities
of both PDE1 [20] and PDES5 (also known as PDE5A) [2], but whether or how LH signaling
might regulate these activities is incompletely understood. Recently, we found that PDES in rat
follicles is phosphorylated in response to LH [18], but the effect of LH on cGMP-hydrolytic
activity was not determined. Phosphorylation of recombinant PDES by protein kinase A or



protein kinase G increases its activity [21-23], suggesting that LH signaling might increase PDES
activity in ovarian follicles. Consistent with this hypothesis, LH signaling activates protein
kinase A [24, 25]. An LH-induced increase in PDES activity would complement the LH-induced
decrease in NPR2 activity, serving to reduce cGMP in the follicle and restart meiosis.

In this study, we measured cGMP-hydrolytic activity in rat follicles and found that basal
activity is primarily due to PDE1 and PDES. LH treatment rapidly increases PDES activity,
paralleling the increase in phosphorylation of PDES on its regulatory site (serine 92).
Phosphorylation and the increase in PDES activity were stimulated by forskolin and inhibited by
HS89, consistent with regulation by protein kinase A. We also investigated the effect of PDES and
PDEI1 inhibitors on oocyte meiosis, and found that LH-induced meiotic resumption is regulated
by both PDE1 and PDES.

MATERIALS AND METHODS
Isolation and Culture of Preovulatory Follicles and Mural Granulosa Cells

Except as noted, ovaries were obtained from 25-26 day-old CD-Sprague-Dawley rats (Charles
River Laboratories, Kingston, NY), injected 45-48 hours previously with equine chorionic
gonadotropin (12 I.U.). For one set of experiments (Fig. 1B), ovaries were obtained from 23-25
day-old B6SJLF1 mice (The Jackson Laboratory, Bar Harbor, ME), injected 40-42 hours
previously with equine chorionic gonadotropin (4 1.U.). All procedures were performed
according to guidelines published by the National Institutes of Health, and were approved by the
animal care committee of the University of Connecticut Health Center. Animals were maintained
in a temperature- and humidity-controlled facility and provided with food and water ad libitum.

Preovulatory follicles, 650-950 um in diameter, were dissected and cultured as previously
described [18], in MEMa (Gibco, Waltham, MA) containing 3 mg/ml BSA. Some theca cells
remain associated with the follicles after dissection, similar to those remaining on isolated mouse
follicles (see [4]). Experimental treatments were started 1-14 hours after follicle dissection. For
quantitative RT-PCR, mural granulosa cells were collected by puncturing antral follicles with 30
gauge needles. For examining the effect of LH on mural granulosa cells, the cells were collected
as previously described [26], then plated in MEMa medium containing 10% FBS on untreated
tissue culture dishes and cultured for 22-27 hours before use. Cells were transferred to medium
without serum prior to experimental treatments.

Ovine LH (oLH-26), ovine FSH, and equine chorionic gonadotropin, purified from biological
sources, were obtained from A.F. Parlow (National Hormone and Peptide Program, Torrance,
CA). oLH-26 has a purity of ~98%, and contains negligible amounts of other anterior pituitary
hormones [27] (Supplemental Fig. STA; Supplemental Data are available online at
www.biolreprod.org). oLH-26 was used at a concentration of 10 pug/ml (~350 nM), a
concentration that results in a maximal percentage of nuclear envelope breakdown (NEBD) in
follicle-enclosed rat oocytes, after an 8-hour incubation under the culture conditions used here
(Supplemental Fig. S1B). For one set of experiments (Fig. 2E), we used recombinant human LH
(Luveris from Serono, Inc., Rockland, MA) at a concentration of 5 [U/ml (0.23 pg/ml, [28]), a
concentration that results in close to the maximal percentage of NEBD [29].

Measurement of Relative Amounts of Cyclic Nucleotide Phosphodiesterase mRNAs in
Mural Granulosa Cells

RNA extraction, reverse transcription, and quantitative TaqMan analysis were performed as
previously described [17]. Primer sequences are listed in Supplemental Tables S1 and S2.



Gel Electrophoresis and Western Blotting

SDS-PAGE and western blotting, with or without Phos-tag acrylamide in the gel, were
performed as previously described [18]. Protein concentrations were determined by BCA assay
(Thermo Scientific, Waltham, MA), and equal protein loading onto different lanes of the gel was
confirmed by densitometric comparison of the amount of protein transferred to the nitrocellulose
membrane, using Ponceau S (Fisher Scientific, Fair Lawn, NJ). PDES was detected using 2
different affinity purified rabbit polyclonal antibodies; similar results were obtained with each.
Antibody 4072 was made by Cell Signaling Technology (Beverly, MA) and was produced
against the antigen sequence CTPTRKISASEFDR. This antibody, which is no longer
commercially available, was provided as a gift from Tomasz Szatanek (Cell Signaling
Technology). Antibody 17379-5(1) was produced as a custom service by ProSci, Inc. (Poway,
CA) using a peptide antigen that was based on the Cell Signaling Technology antigen, modified
to match the rat PDES sequence: CARKISASEFDRPLRP. The antibody was affinity purified by
running the serum (diluted 1:2 with PBS) over a 1.5 ml column prepared by binding the peptide
to SulfoLink beads (ThermoFisher). The antibody that bound to the column was eluted with 5%
acetic acid, and 1 ml fractions were immediately neutralized with 0.1 ml 1M Tris-HCI, followed
by dialysis against PBS. The antibody was used at a concentration of 0.1 pg/ml. Phosphorylated
PDES was detected using an affinity purified rabbit polyclonal antibody produced against the
antigen sequence CGTPTRKIpSASEFDR, from an N-terminal region of bovine PDE5SA1 (amino
acids 85-98, with a phosphorylated serine 92) [22]. This site corresponds to serine 60 in the
splice variant common in many rat tissues [30]. PDEIA was detected using a rabbit polyclonal
antibody 122442-2-AP (Proteintech, Chicago, IL). Primary antibodies used for the supplemental
figures are described in the legends.

