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Abstract

Prior to birth, oocytes within mammalian ovarian follicles initiate meiosis, but then arrest in
prophase until puberty, when with each reproductive cycle, one or more follicles are stimulated by
luteinizing hormone (LH) to resume meiosis in preparation for fertilization. Within preovulatory
follicles, granulosa cells produce high levels of cGMP, which diffuses into the oocyte to maintain
meiotic arrest. LH signaling restarts meiosis by rapidly lowering the levels of cGMP in the follicle
and oocyte. Part of this decrease is mediated by the dephosphorylation and inactivation the NPR2
guanylyl cyclase in response to LH, but the mechanism for the remainder of the cGMP decrease is
unknown. At least one cGMP phosphodiesterase, PDED, is activated by LH signaling, which
would contribute to lowering cGMP. PDES5 exhibits increased cGMP-hydrolytic activity when
phosphorylated on serine 92, and we recently demonstrated that LH signaling phosphorylates
PDES5 on this serine and increases its activity in rat follicles. To test the extent to which this
mechanism contributes to the cGMP decrease that restarts meiosis, we generated a mouse line in
which serine 92 was mutated to alanine (Pde5-S92A), such that it cannot be phosphorylated. Here
we show that PDE5 phosphorylation is required for the LH-induced increase in cGMP-hydrolytic
activity, but that this increase has only a modest effect on the LH-induced cGMP decrease in
mouse follicles, and does not affect the timing of meiotic resumption. Though we show that the
activation of PDES5 is among the mechanisms contributing to the cGMP decrease, these results
suggest that another cGMP phosphodiesterase is also activated by LH signaling.
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1. Introduction

In mammals, the oocyte cell cycle arrests at the diplotene stage of meiotic prophase before
birth, and remains arrested throughout all stages of growth. Beginning at puberty, cyclic
secretion of follicle stimulating hormone (FSH) from the pituitary supports a cohort of
follicles through the final stages of growth to reach the preovulatory stage. Then, during
each reproductive cycle, a brief surge in circulating luteinizing hormone (LH) acts on one or
more preovulatory follicles to initiate many different signaling cascades that result in a
multitude of responses, including oocyte meiotic resumption (Jaffe and Egbert, 2017),
activation of the GLYT1 transporter to regulate osmotic balance in the oocyte (Richard and
Baltz, 2017), cumulus expansion and ovulation (Hunzicker-Dunn and Mayo, 2014), and
formation of the corpus luteum (Stocco et al., 2007). These LH-dependent events occur on
different time scales, but one of the most rapid is the activation of mechanisms that lead to
the resumption of oocyte meiosis (Shuhaibar et al., 2015).

Within preovulatory follicles, oocyte meiotic arrest is maintained by high levels of cGMP,
which is produced in the surrounding granulosa and cumulus cells and diffuses into the
oocyte through gap junctions (Norris et al., 2009; Vaccari et al., 2009; Shuhaibar et al.,
2015). Follicle cGMP is produced by the membrane guanylyl cyclase natriuretic peptide
receptor 2 (NPR2; also called guanylyl cyclase-B or GC-B), which is required for meiotic
arrest (Zhang et al., 2010). Follicles from mice lacking functional NPR2 contain no
detectable cGMP (Geister et al., 2013), indicating that NPR2 activity accounts for most, if
not all, of the cGMP produced in the follicle. Upon exposure to a surge of LH, cGMP levels
rapidly decline in the outer granulosa cells, falling from ~4 pM to 0.1 uM by 20 minutes
(Shuhaibar et al., 2015). This reverses the concentration gradient such that cGMP diffuses
out of the oocyte (Shuhaibar et al., 2015), thus allowing meiosis to proceed.

A major component of the cGMP decrease is the rapid inactivation of NPR2 (Robinson et
al., 2012) by dephosphorylation in response to LH signaling (Egbert et al., 2014). NPR2
activity is regulated by the binding of its agonist C-type natriuretic peptide (CNP) and by
phosphorylation on some combination of 7 juxtamembrane serines and threonines (Potter,
2011). If these 7 sites are mutated to glutamate (NPR2-7E), the enzyme behaves as though it
is constitutively phosphorylated and cannot be inactivated by dephosphorylation (Yoder et
al., 2012). We previously generated mice homozygous for a global knockin of a sequence in
which the 7 regulatory phosphorylation sites of NPR2 are mutated to glutamate (Apr2’/7€)
(Shuhaibar et al., 2016). In isolated preovulatory follicles from these Njpr2”E/7E mice, the
LH-induced cGMP decrease in the mural granulosa cells is significantly attenuated
(Shuhaibar et al., 2016), reaching a plateau of ~0.3 pM cGMP (see Fig. 3E below), in
contrast to the ~0.1 uM level observed in the wild type (Shuhaibar et al., 2015). This
attenuation of the cGMP decrease is sufficient to delay meiotic resumption by ~5 hours
(Shuhaibar et al., 2016), but a substantial part of the LH-induced cGMP decrease remains
unexplained. These findings suggest that LH signaling could increase the activity of one or
more phosphodiesterases (PDEs), which would contribute to the follicle cGMP decrease.

In rat follicles, most of the basal cGMP-hydrolytic activity is explained by PDE1 and PDE5S
(Egbert et al., 2016). PDEL1 is activated by calcium (Bender and Beavo, 2006), and PDE5
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activity is increased by PKA- or PKG-dependent phosphorylation of serine 92 (Corbin et al.,
2002; Jager et al., 2010). We have previously shown that LH signaling induces the
phosphorylation of PDE5 on serine 92 in rat follicles, which is associated with an ~70%
increase in cGMP-hydrolytic activity (Egbert et al., 2016). We also showed that the increase
in PDES5 phosphorylation and activity in response to LH could be prevented by the PKA
inhibitor H89 (Egbert et al., 2016). However, since PKA has many other substrates, and
since H89 lacks complete specificity for PKA (Davies et al., 2000; Murray, 2008), it
remained uncertain whether the phosphorylation of PDE5 was directly responsible for its
activation. Furthermore, these experiments did not determine how much the activation of
PDES contributes to the LH-induced cGMP decrease in follicles, which triggers oocyte
meiotic resumption. In this study, we tested the hypotheses that 1) phosphorylation of PDE5S
is required for the LH-induced increase in its hydrolytic activity, 2) the increase in PDE5
activity contributes to the follicle cGMP decrease, and 3) preventing the phosphorylation
and activation of PDES5 delays meiotic resumption in response to LH. To do this, we
generated a mouse line in which serine 92 of PDE5 was mutated to alanine (Pde5-S92A) in
all tissues, such that it cannot be phosphorylated. We show that this mutation prevents the
increase in PDES activity in response to LH. Furthermore, our data indicate that the
phosphorylation and activation of PDE5 contributes an additional component to the LH-
induced cGMP decrease. Although we confirm previous reports that total PDES5 activity
plays a role in the timing of meiotic resumption, we find that preventing the /ncrease in
hydrolytic activity due to PDE5 phosphorylation does not affect the timing of meiotic
resumption in response to LH. These data suggest that the activation of PDE5 by
phosphorylation is a redundant mechanism for lowering cGMP levels in mouse ovarian
follicles, and indicate that the activation of at least one other phosphodiesterase in response
to LH signaling contributes to the cGMP decrease that restarts meiosis.

2. Materials and methods

2.1 Mice and follicle isolation/culture

The Pde5-592A mouse line was generated by CRISPR/Cas9-mediated homology-directed
repair to substitute alanine for serine 92, using C57BL/6J mice. Detailed information about
the generation and genotyping of these mice can be found in the supplementary text and
supplementary Fig. S1. Mice homozygous for the Pde5-S92A mutation were viable, fertile
(see supplementary Fig. S2), and showed no obvious signs of morphological or behavioral
abnormalities compared with wild-type mice from this mouse line.

Generation of the Ajpr2- 7E mouse line was described by Shuhaibar et al. (2016); mice
expressing the cGi500 Fdrster resonance energy transfer (FRET) sensor for cGMP were
provided by Robert Feil (Thunemann et al., 2013). Wild-type mice were obtained from the
generation of the Pde5 S92A line except for some of the mice used for Fig. 1, which were
B6SJLF1/J animals obtained from The Jackson Laboratory (Bar Harbor, ME). All
experiments were performed according to National Institutes of Health guidelines, and were
approved by the UConn Health Institutional Animal Care and Use Committee.

Ovaries were removed from mice aged 23-27 days, and preovulatory follicles (~300-400
um diameter) were dissected with fine forceps in MEMa (Gibco 12000022, Thermo Fisher,
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Waltham, MA) supplemented with 25 mM NaHCO3, 3 mg/ml BSA, 5 pg/ml insulin, 5 pg/ml
transferrin, 5 ng/ml selenium, 50 pg/ml streptomycin, 75 ug/ml penicillin G, and purified
ovine follicle stimulating hormone (FSH) (A.F. Parlow, National Hormone and Peptide
Program; NHPP). Follicles were plated on Millicell culture dish inserts (PICMORG50,
Millipore Sigma, Billerica, MA) and cultured overnight at 37°C in 5% CO, in the presence
of 30 ng/ml FSH (except for two experiments of each genotype in Fig. 2E, which used 10
ng/ml FSH). During this culture on the Millicell membranes, follicles flatten to ~200 pm
thick, and the presence of a nuclear membrane/nucleolus can be visualized using a 20x/0.4
NA long-working distance objective (Norris et al., 2007). Follicles that were too dark to see
the oocyte, or oocytes that had undergone spontaneous nuclear envelope breakdown
(NEBD), were not used for experiments. Treatments were applied to the medium below the
Millicell and mixed by tipping the membrane several times. Except for Figures 4B and 4D,
purified ovine LH (NHPP) was used at a saturating concentration of 10 pg/ml (~350 nM) in
all experiments. For the experiments in Figures 4B and 4D, 0.1 ug/ml LH was used because
it was the lowest concentration to achieve maximal NEBD in mouse follicle-enclosed
oocytes (Mehlmann et al., 2006). LH was applied 23-30 hours after FSH was applied to
follicles.

2.2 Phos-tag gel electrophoresis and western blot

Equal numbers of follicles (11-17 per experiment) were treated with either LH or control
vehicle (PBS) for 30 minutes, and then lysed by probe sonication in 60 pl Laemmli sample
buffer with 75 mM dithiothreitol, 10 mM sodium fluoride, 1 mM sodium orthovanadate, 1
mM Pefabloc (Roche Diagnostics, Indianapolis, IN), and 1X Complete Protease Inhibitor,
EDTA-free (Roche Diagnostics). Lysates were stored at —80°C until the entire 60 pul volume
was run on a gel containing 25 uM Phos-tag-acrylamide (Wako Chemicals USA, Richmond,
VA) as previously described (Egbert et al., 2014; 2016). Phos-tag retards the migration of
phosphorylated proteins through the gel, thus separating them from their non-
phosphorylated forms (Kinoshita et al., 2006). Ponceau S (Thermo Fisher) was used to
confirm equal loading of lanes following transfer to a nitrocellulose membrane. The
membrane was blocked with 5% nonfat dry milk and probed with a rabbit total PDE5
antibody (17379-5(1), custom ordered from ProSci, Inc., Poway, CA) as previously
described (Egbert et al., 2016). An index of PDE5 phosphorylation was generated by
quantifying the ratio of the intensity of the upper (phosphorylated) band region to the
intensity of the lower (non-phosphorylated) band using ImageJ software, as previously
described (Egbert et al., 2014; 2016). The intensities of these regions were measured by
drawing a rectangle around the lower band and then positioning an identical rectangle just
above it, which encompassed the upper band in samples treated with LH.