Horseradish peroxidase-conjugated secondary antibodies were obtained from Advansta
(Menlo Park, CA). Blots were developed using WesternBright Sirius HRP substrate (Advansta)
and imaged using a charge-coupled device camera (G:Box Chemi XT4, Syngene, Fredrick, MD).
Densitometry was performed using ImagelJ software, as previously described [18].

Measurement of cGMP Phosphodiesterase Activity

Rat follicles were treated with LH or PBS (control) for the times indicated in the results.
Follicles were washed in Ca®"/Mg*"-free PBS (Gibco) and solubilized by sonication on ice in a
lysis buffer containing 290 mM sucrose, 10 mM MOPS pH 7.0, 1 mM dithiothreitol, 2 mM
EGTA, 1 mM Pefabloc (Roche Diagnostics, Indianapolis, IN), 1 mM sodium orthovanadate, 10
mM sodium fluoride, and Complete Protease Inhibitor without EDTA (Roche). Protein
concentrations were determined by BCA assay; approximately 20 pg of protein was obtained per
follicle. Lysate aliquots were stored at -80°C.

Follicle lysates were diluted to ~1 pg/pl in lysis buffer and preincubated for 1 hour with or
without phosphodiesterase inhibitors on ice. Phosphodiesterase activity assays were performed
as previously described [31] with some modifications. The reaction buffer contained 50 mM
HEPES pH 7.5, 100 uM EGTA, 8.3 mM MgCl,, and either 30 nM *H-cGMP (7.1 x 10° pCi /
mmol; Perkin-Elmer, Waltham, MA), or I uM ¢cGMP with ~60 nM ’H-cGMP as the tracer.
Reactions were performed with or without phosphodiesterase inhibitors, and for Fig. 3, with or
without addition of CaCl, and 50 nM calmodulin (EMD Millipore, Chicago, IL). Reactions were
started by adding 10-15 pg of follicle protein to the reaction buffer (300 ul total volume) and
incubated in a recirculating water bath at 30°C for 30 min. To ensure linearity, the reaction time



and amount of follicle protein were optimized such that < 20% of the total substrate was
hydrolyzed. The reaction was terminated by adding 5.6 mM cAMP and 2.5 mM 5’AMP in 6.2
mM HCI. The mixture was then neutralized with 5 mM NaOH in 50 mM Tris, pH 8.0 before
adding 0.3 pug/ul Crotalus atrox venom (Sigma-Aldrich; final concentrations) to convert 5’GMP
to guanosine. After 30 minutes at 30°C, samples were added to columns containing washed QAE
Sephadex A-25 anion exchange resin (GE Healthcare, Wilmington, MA). Guanosine was eluted
with 3.2 ml ultrapure water and the *H-labeled portion was quantified in a liquid scintillation
counter (Hidex 300 SL, Turku, Finland) with Ultima Gold counting fluid (Perkin-Elmer).

Sources of Phosphodiesterase Inhibitors and Reagents Affecting Protein Kinase A and
EGFR Signaling

Sildenafil was obtained from Tocris (Bristol, UK), and the PDE10 inhibitor PF-2545920 was
obtained from Selleck Chemicals (Houston, TX). The PDE1 inhibitor PF-04822163 was
provided by Pfizer, Inc. (Groton, CT). H89 and myristoylated PKI 14-22 amide were obtained
from Tocris, and forskolin was obtained from Sigma-Aldrich. Rp-8-CPT-cAMPS, Rp-8-Br-
cAMPS, and Rp-cAMPS were obtained from Axxora, LLC (Farmingdale, NY). AG1478 was
purchased from Calbiochem/EMD-Millipore (Billerica, MA).

Analysis of Effects of Phosphodiesterase Inhibitors on LH-Induced Meiotic Resumption

Rat follicles were cultured for ~14 hours and then pre-incubated for one hour with PDE1 or
PDES inhibitors before adding LH or PBS (control). After 8 hours, follicles were opened with
30-gauge needles to retrieve cumulus-oocyte complexes. Oocytes were stripped of cumulus cells
by aspiration through a glass pipet with an ~90 um opening and scored for nuclear envelope
breakdown (NEBD), which is the first visual indicator of meiotic resumption. The pipets were
cut to a defined diameter using a diamond knife (Fine Science Tools, Foster City, CA). Oocytes
were scored again 3 hours later to determine whether the phosphodiesterase inhibitors affected
NEBD that occurred following isolation from the follicle.

Statistics

Data were analyzed by t-test, ANOVA, and repeated-measures one-way or two-way ANOVA
followed by t-tests with either the Dunnett or Tukey correction for multiple comparisons.
Analyses were carried out with Prism 6 (GraphPad Software, Inc, La Jolla, CA). All values
indicate mean = SEM. Asterisks or different letters indicate significant differences (P < 0.05).

RESULTS
Expression of Cyclic Nucleotide Phosphodiesterases in Mural Granulosa Cells and
Preovulatory Follicles

As a guide to which cGMP phosphodiesterases function during LH-induced meiotic
resumption, we first investigated the expression of all cyclic nucleotide phosphodiesterases in the
mural granulosa cells of rat preovulatory follicles. For these measurements, we used granulosa
cells that were extruded by follicle puncture, in order to avoid the contribution from residual
theca cells present around isolated follicles. A caveat with the use of this preparation is that it
excludes some of the outer mural granulosa cells that are not released by puncturing the follicle
wall [32].

Of the 21 genes for these enzymes, 13 encode proteins with cGMP-hydrolyzing activity [33].
Among the cGMP-hydrolyzing PDEs (shown in red in Fig. 1A), Pdela mRNA was the most



highly expressed, accounting for ~13% of the total cyclic nucleotide phosphodiesterase mRNA.
Pdeba mRNA accounted for ~3%, and PdelOa accounted for ~2%. Low levels of Pdelc, Pde3a,
Pde3b, Pde6a and Pde6b mRNAs were also detected (~0.2-1% of the total) (Fig. 1A). Pde6c and
Pde9a mRNAs were present at ~0.1% of the total. Among the cAMP-specific PDEs (shown in
black in Fig. 1A), Pde7b and Pde8a mRNAs were the most highly expressed, consistent with a
previous study [34]. For comparison, we performed a similar analysis with granulosa cells from
mouse preovulatory follicles, with similar but not identical results (Fig. 1B). In mouse, Pdela,
Pde9a, and Pdeba were the most highly expressed mRNAs encoding cGMP-hydrolyzing
phosphodiesterases.

Western blots of proteins confirmed that PDE1A and PDES proteins were both expressed in
rat preovulatory follicles (Fig. 1C), and comigrated with the corresponding proteins from brain
and lung (Supplemental Fig. S2). PDE1A was present at ~10% of the level in brain, and PDES
was present at ~10% of the level in lung (Supplemental Fig. S2). No distinct band that
comigrated with brain PDE10 was detected in follicles; the protein level was < 2% of that in
brain (Supplemental Fig. S3A). Furthermore, as described below, PDE10 activity was not
detected in follicles (Supplemental Fig. S4). Follicles also contained little or no PDE6A, PDE6B,
or PDE6C protein (< 2% of the concentration in retina, based on comparison of bands at the
molecular weight seen in retina) (Supplemental Fig. S3B-D). The lack of detectable PDE6C in
rat follicles is in contrast to reports of PDE6C in porcine cumulus-oocyte complexes [35] and
granulosa cells [36].

LH Signaling Increases PDES5 Activity in Preovulatory Follicles

To investigate which cGMP phosphodiesterase activities are present in preovulatory follicles,
and whether they are stimulated by LH signaling, we measured cGMP-hydrolytic activity in
follicle lysates. LH treatment of the follicles for 30 minutes increased the total cGMP-hydrolytic
activity (Fig. 2A). When the PDES inhibitor sildenafil (10-100 nM) was included in the assay
mixture, the basal activity was reduced by ~30-40%, and no increase was seen in response to LH
(Fig. 2A). At 10 nM, sildenafil would have a small effect on PDE6, and at 100 nM, it would
inhibit PDEG6 activity by more than half (ICso ~ 30-70 nM) [37-40], but as described above
(Supplemental Fig. S3B-D), PDE6 protein is not detected in rat follicles. 100 nM sildenafil
would not inhibit PDE1A (ICsp ~ 2.4 uM) [41] or other cGMP phosphodiesterases [37-40].
These results indicated that ~40% of the basal cGMP-hydrolytic activity is due to PDES, and that
the LH-induced increase in total cGMP-hydrolyzing activity is due to stimulation of PDES.

Subtraction of the sildenafil-insensitive activity from the total activity illustrated the increase
in PDES activity in response to LH (Fig. 2B). PDES activity was significantly increased by 10
minutes of LH treatment, and remained elevated for at least 60 minutes (Fig. 2C). PDES activity
at 30 minutes after LH stimulation was 1.69 + 0.13 times higher than basal PDES activity when
assayed with 30 nM cGMP (n = 10 sets of follicle samples). With 1 uM cGMP used in the assay,
the LH-induced increase was 1.36 + 0.07 times the basal level (n = 4) (Fig. 2D). Similar results
were obtained using recombinant human LH (Fig. 2E) in place of the ovine pituitary LH used for
all other experiments. In summary, PDE5 accounts for part of the basal cGMP hydrolytic
activity, and LH signaling increases its activity.