2.3 Standard SDS-PAGE and western blot for PDE5 and PDE6

Follicle lysates were prepared in Laemmli sample buffer as described above; approximately
20 g of follicle protein was loaded based on previous measurements of 3.5 ug protein/
follicle (Norris et al., 2008). Lysates from mouse retina and lung tissue were prepared by
probe sonication in 1% SDS with 1 mM Pefabloc and 1x Complete Protease Inhibitor,
EDTA-free. Protein concentration was determined by bicinchoninic acid (BCA) assay
(Thermo Fisher), and lysates were diluted in Laemmli sample buffer with 75 mM DTT prior
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to loading 0.1 pg or 0.3 pg of retina, or 1 pg or 2 ug of lung. Samples were run on 4-15%
TGX gradient gels (Bio-Rad, Carlsbad, CA) in standard SDS-PAGE buffer (15 mA/gel for
80 min), transferred to nitrocellulose membranes (100 V for 90 min), and blocked in either
2% or 5% nonfat dry milk in Tris-buffered saline with 0.1% Tween-20. The blots were
probed with rabbit antibodies for total PDE6A and PDE6B (21200-1-AP and 22063-1-AP,
respectively; Proteintech, Rosemont, IL), and total PDE5 (ProSci 17379-5(1)). They were
detected with a goat-anti-rabbit secondary antibody conjugated to horseradish peroxidase
(R-05072-500, Advansta, Menlo Park, CA) and WesternBright ECL substrate (Advansta),
and imaged by CCD camera (G:BOX Chemi XT4, Syngene, Frederick, MD).

2.4 Measurement of PDE5 cGMP-hydrolytic activity

Follicles were treated with either LH or PBS for 30 minutes and then solubilized by probe
sonication in PDE lysis buffer containing 2 mM EGTA as previously described (Egbert et
al., 2016). BCA assay was used to quantify the lysate protein concentrations. Lysates were
stored at —80°C until use within 10 days after lysate preparation. PDE assays were
performed as previously described (Egbert et al., 2016) using 13-20 g follicle protein and
30 nM 3H-cGMP (7.1 x 108 uCi/mmol; Perkin-Elmer, Waltham, MA) as substrate. To
determine PDES5 activity, we assayed each sample in the absence and presence of the
PDES5/6 inhibitor sildenafil (30 or 100 nM; Tocris, Minneapolis, MN) and calculated the
difference between these two activities, as previously described (Egbert et al., 2016; see Fig.
2D).

2.5 Live confocal imaging of relative follicle cGMP levels

Following overnight culture, follicles expressing one copy of the cGi500 FRET sensor for
cGMP (ECgp = 500 nM) (Thunemann et al., 2013) were placed in the 200 pm-deep channel
of a perfusion slide (ibidi, Martinsried, Germany) that was covered with a glass cover slip
(ibidi) attached with a thin layer of silicone grease (Shuhaibar et al., 2015). The perfusion
ports were filled with medium and follicles were imaged using a Zeiss Pascal confocal
system with a 40x/1.2 NA C-Apochromat objective lens with Immersol (Carl Zeiss
Microscopy, Jena, Germany) as previously described (Shuhaibar et al., 2015). Images
focused on the oocyte equator were collected every 30 seconds. After recording a 5-minute
baseline (20 scans), the medium was aspirated from both slide ports and replaced with
medium containing LH through a single port.

Cyan fluorescent protein (CFP) and yellow fluorescent protein (YFP) emission intensities
were measured in the outer 25 pm of the mural granulosa region using ImageJ as previously
described (Shuhaibar et al., 2015); values were corrected for background and spectral
bleedthrough. Since cGMP binding to cGi500 leads to less FRET between CFP and YFP
(Russwurm et al., 2007), the CFP/YFP intensity ratio was used as an indicator of relative
cGMP concentration (Thunemann et al., 2013; Shuhaibar et al., 2015).

2.6 Estimation of follicle cGMP concentrations

To estimate cGMP concentrations from the cGi500 CFP/YFP ratios, we generated an
approximate calibration using ELISA measurements of cGMP in mouse follicles before LH
(~4 uM) and after LH (~0.1 pM) reported by Shuhaibar et al. (2015). Importantly, these
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concentrations are situated near the top and bottom of the curve that represents the
relationship between the log;o[cGMP] and the CFP/YFP ratio for cGi500 recombinant
protein (Russwurm et al., 2007), thus allowing us to model a logistic curve. We applied these
two concentrations (4 uM and 0.1 pM) to the mean CFP/YFP ratios before and after LH in
wild-type follicles (see Fig. 3A), and used the “4PL” curve fitting function in Prism 6
(GraphPad Software, Inc., La Jolla, CA) to generate a four-parameter logistic model
constrained to an ECsg of 0.5 UM and a Hill slope of 1 for ¢cGi500 (Russwurm et al., 2007)
(see Fig. 3E). This equation has the following form, where Y = CFP/YFP ratio, X =
log(cGMP[uM]), A = upper CFP/YFP plateau, B = lower CFP/YFP plateau, C =
log(ECso[uM]), and D = Hill slope:

Y:B+< A-B )

1+10(C=XD

The model returned values of 2.39 and 1.24 for A and B, respectively, which we applied to
the above equation (after rearranging to solve for X) and calculated cGMP concentrations
(log1o[xM]) from the individual plateau CFP/YFP ratios 20 minutes after LH in the three
mutant genotypes. The means of these log;o[AM] cGMP concentrations are plotted on the
curve in Fig. 3E. The reported mean cGMP concentrations (UM) were calculated by antilog
transformation of the individual estimated concentrations, followed by taking the mean for
each genotype.

2.7 Nuclear envelope breakdown

To determine the time course of meiotic resumption, preovulatory follicles were treated with
LH and oocytes were scored hourly for the presence of an intact nuclear envelope and
nucleolus. Oocytes were considered to have undergone meiotic resumption when the nuclear
envelope and nucleolus could no longer be seen. Oocytes were scored until either nuclear
envelope breakdown (NEBD) occurred, or the oocyte could no longer be seen clearly due to
cumulus expansion (Shuhaibar et al., 2016). For Figs. 4C and 4D, follicles were treated for
one hour with the PDES5 inhibitor sildenafil (100 nM) prior to LH addition. After adding
sildenafil or control vehicle (DMSO) to the medium in the dish, a droplet of the medium was
placed on each follicle to ensure rapid exposure to the drug.

2.8 Statistical analysis

All analyses were conducted using Prism 6 (GraphPad Software, Inc., La Jolla, CA). Details
are given in the figure legends.

3. Results and discussion

3.1 PDE5 is phosphorylated in response to LH in mouse ovarian follicles

Previously, we showed that LH signaling in rat ovarian follicles and rat granulosa cells

causes serine 92 of PDES5 to be phosphorylated by PKA, and that this is correlated with an
increase in PDES activity (Egbert et al., 2016). To establish a mouse model to test whether
the phosphorylation of PDE5 caused the increase in its activity, we first investigated if LH
signaling also phosphorylates PDES in mouse follicles. Lysates from follicles treated with
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LH or PBS for 30 min were separated on a gel containing Phos-tag, which retards the
electrophoretic migration of phosphorylated proteins relative to non-phosphorylated proteins
(Kinoshita et al., 2006; Egbert et al., 2014; Egbert et al., 2016), and immunoblotted with a
total PDES5 antibody. PDE5 from follicles without LH treatment migrated as a single band
(Fig. 1B). However, LH treatment caused PDES5 to migrate as two bands, with one band
migrating more slowly than the band seen in the control (Fig. 1B), indicating
phosphorylation. To quantify this change, we calculated the ratio of the upper band intensity
to the lower band intensity. This index of phosphorylation was significantly higher in
follicles treated with LH (Fig. 1C). These data indicate that PDE5 becomes more
phosphorylated in response to LH signaling in mouse follicles, as we previously reported for
rat follicles and granulosa cells.

3.2 Generation of mice in which PDE5 cannot be phosphorylated

To test the functions of PDES phosphorylation in mouse follicles, we used CRISPR/Cas9
technology to generate a mouse with a global point mutation in Pde5that changes the
sequence encoding serine 92 to encode alanine (Pde5-S92A), which cannot be
phosphorylated (Fig. 1A, Supplementary Fig. S1). In follicles from mice homozygous for
this mutation (Pde55924/5924) a single band was observed by Phos-tag regardless of LH
treatment (Fig. 1D), and the index of phosphorylation was not different between groups (Fig.
1E). These data indicate that the mutation successfully blocked the LH-induced
phosphorylation of serine 92, and also confirm that serine 92 is the only PDES site that is
phosphorylated in response to LH.

3.3 LH signaling increases PDES5 hydrolytic activity by phosphorylation of serine 92

To test whether LH signaling increases PDES5 activity in mouse follicles, and whether such
an increase is dependent on PDE5 phosphorylation, we measured the cGMP hydrolytic
activity of PDES5 in follicles from wild-type and Pde5°92A4/S92A mice. PDES activity was
calculated as the difference between total cGMP-hydrolytic activity in the absence and
presence of 30-100 nM sildenafil (Egbert et al., 2016). Although 30-100 nM sildenafil also
inhibits PDEG6 (Ballard et al., 1998; Corbin and Francis, 2002; Bischoff, 2004), western
blotting did not detect proteins in mouse follicles that co-migrated with PDE6A and PDE6B
from mouse retina, even though 200 times more follicle protein was used compared to retina
(Figs. 2A,B). A third isoform, PDE6C, was not investigated because concentrations of
PDE6C mRNA are much lower than that of PDE6A/B (Egbert et al., 2016; Supplementary
Table 1). In contrast, PDE5 was clearly detected in mouse follicles with only 10-20 times
more follicle protein compared to mouse lung (Fig. 2C). Therefore, we considered the
sildenafil-sensitive activity to represent PDE5 activity (Fig. 2D).

In wild-type mouse follicles, LH treatment increased both total cGMP-hydrolytic activity
(Supplementary Fig. S3A) and PDES activity (Fig. 2E, Supplementary Fig. S3B). PDE5
activity increased by an average of 26% compared to controls (Fig. 2E). However, in
follicles from Poe5592A4/S92A mice, LH treatment did not increase either total cGMP-
hydrolytic activity (Supplementary Fig. S3A) or PDES activity (Fig. 2E, Supplementary Fig.
S3B), and in fact caused a marginally significant reduction in PDES5 activity, to an average of
15% below controls.
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These measurements demonstrate that LH-induced phosphorylation of serine 92 is required
for the increase in cGMP-hydrolytic activity of PDE5 in mouse follicles after LH treatment.
The decrease in PDES activity following LH treatment in Pae55924/592A follicles is not
unexpected considering that cGMP binding to the GAF-A domain is the primary mechanism
of PDES activation (Rybalkin et al., 2003; Bender and Beavo, 2006). Phosphorylation of
PDES on serine 92 serves to further increase its hydrolytic activity by stabilizing the
occupancy of cGMP at the GAF-A site (Corbin et al., 2000; Francis et al., 2002;
Mullershausen et al., 2003; Rybalkin et al., 2003; Bender and Beavo, 2006; Jager et al.,
2010). In untreated follicles, resting cGMP levels are high (~4 uM; Shuhaibar et al. 2015)
such that PDES is partially activated by high GAF-A occupancy. After LH treatment, follicle
cGMP levels fall, due in part to inactivation of the NPR2 guanylyl cyclase (Robinson et al.,
2012; Egbert et al., 2014; Shuhaibar et al., 2016). In Pde5592A/592A follicles, where binding
of cGMP to the GAF-A site cannot be stabilized by phosphorylation, falling cGMP levels
would lead to less occupancy at the GAF-A site and thus explain the observed decrease in
PDES activity.

The LH-induced increase in PDES5 activity in mouse follicles is somewhat smaller compared
to what we previously reported in rat follicles (Egbert et al., 2016), and the reason for this
difference is not clear. It is possible that phosphorylation of PDE5 is a more important
mechanism for mediating the cGMP decrease in rat follicles, or that there are quantitative
differences in either basal or LH-stimulated phosphorylation or cGMP occupancy at the
regulatory GAF-A site that could account for the disparity between the two species. These
would not be unexpected, as many differences have been observed between mouse and rat
oocytes and follicles in their responses to various cyclic nucleotide mediators (Downs,
2011). Nevertheless, by using Pde5592A/592A mutant mice, we show that LH signaling
increases PDEDS activity in ovarian follicles through phosphorylation.

3.4 PDE5 phosphorylation and activation contributes to the LH-induced cGMP decrease

Since the dephosphorylation and inactivation of NPR2 accounts for only part of the cGMP
decrease after LH treatment of follicles (Egbert et al., 2014; Shuhaibar et al., 2016; compare
the black and orange lines in Fig. 3C), we hypothesized that activation of one or more
phosphodiesterases would account for the remainder of the decrease. We thus tested whether
the LH-induced phosphorylation and increase in PDE5 activity contributes to the follicle
cGMP decrease using mice that express the cGi500 FRET sensor for cGMP (Thunemann et
al., 2013; Shuhaibar et al., 2015). cGi500 is composed one cyan fluorescent protein (CFP)
and one yellow fluorescent protein (YFP) linked by two cGMP-binding domains (Russwurm
et al., 2007). When CFP is excited by 436 nm light, energy can be transferred to YFP if they
are in close proximity, leading to light emission from both proteins. Cyclic GMP binding to
cGi500 changes its conformation such that CFP and YFP are farther apart, leading to less
light emission from YFP as a result of CFP excitation. Thus, the ratio of CFP/YFP emission
increases with cGMP binding to cGi500.

Follicles from both wild-type and Pae5592A/592A mice that also expressed cGi500 started
with a similar baseline CFP/YFP ratio in the mural granulosa layer, indicating no detectable
difference in initial cGMP levels between genotypes (Fig. 3A). Based on ELISA
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measurements, the initial cGMP concentration is ~4 uM (Shuhaibar et al., 2015). After
perfusion with LH, cGMP rapidly decreased in follicles of both genotypes, reaching a
plateau CFP/YFP ratio at 20 minutes. In wildtype follicles, the plateau cGMP concentration
is ~0.1 uM, as determined by ELISA (Shuhaibar et al., 2015). The plateau was slightly
higher in Pde5592A4/S92A follicles, indicating that some of the cGMP decrease was prevented
(Fig. 3A). Though the difference in plateau levels between the two genotypes was significant
(Fig. 3B), it only accounted for ~10% of the total change in CFP/YFP ratio after LH.

We then considered the possibility that the small magnitude of the effect of the Pde5-S92A
mutation on the LH-induced cGMP decrease could be due to a compensatory increase in the
expression of another cGMP phosphodiesterase in these mutant mice. However, total cGMP-
hydrolytic activity in the absence of LH was the same for Pde55%2A/S92A and wild-type
follicles (Supplementary Fig. S3A). The sildenafil-sensitive (PDES5) and sildenafil-
insensitive components of the total activity were also unaffected by the mutation
(Supplementary Fig. S3B,C). These findings argued against a compensatory increase in
another phosphodiesterase. Likewise, since the total cGMP-hydrolytic activity is unaffected
by the Pde5-S92A mutation, the lack of effect of the mutation on the basal cGMP
concentration (Fig. 3A) argues against a compensatory change in the expression of NPR2 or
another guanylyl cyclase.