PDEL1 Is Also an Important Component of Basal cGMP Hydrolytic Activity in the Follicle,
and This Activity Would Increase If LH Signaling Elevates Free Ca?*



Based on its high level of mRNA expression, we next investigated the contribution of PDE1
to cGMP-hydrolytic activity in the follicle. PDE1 is activated by the binding of Ca®"/calmodulin,
though some hydrolytic activity can be present in the absence of this complex [42]. To measure
the Ca*"/calmodulin-independent component of the PDE activity, we performed assays in the
presence of EGTA and without added Ca*'/calmodulin. Addition of the PDE1 inhibitor PF-
04822163 [43] to the assay mixture reduced the basal cGMP-hydrolyzing activity in the follicle
lysates by ~45%, but did not inhibit the increase in cGMP hydrolysis in response to LH (Fig.
2A). PF-04822163 was used at 100 nM, a concentration that is specific for PDEI [43]. These
results indicated that Ca**/calmodulin-independent PDE] activity accounts for ~45% of the basal
cGMP-hydrolytic activity. Subtraction of the PF-04822163-insensitive activity from the total
activity yielded the Ca®*/calmodulin-independent PDE1 activity and illustrated its lack of change
in response to LH under these measurement conditions (Fig. 3A).

Including both PDE1 and PDES inhibitors in the assay mixture lowered basal PDE activity
levels to ~20% of control, and no stimulation of cGMP hydrolysis was seen with LH treatment
of the follicles (Fig. 2A). These results indicated that although additional cGMP-hydrolyzing
phosphodiesterases are present at low levels in the follicles, their activities are not stimulated by
LH. Addition of the PDE10 inhibitor PF-2545920 (100 nM) [44, 45] did not reduce the residual
activity seen in the presence of PDE1 and PDES inhibitors (Supplemental Fig. S4). These
measurements showed that basal activity is due primarily to PDE1 and PDES, with other
unidentified phosphodiesterases accounting for a small component. Correspondingly, both PDE1
and PDES inhibitors elevated basal cGMP in the follicle (Supplemental Fig. S5).

Because PDE! activity is increased by binding of Ca*"/calmodulin, and because some
evidence indicates that LH signaling might elevate Ca*" in the follicle (see Discussion), we
compared PDE1 activity in follicle lysates with and without the addition of CaCl, (20-80 uM
free Ca”") and calmodulin. Activity values obtained in the presence of Ca>" and calmodulin were
~6 times those obtained in the presence of EGTA (Fig. 3B,C). Similar Ca**/calmodulin-
dependent increases in activity were seen using cGMP substrate concentrations of 30 nM (Fig.
3B) or 1 uM (Fig. 3C).

These results confirm that the PF-04822163-sensitive activity is indeed due to PDE1, and that
if LH signaling increases Ca®", PDEI activity would increase. Because Ca”"/calmodulin does not
stably modify PDEI1, our measurements of PDEI activity in follicle lysates do not provide
information as to whether LH signaling increases Ca”". Studies to investigate the basal level of
free Ca”" in the granulosa cells, and to determine whether and to what extent LH signaling
increases free Ca®*, would contribute to understanding of the function of PDEI1 in the follicle.

LH Increases Phosphorylation of PDES on Its Regulatory Serine

An LH-induced increase in PDES phosphorylation was previously detected by measurement
of a shift in electrophoretic mobility in a gel containing Phos-tag [18]. To test if this
phosphorylation occurred on the PDES regulatory site at serine 92 (Fig. 4A), we separated
follicle proteins in a Phos-tag-containing gel, and probed a blot of the gel with an antibody
specific for PDES-phospho-serine 92 (pS92). LH treatment increased the pS92 signal, and the
band labeled by the PDE5-pS92 antibody comigrated with the upper (phosphorylated) band
recognized by a total PDES antibody (Fig. 4B). This showed that LH increases PDES
phosphorylation at the site known to increase the hydrolytic activity of the enzyme [46, 47].
PDES phosphorylation increased within 10 minutes of LH treatment of follicles and remained
elevated for 4 hours (Fig. 4C-E).



Mural granulosa cells isolated from preovulatory follicles also showed increased PDES
phosphorylation in response to LH (Fig. 4F), confirming that as expected from the localization of
the LH receptor (see Introduction), LH-induced PDES5 phosphorylation occurs in this
compartment of the follicle. The ability of LH to stimulate PDES phosphorylation in isolated
granulosa cells also established a monolayer system that could be useful for future studies of this
response in experiments where permeability into the tissue is limited (see Supplemental Fig. S6
below).

Evidence that Protein Kinase A is Responsible for the LH-induced Increases in PDE5
Phosphorylation and Activity

PDES can be phosphorylated at serine 92 by either protein kinase A or protein kinase G [21,
22, 46]. However, studies of mouse granulosa cells did not detect either of the protein kinase G
isozymes (PRKG1 or PRKG2), or the mRNAs encoding them, until several hours after LH
receptor activation [9, 48]. Resting cGMP levels in mouse preovulatory follicles are ~2-4 UM,
and are estimated to be similar for rat follicles based cGMP content (Supplemental Fig. S5 and
[18]); therefore, since the levels of cGMP that half-maximally activate PRKG1 and PRKG2 are
less than 1 uM [49-51], protein kinase G, if present, would be activated even in the absence of
LH, leading to phosphorylation of PDES. However, only a low level of PDES phosphorylation
was seen prior to LH exposure (Figs 4, 5). Furthermore, the decrease in granulosa cell cGMP
levels in response to LH [4, 18] is inconsistent with protein kinase G activation causing the
increase in PDES phosphorylation in response to LH. Based on these findings, and because LH
signaling increases protein kinase A activity [24, 25], we focused on testing the involvement of
protein kinase A in phosphorylation and activation of PDES in response to LH.

Rat follicles treated with the adenylyl cyclase activator forskolin (100 uM, 30 minutes) had
increased PDES activity, comparable to that seen in response to LH (Fig. 5A), and pre-
incubation with the non-specific protein kinase A inhibitor H89 (100 uM, 2 hours) blocked both
LH-induced and forskolin-induced increases in PDES activity (Fig. 5A). Correspondingly,
forskolin also increased phosphorylation of PDES on serine 92, and H89 prevented most of the
serine 92 phosphorylation in response to both LH and forskolin (Fig. 5B,C). We also attempted
to inhibit protein kinase A using Rp-cAMPS, Rp-8-Br-cAMPS, and Rp-8-CPT-cAMPS, but
these were ineffective, as indicated by the failure to block phosphorylation of the protein kinase
A substrate VASP, perhaps due to insufficient permeability (Supplemental Fig. S6). Likewise, a
myristoylated PKI peptide was not useful due to toxicity (Supplemental Fig. S6).

Although H89 can inhibit multiple kinases [52, 53], the amino acid sequence around the
serine 92 phosphorylation site of PDES (RKISA) is a protein kinase A/G consensus sequence (R-
R/K-X-S/T-¢), where X is any amino acid and ¢ is a hydrophobic residue) [54, 55], and differs
from those of most other kinases including MAP kinases and the EGFR kinase [54-56].
Signaling by the EGFR kinase was of particular interest because of evidence for its function in
mediating the LH-induced decrease in cGMP [2, 4, 19, 57, 58]. However, an inhibitor of the
EGFR kinase (AG1478) did not inhibit PDES5 phosphorylation in response to LH (Supplemental
Fig. S7).

In summary, our results obtained using forskolin and H89, as well as the presence of a
consensus protein kinase A/G site in PDES at serine 92 and the evidence discussed above
arguing against regulation by way of protein kinase G or the EGFR kinase, all support the
hypothesis that increased protein kinase A activity is responsible for the LH-induced increases in
PDES activity and phosphorylation.



PDES5 and PDE1 Both Contribute to LH-Induced Meiotic Resumption

To investigate if PDES and PDEI activities are required for LH-induced meiotic resumption,
we examined the effects of PDES and PDE1 inhibitors on nuclear envelope breakdown (NEBD),
which marks the prophase-to-metaphase transition. Preovulatory follicles were pre-incubated for
1 hour with 100 nM sildenafil, 3 uM PF-04822163 (PDE]1 inhibitor), or both inhibitors in
combination (Fig. 6A). LH was then added, and oocytes were isolated and scored for NEBD 8§
hours later. As mentioned above, 100 nM sildenafil inhibits both PDES and PDE®6, but since little
or no PDEG6 protein was detected in rat follicles (Supplemental Fig. S3B-D), 100 nM sildenafil
could be used as a specific inhibitor of PDES. At 3 uM, PF-04822163 has little effect on other
cyclic nucleotide phosphodiesterases except for PDE10 [43], which is not expressed at a
detectable level (Supplemental Figs S3A and S4).

After 8 hours of LH treatment, ~85% of oocytes in control follicles had undergone NEBD
(Fig. 6A). Treatment with sildenafil reduced this number to ~40% (Fig. 6A). Treatment with PF-
04822163 had no effect by itself, but the combination of both sildenafil and PF-04822163
completely inhibited NEBD (Fig. 6A). None of these phosphodiesterase inhibitor treatments
prevented NEBD in response to isolating the oocyte from the follicle (Fig. 6B). Although both
PDEI1 [59] and PDES (our unpublished results) have been detected in isolated mouse oocytes,
these results indicate that the inhibition of LH-induced NEBD resulted from effects of the PDES
and PDE1 inhibitors on the granulosa cells, rather than from a direct effect on the oocyte. These
results show that both PDES and PDEI contribute to LH-induced meiotic resumption in rat
ovarian follicles.

DISCUSSION
LH-Induced Phosphorylation of PDES5 Increases its Activity

Oocytes within mammalian preovulatory follicles resume meiosis in response to an LH-
induced decrease in follicle cGMP levels. However, the mechanisms by which the decrease in
follicle cGMP occurs are incompletely understood. We have previously shown that LH signaling
reduces the activity of the NPR2 guanylyl cyclase, which accounts for part of the decline in
cGMP in both rat and mouse follicles [18, 19]. Here, we show that LH signaling increases the
phosphorylation of PDES at serine 92, as well as its cGMP-hydrolytic activity. Both of these
events occur on a similarly rapid time scale, and both are promoted by elevating cAMP and
opposed by inhibiting protein kinase A. These findings indicate that LH-induced phosphorylation
and activation of PDES, mediated through protein kinase A, contributes to decreasing cGMP in
the follicle, leading to the resumption of meiosis. Thus LH signaling reduces cGMP in the
follicle by at least two complementary mechanisms: activation of cGMP hydrolysis by PDES,
and inhibition of cGMP synthesis by NPR2 (Fig. 7).