To test whether prevention of PDE5 phosphorylation has a greater effect on the LH-induced
cGMP decrease when NPR2 cannot be inactivated, we crossed the Pde5S92A and Npr2-7E
lines to generate mice homozygous for both mutations (Pae55%2AS92A: Npr27E/7E) and that
also express cGi500. Follicles from these mice, as well as those for Ajor2”E/7E mice, had
higher baseline CFP/YFP ratios than wild-type follicles (Fig. 3C), presumably due to
prevention of mechanisms that reduce cGMP levels. LH perfusion caused a similarly rapid
decrease in the relative cGMP levels in Npr27E/7 and Pde5592A/S92A: Npr27E/7E follicles
(Fig. 3C). The plateau CFP/YFP ratio 20 minutes after LH was significantly higher in
follicles with both mutations (Fig. 3D).

In order to estimate cGMP concentrations from CFP/YFP ratios, we generated a calibration
curve (Fig. 3E; see section 2.6) based on ELISA measurements of cGMP in mouse follicles
before LH (~4 uM) and after LH (~0.1 pM) reported by Shuhaibar et al. (2015). Note that
these concentrations are based on an average follicle volume that is used as an estimate of
the unknown total cytosolic volume (Norris et al., 2010). This analysis indicated that the
plateau CFP/YFP ratios 20 min after LH in Pae55924/592A follicles corresponded to a mean
cGMP concentration of ~0.17 uM, compared to ~0.1 uM in wild-type follicles (Fig. 3E).
The CFP/YFP ratio 20 min after LH in Mpr2”€/7E follicles corresponded to a mean cGMP
concentration of ~0.30 UM, and the ratio after LH treatment of follicles from
Ple5S92A/SIZA: Npr27E/7E mice corresponded to a mean cGMP concentration of ~0.48 uM
(Fig. 3E). The Pde5-S92A mutation appears to prevent more of the cGMP decrease when
combined with the Ajpr2-7E mutation, compared to the Pde5-S92A mutation alone. This
suggests that there may be a synergistic interaction between the two mutations, but the
functional importance is likely to be small. Furthermore, the cGMP concentrations are only
estimates due to inexact information about cytosolic volume and other sources of
experimental error in ELISA and FRET sensor measurements (see Norris et al., 2010;
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Shuhaibar et al., 2015). Since the cGMP concentration after LH treatment is at the lower end
of the cGi500 dynamic range, future studies using a more sensitive cGMP FRET sensor
(Gotz et al., 2014; Calamera et al., 2017) could potentially provide more exact numbers.
Regardless, our results indicate that an important component of the LH-induced decrease in
follicle cGMP levels, from ~4 uM to ~0.5 uM, is not explained by NPR2 inactivation and
PDES activation.

It remains to be investigated what other regulatory mechanisms account for the remainder of
the cGMP decrease. A decrease in the activity of other membrane or soluble guanylyl
cyclases is one possibility (see Sela-Abramovich et al., 2008), but this seems unlikely
because follicles from mice with a loss-of-function mutation in Ajpr2 have undetectable
levels of cGMP (Geister et al., 2013), indicating that NPR2 is the dominant, and perhaps
only, source of follicle cGMP. Thus, it is likely that at least one other phosphodiesterase is
activated by LH signaling. PDE1 activity has been shown to contribute, along with PDES5, to
the regulation of cGMP levels and oocyte meiotic resumption in rat follicles (Egbert et al.,
2016). PDEL1 is activated by calcium (Bender and Beavo, 2006); thus, if LH signaling
elevates intracellular calcium within granulosa cells, PDE1 activity would increase and
could provide a mechanism for at least part of the cGMP decrease. Though PDE1 and PDE5
together accounted for ~80% of basal, unstimulated cGMP-hydrolyzing activity in rat
follicles (Egbert et al., 2016), other PDEs could also contribute to the LH-induced cGMP
decrease.

3.5 Preventing PDES5 phosphorylation does not affect the timing of oocyte meiotic

resumption

The primary function of the follicle cGMP decrease after LH exposure is to allow cGMP to
diffuse out of the oocyte though gap junctions (Shuhaibar et al., 2015), which relieves the
inhibition of meiotic progression (Jaffe and Egbert, 2017). To determine whether the
phosphorylation of PDES5 affects the timing of oocyte meiotic resumption, we treated wild-
type and Pae5592A/592A folicles with 10 pg/ml LH and checked hourly for the presence of a
nuclear envelope and nucleolus; disappearance of these structures indicates meiotic
resumption (Norris et al., 2007). Follicles from both genotypes underwent NEBD on an
identical time scale (Fig. 4A), indicating that the modest inhibition of the cGMP decrease
observed in the mural granulosa cells of Pde5592A/592A follicles has no effect on the kinetics
of meiotic resumption. To test whether the Pde5-S92A mutation may have a larger effect
when follicles are stimulated with a less than saturating concentration of LH, we assessed
the rate of NEBD in wild-type and Pae55924/592A follicles in response to 0.1 pg/ml LH and
found no difference between the two genotypes (Fig. 4B). Correspondingly, the Pde5-S92A
mutation caused no obvious defect in fertility (Supplementary Fig. S2).

In contrast, pre-incubation of wild-type follicles for one hour with a selective inhibitor of
PDES activity (100 nM sildenafil) delayed oocyte meiotic resumption in response to LH; the
time to 50% NEBD was ~1.5-2 hours longer in the presence of sildenafil (Figs. 4C and 4D).
Similar results were obtained when using 10 pg/ml LH (Fig. 4C) or 0.1 pg/ml LH (Fig. 4D).
These data are in agreement with previous studies in mouse (Vaccari et al., 2009) and rat
(Egbert et al., 2016) indicating that PDES5 is a constitutive regulator of cGMP in follicles and
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is an important mediator of the cGMP decrease that leads to meiotic resumption. Thus,
while PDES activity is required for the normal time course of meiotic resumption in mice,
the /increase in activity due to PDE5 phosphorylation is not required. The timing of meiotic
resumption in response to LH in follicles isolated from Pae5592A/S92A: Npr27E/7E double
mutant mice was not assessed because the Ajpr2- 7E mutation alone delays NEBD by ~5
hours (Shuhaibar et al., 2016). At this time, cumulus expansion severs the connection
between the granulosa cells and the oocyte (Eppig, 1982), thus disconnecting the supply of
inhibitory cGMP to the oocyte, such that cGMP in the oocyte decreases and meiosis
proceeds (Norris et al., 2008; 2009).

4. Conclusions

In mouse preovulatory follicles, LH signaling stimulates phosphorylation of PDES5, which
increases its cGMP-hydrolyzing activity by ~25%. To test the functional significance of this
regulation, we generated mice with a point mutation that prevents PDES phosphorylation by
changing serine 92 to alanine (Pde55924/S924) Using follicles from these mice, we showed
that the increase in PDED5 activity due to phosphorylation contributes a relatively small
component to the total cGMP decrease in mural granulosa cells in response to LH.
Furthermore, preventing PDE5 phosphorylation had no effect on the timing of meiotic
resumption, which is dependent on a decrease in cGMP levels in the follicle and oocyte.
Thus, the function of rapid PDE5 phosphorylation in lowering cGMP in mouse follicles
appears to be redundant. Though the effect of PDE5 phosphorylation on cGMP levels
appears to be small in mouse follicles, Pde5592A/S92A mutant mice could be useful to study
the regulation of cGMP levels in other cell and developmental processes such as axon
bifurcation (Ter-Avetisyan et al., 2014), bone elongation (Nakao et al., 2015), cardiomyocyte
proliferation (Becker et al., 2014), and the regulation of smooth muscle contraction
(Rybalkin et al. 2002).

We estimated the post-LH concentration of cGMP in Pae5592A/592A follicles, which undergo
NEBD with a time course identical to wild type, to be ~0.17 uM, compared to an estimated
post-LH cGMP concentration of ~0.30 pM in Ajpr2”E/7E follicles, in which NEBD is
inhibited (Shuhaibar et al., 2016). Thus, cGMP concentrations must fall dramatically for
meiotic resumption to occur normally. The threshold concentration of cGMP for triggering
meiotic resumption is estimated to lie between ~0.30 uM and ~0.17 uM, compared to the
initial 4 uM level before LH exposure. As mentioned above, several factors limit the
precision of these numbers, but nevertheless, they indicate that the threshold is only slightly
higher than the cGMP concentration attained normally in response to LH (~0.1 uM).

Since much of the LH-induced cGMP decrease remains unexplained after accounting for
NPR?2 inactivation and the increase in PDES activity, it is likely that LH signaling activates
one or more additional phosphodiesterases to account for the rest of the cGMP decrease. A
primary candidate is PDE1, which is expressed in mouse follicles (Conti et al., 1984) and is
responsible for a substantial amount of basal cGMP-hydrolytic activity in rat follicles
(Egbert et al., 2016). PDEL1 is activated by calcium, and an increase in cytosolic calcium was
seen when LH was applied to granulosa cells isolated from immature porcine ovaries (Flores
et al., 1998). However, it is unknown if LH signaling causes calcium to increase in the
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granulosa cells of intact preovulatory follicles. With the availability of mouse lines that
express fluorescent sensors for calcium (Madisen et al., 2015), it will be possible to
investigate whether LH signaling increases calcium in the follicle, and thus stimulates cGMP
hydrolysis by PDE1.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

In mouse ovarian follicles, luteinizing hormone increases cGMP hydrolysis
by PDE5.

LH-induced PDES5 activation requires phosphorylation on serine 92.

Preventing serine 92 phosphorylation blocks part of the LH-induced cGMP
decrease.

Oocyte meiotic resumption occurs normally when PDES5 cannot be
phosphorylated.

LH may also activate another phosphodiesterase to lower follicle cGMP.
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Figure 1. LH signaling increases PDES5 phosphorylation on serine 92 in mouse ovarian follicles
(A) Left, diagram of wild-type PDE5 showing the sole PKA/PKG phosphorylation site on
serine 92 near the cGMP-binding GAF-A domain. Right, diagram of PDES5 in which serine
92 was changed to alanine (PDE5-S92A), such that the protein cannot be phosphorylated.
Modified from Egbert et al. (2016) and Bender and Beavo (2006) with permission. (B)
Increase in PDES phosphorylation in wild-type follicles that were treated £ LH for 30 min.
Lysates from follicles were run on a gel containing Phos-tag, which differentially slows the
migration of phosphorylated proteins, and immunoblotted with a total PDE5 antibody.
Upper and lower bands indicate phosphorylated and non-phosphorylated PDE5, respectively.
Molecular weight standards are not shown because they do not correlate with protein size on
a Phos-tag gel. (C) The PDES phosphorylation index, defined as the ratio of signal intensity
between the region containing the phosphorylated (upper) PDES5 band and the region
containing the non-phosphorylated (lower) band, increased with LH treatment in wild-type
follicles. Mean + SEM of 5 experiments, including those shown in B, is plotted. ***
indicates p < 0.001 by unpaired t-test. (D) A single band was observed in follicles from
Pe5592A/S92A mice that were treated + LH for 30 min, indicating that the mutation
prevented PDES phosphorylation in response to LH. Lysates were processed as described for
B. (E) The PDES5 phosphorylation index did not change with LH treatment in follicles from
Pde5592A/S92A mice. The index was measured as described for C. Mean + SEM of 3
experiments, including the one shown in D; n.s. (not significant) indicates p > 0.05 by
unpaired t-test.
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Figure 2. Phosphorylation of PDES5 is required for the LH-induced increase in cGMP-hydrolytic
activity of PDE5 in mouse follicles