Since the LH receptors are restricted to the mural granulosa cells [12, 13] (see Introduction),
the PDES that is activated by LH must be located in the mural granulosa cells, rather than in the
theca cells attached to the follicle. Consistently, the phosphorylation of PDES is also seen when
LH is applied to isolated mural granulosa cells. Likewise, the cGMP decrease occurs in the
mural granulosa cells but not in the theca cells [4]. With a delay, the cGMP decrease also occurs
in the cumulus cells and oocyte that are connected to the mural granulosa cells by gap junctions,
but our measurements do not provide information as to whether cGMP PDE activity increases in
these compartments. Because the volume of the cumulus-oocyte complex is only a few percent
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of the total follicle volume, any phosphodiesterase activity increase in the cumulus cells or
oocyte would not be detected by measuring activity in lysates of whole follicles.

Related to these findings, a previous study reported an increase in cGMP hydrolytic activity in
isolated porcine cumulus-oocyte complexes after treatment with medium containing
gonadotropins that would stimulate FSH and LH receptors [35]. The increase was first detected
after 24 hours of culture, correlating with the slower kinetics of meiotic resumption in porcine
vs. rat oocytes [60]. The activity increase was counteracted by 10 pM sildenafil, which would
inhibit PDES as well as other cGMP phosphodiesterases including PDE1 and PDE6 [37-40].
Thus LH-induced activation of cGMP phosphodiesterase activity might also contribute to
meiotic regulation in porcine follicles.

PDES activity increased in response to LH when assayed at both high and low cGMP
substrate concentrations (1 uM and 30 nM), corresponding to the range of cGMP concentrations
determined by ELISA measurements of mouse follicles before (~2-4 uM) and 1-5 hours after LH
application (30-100 nM) [1, 4, 57]. These results indicate that the increase in PDES activity
could play a significant role in both initiating and maintaining the LH-induced decrease in
cGMP.

The regulation of PDES activity is complex, involving cGMP binding to an allosteric site in
the GAF-A domain. This in itself increases the catalytic activity of PDES in the absence of
phosphorylation [47, 61], but it also permits phosphorylation of PDES at serine 92 by protein
kinase A or protein kinase G, which further stimulates catalytic activity [21-23, 46]. Since half-
maximal binding of cGMP to the GAF-A domain occurs at ~100 nM [21, 23], and since the
granulosa cells of follicles that have not been exposed to LH contain ~2-4 uM ¢cGMP [1, 57], the
GAF-A domain of PDES would presumably be occupied by cGMP under basal conditions. This
could explain the substantial PDES activity in untreated follicles. However, studies of mice have
indicated that protein kinase G is not detectable in granulosa cells of follicles at this stage of
development [9, 48], providing an explanation for why PDES is not highly phosphorylated,
despite the high cGMP, until LH signaling activates protein kinase A.

While our evidence indicates that phosphorylation of PDES by protein kinase A increases its
activity in ovarian follicles, elevation of cAMP does not increase PDES activity in smooth
muscle cells [22] or Purkinje cells [62]. This could be because the basal cGMP levels in these
cells are low, such that the GAF-A domain is not occupied by cGMP and therefore PDES cannot
be phosphorylated by protein kinase A.

Phosphorylation of PDES at serine 92 increases the affinity for binding of cGMP to the GAF-
A domain [21, 63], thus extending the period of high PDES activity even when cGMP is
decreased [23]. Therefore phosphorylation may be especially important for maintaining high
PDES activity as the concentration of cGMP in the follicle decreases after LH treatment.

Both PDES and PDE1 Mediate Meiotic Resumption in Response to LH

In rat ovarian follicles, the fraction of oocytes that resumed meiosis in response to LH was
reduced by about half by incubation with a high concentration of the PDES inhibitor sildenafil.
However, complete inhibition of the rapid resumption of meiosis in response to LH was only
seen when follicles were incubated with inhibitors of both PDE5 and PDE1. These results
indicate that in rat follicles, both PDES and PDEI activities must function together to lower
cGMP sufficiently to de-inhibit PDE3A and cause the resumption of meiosis. It is not clear from
the data, however, whether PDEI activity is also activated by LH (by way of an increase in
Ca'™"), or whether the increase in PDES activity caused by LH is insufficient by itself to allow
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resumption of meiosis without some assist from basal PDE1 activity. In contrast, a previous
study showed that in mice, the PDES inhibitor tadalafil completely inhibits LH-induced
resumption of meiosis, in follicles examined at 4 hours after LH treatment [2]. Thus in mice, it
appears that PDES, but not PDEI, has an essential function in mediating LH signaling.

Whether the increase in PDES activity due to phosphorylation is necessary for LH-induced
meiotic resumption has not yet been tested. This question could potentially be addressed by
experiments using follicles from mice expressing a mutated form of PDES in which the
regulatory serine cannot be phosphorylated. Previous studies have shown that PDES with serine
92 changed to alanine cannot be phosphorylated by protein kinase A or protein kinase G [47].

Our findings indicate that EGF receptor signaling does not mediate the increase in PDES
phosphorylation and activity in response to LH, at least during the initial two hours after LH
exposure. Thus, the requirement for EGFR activity for the rapid resumption of meiosis and for
part of the cGMP decrease in response to LH [2, 4, 57, 58, 64, 65] appears to be due to its
involvement in other pathways that contribute to the cGMP decrease. In particular, rapid
resumption of meiosis in response to the EGFR agonist epiregulin has been found to depend on
dephosphorylation and inactivation of the NPR2 guanylyl cyclase [19].

We did not detect an effect of LH treatment on PDEI activity, as measured in lysates without
free Ca®", but since PDE1A activity is regulated by Ca**/calmodulin [33, 42], an LH-induced
increase in Ca®" would be expected to increase its cGMP-hydrolytic activity (see Fig. 7). Our
measurements showed that PDE1 activity was increased ~6-fold by including Ca**/calmodulin in
the lysate of follicles used for the activity assay. However, it is uncertain whether LH signaling
elevates Ca" in the granulosa cells of the follicle. A rapid LH-induced Ca”" rise occurs in
porcine granulosa cells in culture [66], and in cells with exogenously introduced LH receptors
[7], but was not seen in a study of freshly isolated mouse granulosa cells [67]. EGF application
to isolated mouse cumulus-oocyte complexes elevates Ca”” in the cumulus cells [68, 69], which
means that the activation of EGF receptors that occurs in response to LH signaling in the follicle
[70] could result in Ca*" elevation and PDEI activation. Investigation of LH effects on Ca®"
levels in intact follicles could further define the mechanisms by which LH signaling causes a
rapid decrease in cGMP levels in the follicle, leading to meiotic resumption in the oocyte.

In summary, our evidence indicates that protein kinase A, activated as a consequence of
activation of the LH receptor, phosphorylates PDES in granulosa cells, increasing its cGMP-
hydrolytic activity. Acting together with PDE1A, and with the LH-induced inactivation of the
NPR2 guanylyl cyclase [18, 19], the LH-induced increase in PDES activity would contribute to
the rapid decrease in cGMP in the granulosa cells, thus lowering cGMP in the oocyte by
equilibration through gap junctions [4] (Fig. 7). EGF receptor activity contributes to causing
oocyte cGMP to decrease, possibly through its actions on NPR2 and/or PDE1 [2, 4, 19, 57, 58].
The decrease in cGMP is sufficient to cause meiotic resumption, based on evidence that injection
of follicle-enclosed mouse oocytes with a cGMP-specific phosphodiesterase can overcome
meiotic arrest [1]. Decreased cGMP in the oocyte relieves the inhibition of PDE3A [1, 2],
reducing the level of oocyte cAMP and reinitiating meiosis. Our results suggest that these
complementary mechanisms can act together to lower cGMP and provide a “fail safe” system
that assures the ovulation of oocytes that have resumed meiosis and are ready for fertilization.
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FIGURE LEGENDS

FIG. 1. Expression of cyclic nucleotide phosphodiesterases in mural granulosa cells and
preovulatory follicles. A,B) qRT-PCR determination of the relative amounts of mRNAs
expressed by cyclic nucleotide phosphodiesterase genes in mural granulosa cells of rat (A) and
mouse (B). cGMP-hydrolyzing phosphodiesterases are shown in red. C) Western blots of rat
follicles showing the presence of PDE1A and PDES proteins.

FIG. 2. PDES activity increases in response to LH treatment of rat follicles. A) cGMP-
hydrolytic activity in lysates of follicles treated with or without LH for 30 min. The assays were
performed using 30 nM ¢cGMP as the substrate, and including 10 nM or 100 nM sildenafil and/or
100 nM PF-04822163 to inhibit PDES and PDE1, respectively. The red box indicates PDES
activity, determined by subtraction of the 10 nM or 100 nM sildenafil-insensitive activity from
the total activity. Data from 3 sets of follicle samples were analyzed by repeated measures two-
way ANOVA followed by t-tests within groups, with Tukey correction for multiple comparisons.
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B) PDES activity in lysates of follicles treated with or without LH for 30 min, calculated from
the data shown in A using 10 nM or 100 nM sildenafil as indicated, and analyzed by t-tests. C)
Time course of the PDES activity increase. PDES activity was determined as shown in A, using
100 nM sildenafil, and 30 nM cGMP as the substrate. Data from 4 sets of follicle samples.
Activities for follicles treated with LH were significantly different from the control (30 min
incubation with PBS in place of LH) at all time points (repeated measures ANOVA with Dunnett
post-tests). The 30 min PBS control is applicable to the 10, 30, and 60 min LH time points
because for all samples, the follicles were cultured for ~4 hours prior to adding LH or PBS, such
that the total incubation time was applicable to each condition (~4.5 £ 0.5 hours). D) PDES
activity in follicles treated with or without LH for 30 min, determined as shown in A, but using 1
UM cGMP as the substrate. 100 nM sildenafil was used to determine PDES activity; t-test on
data from 4 sets of follicle samples. E) PDES activity in follicles treated with either ovine
pituitary LH (oLH) or recombinant human LH (r-hLH) for 30 min, determined as shown in A,
using 100 nM sildenafil. Data from 2 experiments were analyzed by t-tests with the Holm
correction for multiple comparisons. oLH was used for all other experiments. * P <0.05.

FIG. 3. PDEI activity in rat follicles. A) PDE]1 activity in follicles treated with or without LH
for 30 min, calculated from data in Fig. 2A by subtracting the activity measured in the presence
of the PDE1 inhibitor PF-04822163 from the total activity. The assays were performed in the
presence of EGTA without added CaCl, (~0 uM free Ca®"). LH treatment did not affect PDE1
activity as assayed under these conditions (t-test). B,C) PDEI activity in lysates of follicles
without LH treatment, assayed as in A but with calmodulin and CaCl, added where indicated, to
buffer free Ca®" in the reaction mixture at 20-80 UM. PDE1 activity was increased ~6 fold by the
addition of Ca®" and calmodulin; similar results were obtained with cGMP substrate
concentrations of either 30 nM (B), or 1 uM (C). Data from 3 sets of follicle samples for B, and
2 sets of follicle samples for C were analyzed by t-test. * P <0.05.