(A—C) Western blots showing that follicles contain PDE5 but no detectable PDEG6 protein,
allowing sildenafil to be used as a specific inhibitor of PDES5 activity. (A,B) Western blot,
following standard SDS-PAGE, showing PDE6A and PDE6B in mouse retina but not in
mouse follicles, as indicated by the absence of a co-migrating band. The amount of follicle
protein was up to 200 times that of retina. Molecular weight in kDa is shown at left. (C)
Western blot showing that mouse follicles contain PDE5 at ~5-10% of the level in mouse
lung. (D) Calculation of PDES5 activity from a representative assay. For each treatment, the
sample was assayed for cGMP-hydrolytic activity in the absence and presence of 30-100
nM sildenafil. PDES5 activity was considered to be the sildenafil-sensitive activity outlined
by the red box. (E) LH treatment increases PDE5 activity in wild-type follicles, but not in
Pde5592A/592A follicles. For each experiment, follicles from either wild-type or
Ple5592A/S92A mice were split into two identical groups and treated with either control
vehicle (PBS; open circles) or LH (filled circles) for 30 min. Lysates of these follicles were
assayed for PDE5-specific cGMP hydrolytic activity; individual follicle pairs + LH are
connected by lines. In follicles from wild-type mice, the mean + SEM increase in PDE5
activity after LH treatment was 26 + 2%. However, in follicles from Pge55%2A/S92A mice,
LH treatment did not increase PDES5 activity, and in fact, the mean + SEM change indicated
a marginally significant decrease of 15 + 9%. Data were analyzed by paired t-test. ****
indicates p < 0.0001.
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Figure 3. Preventing the phosphorylation of PDES on serine 92 inhibits part of the LH-induced
cGMP decrease
Follicles from wild-type, Pae5592A/S92A  Npro7E/7E and Pde5592A/S92A: Npr27E/7E mice that

also express the cGi500 FRET sensor for cGMP were imaged every 30 seconds by confocal
microscopy for 5 minutes before, and for 20 minutes after, the addition of LH. The ratio of
CFP/YFP fluorescence is an indicator of cGMP concentration. Measurements were taken
from the outer 25 um of mural granulosa cells (see Shuhaibar et al., 2015). (A) Time course
of the LH-induced cGMP decrease in follicles from wild-type (black) or Pae5592A/S92A (red)
mice. Each time point represents the mean £ SEM CFP/YFP ratio for the number of follicles
shown in parentheses. (B) The mean CFP/YFP ratio 20 minutes after LH perfusion (average
of the final 5 scans of the recordings shown in A) was significantly higher in Pae5592A/592A
follicles compared to wild-type follicles (** indicates p < 0.01 by unpaired t-test). This
indicates that the cGMP concentration after LH treatment is higher in follicles where PDE5
activity cannot be increased by phosphorylation. (C) Time course of the LH-induced cGMP
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decrease in follicles from Njpr2”E/7E (orange) or Pde5592A/592A: Npr27E/7E (blue) mice. Each
time point represents the mean + SEM CFP/YFP ratio for the number of follicles shown in
parentheses. For comparison, the wild-type data from A is also shown (black). (D) The mean
CFP/YFP ratios 20 minutes after LH perfusion (average of the final 5 scans of the recordings
shown in C) was significantly higher in Pde559%2A/592A: Npro7E/7E follicles compared to
Npr2”E7E follicles (* indicates p < 0.05 by unpaired t-test). (E) Conversion of post-LH
cGi500 CFP/YFP ratio values to approximate concentrations of cGMP in the follicles of
mutant mice. Using an ECsq of 0.5 uM and a Hill Slope of 1 for ¢Gi500, a four-parameter
logistic model was fitted to the average CFP/YFP ratios in wild-type follicles before and 20
min after LH, which correspond to cGMP concentrations of ~4 uM and ~0.1 uM,
respectively (see section 2.6). Cyclic GMP concentrations (uUM) for the reference points are
shown on top of the x-axis. Follicle CFP/YFP ratios from mutant mice 20 min after LH (data
shown in B and D) were used to calculate the approximate cGMP concentrations for each
genotype. Symbols represent the mean + SEM for both variables for the number of follicles
given in A and C; where error bars are not visible, they are contained within the symbol.
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for the normal time course of oocyte meiotic resumption in response to LH
(A, B) Follicle-enclosed oocytes from wild-type and Pae55924/592A mice undergo nuclear

envelope breakdown (NEBD) on a similar time scale in response to LH (A, 10 pg/ml LH; B,
0.1 pg/ml LH). Oocytes were visually scored for nuclear envelope breakdown before adding
LH, and every hour thereafter. Graphs show the mean + SEM for the number of experiments
indicated in parentheses, each including 6-15 follicles. (C,D) Blocking PDES5 activity by
pretreating wild-type follicles for one hour with 100 nM sildenafil delays LH-induced
NEBD by 1.5-2 hours (C, 10 pg/ml LH; D, 0.1 pg/ml LH). Graphs show the mean + SEM
for the number of experiments indicated in parentheses, each including 10-15 follicles.
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