FIG. 4. PDES phosphorylation on serine 92 increases in response to LH. A) Functional domains
of PDES, showing the phosphorylation site. Modified from Bender AT, Beavo JA. Cyclic
nucleotide phosphodiesterases: Molecular regulation to clinical use. Pharmacol Rev 2006;
58:488-520 [33] with permission. B) Western blots showing the increase in PDES
phosphorylation in follicles treated with LH for 30 min. Proteins were separated in a Phos-tag-
containing gel, and blots were probed with antibodies recognizing total PDES (left), or pS92-
PDES (right). Molecular weight markers are not shown because they are not meaningful in a
Phos-tag-containing gel. C,D) Western blots showing the time course of PDES phosphorylation
in follicles treated for 10-240 min with LH. In C, proteins were separated in a gel without Phos-
tag, and the blot was probed with the pS92-PDES antibody (representative of 3 experiments).
The amount of protein loaded per lane (10 pg) was determined by a BCA assay, and staining of
the blot with Ponceau S confirmed that the amount of protein differed by <7% between lanes. In
D, proteins were separated in a Phos-tag-containing gel, and the blot was probed with a total
PDES antibody (representative of 3 experiments). E) Time course of the LH-induced increase in
PDES phosphorylation, summarizing the results of 3 blots like that shown in D. The graph shows
ratios of the immunodensity of the upper band divided by that of the lower band. PDES5
phosphorylation was significantly higher at all LH time points compared to 30 min without LH
(repeated measures ANOVA with Dunnett post-tests). There was no difference comparing
follicles incubated without LH for 30 or 240 min. F) Western blot showing the increase in PDES5
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phosphorylation in cultured mural granulosa cells treated with LH for 30 min. Proteins were
separated in a Phos-tag-containing gel, and the blot was probed with a total PDES antibody. * P
<0.05.

FIG. 5. Evidence that protein kinase A is responsible for the LH-induced increases in PDES
activity and phosphorylation. A) Treatment of follicles with forskolin (100 uM) for 30 min
caused an increase in PDES activity similar to that seen with LH, and pretreatment of follicles
with the protein kinase A inhibitor H89 (100 uM, 2 hours pre-incubation) prevented the increase
in PDES activity in response to LH or forskolin. PDES activity was determined as described in
Figure 2, using 100 nM sildenafil; data was obtained from 3 sets of follicle samples and analyzed
by repeated measures ANOVA with Tukey post-tests. B, C) Forskolin (100 uM, 30 min) caused
an increase in PDES phosphorylation similar to that seen with LH, and H89 (100 uM, 2 hours
pre-incubation) inhibited PDES phosphorylation in response to LH or forskolin. B shows a blot
of follicle protein separated in a gel without Phos-tag, and probed with the pS92-PDES antibody
(representative of 4 experiments). The amount of protein loaded per lane (10 ng) was determined
by a BCA assay, and staining of the blot with Ponceau S confirmed that the amount of protein
differed by <14% between lanes. C shows a blot of the same follicle samples shown in B,
separated in a Phos-tag-containing gel, and probed with the total PDES antibody. Different
letters indicate significant differences (P < 0.05).

FIG. 6. PDES and PDEI1 inhibitors synergistically inhibit NEBD in response to LH treatment of
follicles. A) Follicles were preincubated for one hour with or without the indicated inhibitors
before adding LH or PBS (control). 8 hours later, oocytes were isolated and scored for NEBD.
Data were analyzed by two-way ANOV A with Tukey post-tests after arcsine square root
transformation. B) Oocytes from follicles in A were scored for NEBD 3 hours after isolation;
almost all oocytes resumed meiosis. Data are from 3-5 experiments for each condition in A and
2-4 experiments in B; for each experiment, 12-19 oocytes were scored for each condition.
Different letters indicate significant differences (P < 0.05).

FIG. 7. Working hypothesis for how complementary signaling mechanisms contribute to LH
regulation of cGMP in mural granulosa cells. The diagram integrates our current findings and
previous studies as discussed in the text. Without LH, the cGMP concentration is high, due to
high activity of the phosphorylated NPR2 guanylyl cyclase. cGMP hydrolysis by PDE1 and
PDES maintains a steady state level of cGMP. Application of LH activates G5 and adenylyl
cyclase, as well as other G-proteins. The resulting elevation of cAMP activates protein kinase A,
which phosphorylates and activates PDES, thus increasing the rate of cGMP hydrolysis. LH
signaling also results in a decrease in phosphorylation and activity of the NPR2 guanylyl cyclase,
thus decreasing the rate of cGMP synthesis. Both of these changes in enzymatic activity would
lower the steady state level of cGMP. While our results indicate that PDES activation is a direct
consequence of phosphorylation of PDES by PKA, the signaling pathways leading to NPR2
dephosphorylation are incompletely understood. EGFR activation is one component, but there
could be others as well. Whether LH signaling causes a rise in Ca®" and activates PDEI remains
to be investigated (dashed line), and may be another part of the EGFR signaling network.
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